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The melt- and solution viscosity behaviour of some polystyrenes with long-
chain branching is described. These polymers, which were prepared by
reacting chloromethylated polystyrene with potassium polystyryl, are
distinguishable from the comp-shaped polystyrenes previously described in
having longer branches and lower branching frequencies. (The number-
average molecular weight of the branches is greater than 4:6x 10* and in
some cases greater than that of the backbone.) Their low shear melt
viscosities and intrinsic viscosities in tetrahydrofuran and cyclohexane are
above those of the backbone polymer and increase as the branch length in-
creases for a given branching frequency, the rate of increase being greater
the lower the branching frequency. In each solvent the intrinsic viscosities of
the branched polymers are below those of linear polymers of comparable
molecular weights. The melt viscosities of the majority of the branched
polymers are also below those of linear polymers of the same molecular
weights, but for a few, those with the longest branches in the series with the
lowest branching frequency, the opposite is true.

Another outcome of this work is the finding that for these branched
polymers the low-shear melt viscosities and the intrinsic viscosities in
solution are given by:

viscosity o« ¢S3)°

where <S§> is the theoretical mean square unperturbed radius of gyration.
The exponents a for the branched polymers in the melt and in
tetrahydrofuran differ from those for linear polystyrenes for which a similar
relation holds, but are about equal for branched and linear polystyrenes in
cyclohexane.

The behaviour shown by the branched polystyrenes described here is
considered in relation to the behaviour of the comb-shaped polystyrenes re-
ported earlier ana that of the branched polystyrenes studied by Decker and
by Fujimoto et al.

INTRODUCTION

This paper gives details of some of the properties
of polystyrenes with long-chain branching. In par-
ticular the effect of altering the length of the bran-
ches and the branching frequency on the melt and
intrinsic viscosity behaviour of these polymers is
described and an attempt is made to correlate this
behaviour with the theoretical unperturbed dimen-
sions of the molecules by analogy with linear
polymers. For convenience polystyrenes with long-
chain branching are defined as those in which the
number-average molecular weight, M., of the bran-
ches is greater than 4.6 X 104 to distinguish them
from the comb-shaped polymers (for which Mi<4:6
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X 104 described in an earlier paper'. The polymers
with long-chain branching may also be distinguished
from the comb-shaped polymers by their lower bran-
ching frequencies and by their behaviour, both in
solution and in the melt.

By considering the results obtained in these
laboratories together with those obtained by
Fujimoto et al? on branched polystyrenes a fairly
wide perspective is obtained of the effect of changes
in branch length and branching frequency on melt
viscosity behaviour and to a lesser extent on the
solution viscosity behaviour also.

Although the reaction used in the preparation of
the polymers described here is basically the same as
that employed for the comb-shaped polymers,



potassium polystyryl rather than lithium polystyryl
was used in the coupling reaction with
chloromethylated polystyrene in order to avoid the
possible complication of crosslinking which can
conceivably occur when using lithium polystyryl'.
All reactions were carried out in a sealed apparatus
and steps were taken to exclude all impurities which
would terminate the living polymer. In spite of these
precautions, however, the product after coupling
always consisted of a mixture of the branched
polymer and the linear polymer formed by ter-
mination of the living polymer and this was clearly
shown by gel permeation chromatography (g.p.c.).

EXPERIMENTAL

Preparation of linear and branched polystyrenes

Three apparatuses were developed for the
preparation of linear and branched polystyrenes.
The first of these, Al, was referred to in Part 1> and
was used initially to prepare linear polymers on a
5—6 x 10-2kg scale for subsequent characterization
and chloromethylation and for the reaction of
potassium polystyryl with '*C-labelled CO2. It was
later modified for the preparation of branched
polymer. The second apparatus, A2, was designed to
prepare up to six branched polymers from a single
batch of living polymer, each branched polymer
therefore having the same branch length but different
branching frequencies and/or different backbones.
The third apparatus, A3, was a smaller version of A2
and was used for the preparation of a single bran-
ched polymer on a smaller scale than was convenient
in apparatus Al. All reagents, including the initiator
(a-phenyl isopropyl potassium), styrene, methanol
and chloromethylated polystyrene solution were
contained in break seal ampoules on the apparatus.
The procedure used for the preparation of living
polymer was similar in all three apparatuses and was
briefly described in Part 13. The bulk of the living
polymer was coupled with the chloromethylated
polystyrene to give branched polymer but part of it
was terminated with methanol and used to charac-
terize the branches.

Materials
a-Phenyl isopropyl porassium.This initiator was

originally prepared from methyl «-phenyl isopropyl
ether by a modified form of the procedure described

by Ziegler and Dislich* using benzene rather than
aliphatic hydrocarbons as the reaction medium, but
later it was obtained as a suspension in heptane from
a commercial source’. In the former case it was
dissolved in tetrahydrofuran (THF) and the solution
was cooled to precipitate the unwanted potassium
methoxide and filtered. The commercial material
was also dissolved in THF but because of the
presence of some solid material, thought to be
unreacted potassium, the solution was allowed to
settle before use.

Styrene. This was freed of phenolic inhibitor by
treatment with caustic soda solution, followed by
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washing with water. After drying over sodium
sulphate it was vacuum distilled from calcium
hydride and stored over calcium hydride at 253K un-
til required. Transter to the ampoules was carried
out on a vacuum line.

Tetrahydrofuran. This was refluxed over KOH to
remove the inhibitor (hydroquinone) and dried and
stored im the dark over sodium wire. Final
purification was done by distillation from the
sodium naphthalene complex in a stream of pure
argon.

Chloromethylated polystyrene solution. The dry
polymer was pumped continuously for several days
on a vacuum line and THF distilled onto it. The
solution was then taken through several freeze-thaw
cycles to complete the outgassing and then sealed
into the ampoules.

Gel permeation chromatography

The products obtained after coupling were injec-
ted into a Waters Associates’ Gel Permeation
Chromatograph. The solvent used was toluene at
room temperature, and the polymer samples, at
0'25% (w/w) concentration were injected for 1 min.
Four columns in series were used, 107A, 10°A, 10*A
and 250 A, using the Waters designation, and the
plate count for the combination, determined by in-
jecting o-dichlorobenzene, was 1241 plates per foot.
The chromatograms of the mixtures of branched and
linear polymers were used, in conjunction with those
obtained for the linear polymers alone, in deter-
mining the composition of these mixtures. The
procedure for doing this and details of the g.p.c.
elution behaviour of these branched polymers will
be given in a later paper®.

RESULTS AND DISCUSSION

Osmotic pressure measurements on and g.p.c. analysis
of the products obtained in the reaction of potassium
polystyryl with chloromethylated polystyrene
showed that in all cases the final polymer consists of
two components. The high molecular weight com-
ponent was assumed to be the branched polymer ob-
tained by coupling and the low molecular weight
component was clearly linear homopolymer, formed
by termination of the living polymer. A clear cut
separation of the branched and linear components
by fractionation of the mixtures was not possible
because of overlap of the molecular weight
distributions of the two components, and so none
was attempted. Because of this the melt and intrinsic
viscosities of the branched components in the mix-
tures were obtained by difference and it is shown
here how this was done, knowing the weight frac-
tions of the two components in the mixtures and the
properties of the mixtures and the linear
homopolymers . The latter were isolated separately
in the sequence of operations in the synthesis of the
branched polymers.
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Determination of the composition of two component
mixtures by g.p.c.

Determination of the composition of a mixture by
g.p.c. depends on resolving the composite
chromatogram of this mixture into its two com-
ponents and measuring the area contributed by each
component. The ratio of the area contributed by
each component to the total area under the
chromatogram is equal to the weight fraction of that
component in the mixture. Resolution of the
chromatograms of the mixtures examined here was
readily achieved since (a) there was a region in each
in which the two components did not overlap and (b)
the chromatograms of the linear components alone
could be obtained. Additional details will be given
in a later paper dealing with the g.p.c. study of these
branched polystyrenes®. Figure | shows two exam-
ples of this analysis of chromatograms of mixtures
containing branched and linear polymers. Results
given elsewhere® show that the compositions of mix-
tures of linear polymers determined from the
chromatograms by this method agree to better than
7% with the compositions given by direct weighing.

Melt viscosity —composition correlation for blends
of branched and linear polystyrenes

Since all the branched polystyrenes prepared were
mixed in varying proportions with the linear precur-
sors I1n tne reaction products and since no attempt
was made to separate the two components by frac-
tionation, it was necessary to establish how the melt
viscosity of such blends depends on their com-
position before the melt viscosity of the branched
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Figure 1 Examples of the chromatograms obtained by g.p.c. on
the product of the reaction between chloromethylated
polystyrene and potassium polystyryl and on the linear polymer
formed by termination of the latter. The fraction of the total area
contributed by each component in the composite chromatogram
is equal to its weight fraction in the mixture
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Figure 2 Correlation between the melt viscosity and composition
for blends of two polymers. The straight lines, described by a
fogarithmic additivity rule (equation 1), represent the behaviour
of blends of linear and branched polymers, while the curves are
for blends of two linear polymers.@ Blends of B104! and B104;
O. blends of 3103L ana B103; O. blends of B115L and B115;
X,blendsof B118Land B118, A, blends of B105L and B105 .inder
shear (shear stress 7x 105 Nm -2) ¥ blendsoi B114L and U25:
M blends ot U14 and U25

component alone could be determined. Additional
blends of the branched and linear polymers were
prepared by dissolving weighed amounts of the reac-
tion product and the linear precursor polymer in
THF, followed by precipitation into methanol or
water and drying. A knowledge of the weight frac-
tions of the branched and linear components in these
blends depends ultimately on the composition of the
reaction product as determined by g.p.c.

Figure 2 shows examples of how the melt viscosity
of these blends varies with the weight fraction of the
high viscosity component, which in this case is the
branched polymer. The variation of the melt
viscosity with composition for some blends of linear
polymers is also shown. It is clear that over the
range of composition of blends of branched and
linear polymers covered, there is a linear relation
between log 7 and the weight fraction of the bran-
ched component and the melt viscosity of the latter
is obtained by linear extrapolation. That is, the melt
viscosity # of blends of branched and linear
polystyrenes is given by the logarithmic additivity
rule

log 7=wilogm +w2logm (1)

where n, and 7, are the melt viscosities of the linear
and branched components respectively and w, and



w, their weight fractions in the blend. Equation (1)
has been found to apply not only to measurements of
the low shear melt viscosities of these polymer
blends but also to viscosities measured under shear
(up to a shear stress in the region of 6 X 10* N m~2),
This is illustrated in Figure 2 for blends of B105 and
B10SL, the melt viscosities of which were measured
at a shear stress of 7XxX 103> N m~2.

It is of some interest to note that Kataoka and
Ueda'obtained a more complex empirical equation
for the low-shear melt viscosity of blends ot linear
polymers :

lOg']u:M |+ ._vz__log'iz (2)
l—av)) (1—-av,))

where v, and v, are the volume fractions of the two
components in the blend and « is a constant in-
dependent of composition. This equation may be
reduced to equation (1) by substituting weight frac-
tions for volume fractions and putting ¢ = 0.

Intrinsic viscosity — composition correlation for
blends of branched and linear polystyrenes

The average intrinsic viscosity of an untrac-
tionated polymer is usually taken as the arithmetic
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sum of contributions from individual fractions, i.e.

(7= ’2 wilnl; 3

where [#7] is the intrinsic viscosity of the whole
polymer and {#}iand withe intrinsic viscesity and
weight fraction, respectively, of the ith fraction. The
same relation is used here in calculating the intrinsic
viscosities of the branched components in the mix-
tures of linear and branched polymers, knowing the
viscosities of the mixtures and the linear polymers
and the weight fractions of the two components from
the g.p.c. data.

All measurements made on the mixtures of bran-
ched and linear polymers, on the linear component
(branches) and on the backbone polymer are given
in Tuble I. The melt and intrinsic viscosities and the
weight average molecular weights computed for the
branched polymers alone are given in Table 2.

Molecular weights of branched polymers

Since no attempt was made to separate the bran-
ched polymers from their linear precursors, no
direct measurements of their molecular weights

Table 1 Measured data on the polymers obtained in the preparation of branched polystyrenes
Two-component mixture from coupling reaction Linear precursor (branches)
Backbone Wi fraction of
polymer Mixture o' [Mrwst (Ml cut DERSSACOM Polymer  m, x10¢ 7, (7} 1= (1) out
g.p.c.
B114 489 x 103 6342 316 0'666 B114.L 465 115 x 102 284 194
Wn = 18.1x 10+ B118 820 x 10° 633 314 0607 B118.L 6:03 243 x 10§ 3567 214
Mo — 1.63x 10¢ B1161 1416 x 104 629 32:4 0649 B116.L 8:01 288 x 10 369 23-3
(71701 — 70.20 B121 2:80 x 104 749 359 0372 B121.L 1112 680 x 1oi 555 30-3
i1 )on :33 52 B1o 482 x 10 850 392 0270 B120.L 15-74  1:01 x 10 694 346
PR = 8o B130 924 x 104 939 385 0368 B130.L 1752 1-88 x 10* 707 33-9
p=2255 B122 198 x 105 1097 46°5 0-243 B122.L 2423 657 x 104 941 42:3
B115.1 179 x 105 1075 46°8 0178 B115.L 266 719 x 104 963 437
B1104 100 x 10* 6398 32'5 0667 B110.L 567 347 x 10*  31-83 22'5
Mn12.16x10* B1163 328 x 104 7538 344 0763 B116.L 8:01 288 x 102 369 223
no=2.062x10° B123 7:85 x 104 927 390 0542 B123.L 1143 503 x 103 533 29-4
[n)THF=48.1 B108.2 941 x 10 8945 426 0449 B108.L 1360 120 x 104 654 338
[7]cH=29.52  B131 805 x 10° 1366 52'5 0654 B131.L 1956 251 x 10 697 369
=573 B1242 182 x 105 1069 427 0263 Bt24.L 2135 617 x 104 8665 389
B1152 741 x 105 1498 562 0522 B115.L 2660 719 x 104 963 437
B109.F 200 x 10% 778 - 100 B109.L 2:31 - 778 -
W 15.5x10° B109.1 166 x 104 783 349 0685 B110.L 5-67 347 x 10> 3183 22'5
Mo = o 85 10° B107.1 471 x 104 646 359 0658 B107.L 783 505 x 102 453 25°8
[njme — 61.4 B105 128 x 103 1014 40'5 0'682 B105.L 946 140 x 103 450 264
[71cH = 33.2 B108.1 109 x 105 973 408 0428 B108.L 1360 120 x 10° 654 338
N = %o B103 116 x 10% 1496 514 0594 B103.L 2061 273 x 104 796 392
p =887 B106 111 x 106 1627 561 0255 B106.L 3675 330 x 10° 1222 471
B104 334 x 106 2064 594 0'508 B104.L 4177 258 x 10° 1142 488
B111 - 757 - 0734 B111.L 496 115 x 102 3155 -
Mn = 21.2x10% B112 153 x 104 758 316 0'600 B112L 498 170 x 104 290 195
Mo = 2.39%10* B1075 574 x 10* 982 383 0'679 B107.L 783 505 x 102 453 25-8
(7]HF =73-2  B108.4 193 x 105 1154 510 0520 B108.L 1360 120 x 10* 654 338
[7]cH =359 B1154 128 x 106 1715 574 0'581 B115.L 26'60 719 x 104 963 457
p= 18.7
" Melt viscosities (N s m ~2) were measured in a melt penetrometer at 460K
1 Intrinsic viscosities (dm3/kg) were obtained using a ailution viscometer: (i) in THF at 298K, (ii) in cyciohexane at 308K

& Intrinsic viscosities estimated from logf #)cH — logMn relationship

b |ntrinsic viscosity in toluene at 298K
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Table 2 Derived results for branched polystyrenes

Inverge Parent  Derived viscosities¥of branched polymers Calculated molecular
branching mixture Weights'
frequency, () e ). Mo MB x10-5 MBx10-5

682 B114 81-0 380 4-36x 104 3-00 3-18
B118 814 377 7-85x 104 3:35 3:63

B116.1 770 380 8-81x 104 385 428

B121 107-2 452 3:52x 105 4-64 5-32

B120 1270 51'5 3-23x 108 582 691

B130 1320 468 1-48x 106 628 7:52

B122 1507 615 6:17x 106 7-99 9-87

B115.1 1508 60-9 1-22x 107 859 10°69

202 B110.4 800 376 5:43x 104 450 4-91
B116.3 87-4 382 1-41x105 5:86 648

B123 1258 471 7'95x 105 782 878

B108.2 1189 536 117 108 9-08 10:25

B131 172°3 61'5 525x 106 1253 14-31

B124.2 166-3 537 3-80x 108 1356 1550

B115.2 2082 677 1:00x 107 16-60 19-05

168 B109.Ft 778 36-1 2:00x 104 360 373
B110.1 994 406 1-00x 105 6:58 701

B107.1 1000 41-2 4-84% 105 849 912

B105 129'5 471 1-00x 108 9:94 1074

B108.1 1400 505 2:24x108 13:61 14-81

B103 197°5 597 1:53x 107 19-83 2171

B106 2805 82:8 3-89x 107 3515 3763

B104 2950 72°0 3-89x 107 3860 4258

B111 920 4-40 466

109 B112 1067 395 309x 10° 11-43 1211
B107.5 1233 442 5-31x 105 1676 17-43

B108.4 161'4 668 2:48x 106 2564 26-80

B1154 2255 67°4 1-03x 107 51-86 54-08

*The molecular weights MP and ij are caiculated from equations (2) and (A1) respectively,
given in Part 2'. Backbone and branches assumed to be monodisperse

*+The only sample where it was possible to separate the linear precursor (branches ) from the
branched polymer. The viscosities are the measured, not derived, values

Fintrinsic viscosities (dm®kg) in (a) THF at 298K and (b) cyclohexane (CH) at 308K.

Melt viscosities (N s m—2) at 460 K

could be made. The molecular weights given in
Table 2 and used throughout this paper are therefore
the calculated values. The number average molecular
weight M¥ is computed from the known (measured)
molecular weights of the backbone and branches and
the number of chloromethyl groups in the backbone
before coupling (see Table ). This assumes that
quantitative coupling occurs between the
chloromethyl group in the backbone and the
potassium polystyryl (branch precursor). Weight
average molecular weights, M2, are calculated from
the ratio M. /M?, an expression for which was
derived by Orofino® and given in the Appendix to
the previous paper on comb-shaped polystyrenes'.
From the measurements of the molecular weights
of the linear polystyrenes, used for the backbones
and the branches in this work, it was clear that these
polymers possess relatively narrow molecular weight
distributions, with the ratio Mw/M= generally lower
than 1-2 (see results in Table 2 of the paper on linear
polystyrenes?), and this has been confirmed by gel
permeation chromatography. Application of
Orofino’s equation to the branched polymers con-
sidered here shows that the ratio MZ/M# for them
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depends much more on the corresponding ratio for
the backbone polymer than on that of the branches.
Uncertainty in the ratio M}/M} for the branches
produces a relatively much smaller error in M.. than
a similar uncertainty in the ratio MIL/M! for the
backbone e.g. a 20% change in the ratio ML/ M}
for the backbone changes the value of M by the
same amount, for all the branched polymers,
whereas a 20% change in M./M? for the branches
changes the value of M¥ by about 3%. The weight
average molecular weights given in Table 2 for the
branched polymers shown have been calculated on
the assumption that the backbone and branches are
monodisperse. It is noteworthy that even when the
backbone and branches are monodisperse, the bran-
ched polymer has a finite molecular weight
distribution by virtue of the statistical spread in the
number of branches. This distribution (as reflected
in the ratio MZ /M8 ) becomes wider as the average
branching frequency decreases.

In Table 3 the inverse branching frequency 4 is
defined as the average number of repeat units of
backbone per branch

A = MHMo.p 4)



where M’ and M. are the molecular weights of the
backbone polymer and repeat unit (monomer)
respectively, and p is the average number of bran-
ches per backbone. This way of expressing the bran-
ching frequency has the advantage of making com-
parisons of the degree of branching independent of
the actual total length of the backbone molecule. It
also enables comparisons to be made more readily
with other published data on branched polymers of
similar or dissimilar chemical types.

Effect of branching on the melt- and intrinsic
viscosities of polystyrene

Because the molecular weight of the backbone
polymer is different for each series of branched
polymers, when the data in Table 2 are plotted in the
conventional way as log (viscosity) versus log
(molecular weight), the four separate curves ob-
tained each originate from a different point on the
straight line plot (of slope 3-4) for linear polymers
As a result it is difficult to see clearly the changes in
the melt- and intrinsic viscosities which occur when
the branching frequency is altered. To overcome this
disadvantage of the conventional plot, the data are
presented here as plots of (log nf —log 7¢) or (log
[7]%log [n1]-) against (log M —log M%) in Figures
3, 4 and 7, where B and L refer to the branched
polymer and the linear backbone respectively, and
%0, [7] and M.« have their usual meaning. This way of
presenting the results is equivalent to translating the
usual log(viscosity) versus log M. plots for each
series of branched polymers to a common origin on
the straight line describing the variation of viscosity
with molecular weight for linear polymers above the
critical chain length.

Intrinsic viscosity behaviour. The effect of bran-
ching on the intrinsic viscosity behaviour of
polystyrene in two solvents, tetrahydrofuran at 298
K and cyclohexane at 308 K, is shown in Figures 3
and 4 respectively. Although concerned primarily
with the results for the polymers with long-chain
branching, also included in Figures 3 and 4 are the
results for the two series of comb-shaped polymers,
each with a fixed branching frequency!. Figure 3
shows that in THF (a good solvent for linear
polystyrenes), the intrinsic viscosity behaviour of
the branched polymers studied is described by a
family of curves, each curve representing the

Table 3 Comparison of range of variables covered in present
study, by Fujimoto et al? and in previous study'

Polystyrenes with
long-chain branching

Comb-shaped
polystyrenes

Branched polystyrenes
(Fujimoto et al?)

{present study) (Part 21)
A 682 - 109 152 -17°5 10-23
M 465%10% ~ 6:5x 104~ 0:52x 104 -

41-8x 10* 35-8x 10% 4'5% 10%
A = Number of backbone repeat units per branch.
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variation in viscosity with variation in branch length
at a particular frequency of branching. The pattern
of variation is the same at all frequencies of bran-
ching but the overall change in intrinsic viscosity in
a given range of molecular weights decreases as the
branching frequency increases. It is apparent in
Figure 4 that the polymers with long-chain bran-
ching exhibit the same type of behaviour in
cyclohexane (a §-solvent for linear polystyrenes ) as
in THF, but the two series of comb- shaped polymers
depicted show anomalous behaviour in cyclohexane
by comparison. This parallels the behaviour of
branched polymers in the melt, where the comb-
shaped variety also show a different behaviour from
the polymers with long-chain branching.

The behaviour of comb-shaped polystyrenes in
cyclohexane at 308K was shown to be consistent
with the finding by Decker® that the measured 8-
temperature of these polymer molecules in
cyclohexane is lower than that of linear polystyrenes
and depends on the molecular weight of the bran-
ches. The results of Decker do not extend to

o8

o7

O

©] (O3 IO I-5
Log M -log M,

Figure 3 Variation of (log [r,]B- log [r]]L) with (log M — log M )
in tetrahydrofuran at 298K for six series of branched
polystyrenes. In each series the branching frequency is fixed
while the branch length is varied. The curves shown here are the
log {n) versus logMw plots for each series of polymers shifted to
a common origin on the same plot, given by the broken line, for
linear polymers.

m?2 branches per backbone (A=682)
O 578 branches per backbone (A=202)
V 887 branches per backbone (A=168)
@ 187 branches per backbone (A=109)
X 33 branches per backbone (A= 33) Series of comb-
O 71 branches per backbone (A= 15) } shaped polymers'

Series of polymers
with long-chain
branching
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Figure 4 Variation of (log (71 log [1%) with (log Mi— log M#) in
cyclohexane at 308 K for branched polystyrenes. Explanation of
this plot and the symbols used are as in Figure 3. In contrast to
the results in tetrahydrofuran, the comb-shaped polymers show
a different behaviour from the polymers with long-chain

branching in cyclohexane

polymers with branches with molecular weights in
excess of 3-6x 104 but from the upward trend ap-
parent in these results, when the molecular weight of
the branches reaches about 6—7x10* the 6 -
temperature should be quite close to that of linear
polymers. Whether the 6-temperature continues to
increase or settles around 308K with further in-
crease in the length of the branches (i.e. long-chain
branching) remains to be determined.

The dependence of the intrinsic viscosity of these
polymers with long-chain branching on their actual
size in solution is not known at present since no ac-
tual measurements of their size have been made. It
has been found useful, however, to consider the in-
trinsic viscosities in relation to the calculated @ -
point dimensions of the molecules. By assuming that
the type of branched polymer under consideration
here obeys random flight statistics, Orofino'® derived
an equation for the mean square z-average radius of
gyration (S¢) in terms of the degrees of
polymerization of the backbone, branches and bran-
ched polymer and the average number of branches
per backbone. This equation was given in the Appen-
dix to Part 2'. In using Orofino’s equation to
calculated the radii of gyration of the polystyrenes
with long-chain branching, the approximation has
been made that the backbone and the branches are
both homogeneous in chain length (see section on
molecular weights). The results of these calculations
are shown in Figure 5 for each series of polymers
with a fixed frequency of branching, including two
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series of comb-shaped polymers (33 and 71 branches
per backbone respectively), after shifting the curves
to a common origin on the straight line plot for
linear polymers. The similarity between Figures 3
and 5 suggests that the intrinsic viscosities of these
branched polymers in a good solvent (THF) are
related to the theoretical unperturbed dimensions
and indeed plots of log [n] u against log
( 88)  produce straight lines, within experimental
error, for all series of branched polymers except the
series of comb-shaped polymers with 71 branches.
This is shown in Figure 6. For the series of comb-
shaped polymers with 71 branches per backbone no
such correlation is evident because of the scatter in
the data. The four series of polymers with long-chain
branching also give a correlation between log
(7] and log {S§), where [#]cy is the intrinsic
viscosity in cyclohexane at 308K, but this is not so
for the comb-shaped polymers.

This dependence of the intrinsic viscosity on the
theoretical unperturbed dimensions shown by the
polymers with long-chain branching (and by the
series of comb-shaped polymers with 33 branches
per backbone in THF) is also shown by linear
polymers. According to the Fox —Flory theory of in-
trinsic viscosity of linear polymers
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Figure 5 Variation of (log (S3)8—1log ¢(S2) ') with (log m&
—log Mw) for the series of branched polymers depicted in
Figures 3 and 4. Here (sS)B is the mean square unperturbed
radius of gyration of a branched polymer, calculated from
Orofino’s equation (equation A3, ref. 1)
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polystyrenes. The symbols represent the same series of
polymers as in Figure 3. The siope of the same plot for linear
polystyrenes in THF at 298K is 0-65

where a is the exponent in the Mark ~Houwink
relation. In a #-solvent, a = 0'5 and in a good
solvent a >05.For linear polystyrenes in THF at 298
K, a = 0-65. In THF the slope of the log [nlyr
versus log € S plot for branched polymers appears
to show some dependence on the branching
frequency, e.g. the series of polymers with the lowest
branching frequency gives a line with a slope of 0'59,
the comb-shaped polymers with 33 branches a line of
slope 1-15 and all branched polymers with an inter-
mediate branching frequency a line with a slope of
0-77 (see Figure 6). In cyclohexane at 308K no such
dependence of the slop of the log [n] versus log
( §8) plot on branching frequency is observed, all
polymers falling on or near a line with a slope of
about 0'5. For linear polymers the difference 4 bet-
ween the Mark-Houwink exponent in a good solvent
and its value in a g-solvent is related, to a good ap-
proximation, to the expansion a* of the polymer
molecule over its g-point dimensions when dissolved
in the good solvent by

@ x MY 6)

By analogy with linear polymers, therefore, the
variation in the slopes of the log | #1ue versus log
(S;> plots for the branched polymers could be taken
to mean that the expansion of a branched polymer
molecule in a good solvent over the dimensions it
would be expected to have if it behaved as a random
coil in a @-solvent, is greater or less than that
exhibited by linear polymers, this depending on the
branching frequency. More results on branched
polymers will be needed to verify this interpretation.
In particular it will be necessary to show whether or
not cyclohexane at 308K is a §-solvent (or near 8-
solvent) for polystyrenes with long-chain branching,
i.e. that the #-temperature in cyclohexane is around
308K and is independent of the length of the bran-
ches (cf. the results on comb-shaped polystyrenes by
Decker, mentioned earlier).

Polystyrenes ot known structure (3) : J. Pannell

Melt viscosity behaviour. The melt viscosity results
given in Table 2 for the polystyrenes with long-chain
branching are plotted and shown in Figure 7. 1t is
clear from the Figure that four distinct curves are
obtained, each characterized by a different bran-
ching frequency. At each branching frequency the
melt viscosity increases above the viscosity of the
backbone polymer as the length of the branches is
increased. This behaviour is different from that
shown by the two series of comb-shaped polystyrenes
with fixed branching frequencies'. For these
polymers a minimum is exhibited in the log noversus
log M. plot, that is the initial effect of adding short
branches is to depress the melt viscosity below that
of the backbone; the viscosity continues to decrease
as the branch length increases, reaches a minimum
and then rises with further increase in the length of
the branches. The two groups of polymers do,
however, differ not only in the range of branch
lengths covered but also in the degree of branching
— the comb-shaped polymers have higher branching
frequencies than the polymers with long-chain bran-
ching.

It is also apparent in Figure 7 that the transposed
log no versus log M. curves show a progressive

cop
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Figure 7 Variation of (log ;;5 —log r]é Jwith (IogMS—Ioth) for
the four series of polymers with long-chain branching, where po
is the low shear melt viscosity at 460 K. The curves shown here
are the usual log no versus log Mw plots for each series of
polymers shifted to & common origin on the straight line ob-
tained for linear polymers, which is shown by the broken line of
slope 34. Symbols as in Figure 3
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displacement away from the (log 7§ -logng)axis as the
branching frequency is increased and that the melt
viscosities of nearly all the polymers with long-chain
branching are below the values for linear
polystyrenes of the same molecular weights. The ex-
ceptions to this are the branched polymers with the
longest branches in the series with the lowest bran-
ching frequency.

It was mentioned in the paper on comb-shaped
polystyrenes that in the region of chain en-
tanglements, the zero shear melt viscosities of linear
polystyrenes are related to the mean square radii of
gyration of the polymer molecules in a @#-solvent by

No oc{ 80> * )

where the exponent 3-4 is the slope of the log ny
versus log M plot in the region of chain en-
tanglements. Figure 8 shows the result of plotting log
no against log <{SJ) for the polystyrenes with
long-chain branching, where (S5} is the mean
square radius of gyration calculated from Orofino’s
equation (see section on intrinsic viscosity
behaviour). It is apparent that, apart from a few
polymers with the highest molecular weights, the
melt viscosities of these branched polymers are given
by

nooc { SO+ (8)

where 48 is the slope of the straight line shown in
Figure 8 . This shows that in the range of branching
frequencies covered here, the melt viscosities of the
majority of the polymers with long-chain branching
show a more pronounced dependence on the
theoretical 8-point dimensions than linear polymers.
Figure 8 also shows tnat for a given (Si) a
polymer with long-chain branching has a higher melt
viscosity, i.e. is more entangled in the melt, than a
linear polymer. The opposite is true of the comb-
shaped polystyrenes’.

The only other systematic investigation of the ef-
fects of branching on the melt viscosity behaviour of
polystyrene so far reported is that by Fujimoto et al2.
and some of their results are reproduced in Figure 9.
In their work the viscoelastic properties were
studied as a function of the branching trequency with
the branch- and backbone lengths held constant.
Four series of polymers were studied, each series
being characterized by a different branch length. As
is seen in Figure 9, the low shear melt viscosity
shows a slow increase as the branching frequency in-
creases in all four series of polymers. In the case of
the comb-shaped polymers described in the previous
paper in this series the melt viscosity decreased as
the branching frequency increased for a fixed branch
length. In order to make a direct comparison bet-
ween the results obtained by Fujimoto et al. and our
own on polystyrenes with long-chain branching, a
series of curves are shown in Figure 9 depicting the
way in which the melt viscosity varies with increasing
branch length for a fixed branching frequency. These
curves show a progressive displacement away from
the line for linear polymers with increasing bran-
ching frequency similar to that shown by the
polymers with long-chain branching described here.
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Figure 8 Logarithmic plot of the variation of the low shear meit
viscosity with the theoretical mean square unperturbed radius
of gyration for the polystyrenes with long-chain branching.
For a given{S3), the branched polymers have higher melt
viscosities than linear polymers, i.e. are more entangled in the
melt in this range of branching frequencies. The plot for linear
polymers beyond the critical chain length is shown by the
broken line. Symbols as in Figure 3

The ranges of variables covered by Fujimoto et al.
are given in Table 3 ,where it is seen that the
molecular weights of the branches in the polymers
prepared by Fujimoto ez al. fall in the range covered
in our polymers with long-chain branching whereas
the branching frequencies covered overlap those of
the two groups of branched polymers prepared in
these laboratories. The results obtained on the bran-
ched polystyrenes by Fujimoto et al. can be con-
sidered, therefore, to be an extension, into a region
of higher branching frequencies (low A ), of our
results on polymers with long-chain branching. They
may also be regarded, in part, as an extension into a
region of longer branches (i.e. M. >4-6x10%), of
our results on comb-shaped polymers. For the latter,
where M} < 4:6x 10%, minima were observed in the
log no versus log M. plots for the series with fixed
branching frequencies and variable branch length.
The curves in. Figure 9 depicting the variation of
melt viscosity with branch length seem unlikely, on
continuation into the region where M < 4:6x 10%,
to pass through the point representing the backbone
polymer without first passing through minima, at
least at the higher branching frequencies.



The dependence of the low shear melt viscosity on
the theoretical unperturbed dimensions (calculated
from Orofino’s equation) of the polymers prepared
by Fujimoto et al. is shown in Figure 10. To a first
approximation a straight line with a slope of 5°1 can
be drawn through the points shown in Figure 10
showing that the melt viscosities of these branched
polymers also show a more pronounced dependence
on the theoretical #-point dimensions than linear
polymers. This result is similar to that obtained with
our polystyrenes with long-chain branching (Figure
8) although the slope of the log 770 versus log {So>
plot for the latter is somewhat lower (4-8). It is ap-
parent in Figure /0 that in the range of branching
frequencies covered by Fujimoto er al., a branched
polymer may have a higher or a lower melt viscosity
(i.e. it may be more or less entangled) than a linear
polymer with the same unperturbed dimensions, this
depending on the branch length. The low-shear melt
viscosities of our polystyrenes with long-chain bran-
ching are all higher than those of linear polymers
with the same theoretical unperturbed dimensions.

Closer inspection of the plotof logn,versus log <SO>
for the polymers prepared by Fujimoto et al. (Figure
10) reveals that, while most of the above conclusions
remain valid, several straight lines close together,
rather than a single line are actually required. Each
of these lines represents the variation of log
no with log {83)for a fixed branching frequency and
each has a different slope, this ranging from 5:6 for
the polymers with the highest branching frequency to
4-8 for the polymers with the fewest branches.
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Figure 9 Logarithmic plot showing the variation of the low-shear
melt viscosity with molecular weight for the branched
polystyrenes prepared by Fujimoto et al? In each series of
polymers the branch length and backbone were fixed in length
but the branching frequency was varied. From these results it
is also possible to show how the melt viscosity varies with
branch length for a fixed branching frequency, and this is depic-
ted for several branching frequencies by the braken curves. @ J-
series; O |-series ;A H-series ; A F-series ; B common linear
backbone.

Reprinted from Macromolecules (1970, 3,57) by permission of the
American Chemical Society
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Figure 10 Logarithmic plot of the variation of the low-shear melt
viscosity with the theoretical mean square unperturbed radius of
gyration for the branched polystyrenes prepared by Fujimoto et
al. Although a single straight line of slope 5-1 is drawn through
all the points shown, several lines are probably required with
slopes ranging from 4.8 for the polymers with the lowest bran-
ching frequency to 5 -6 for those with the highest frequency

Although a fairly wide range of branching
frequencies has now been covered in our studies of
branched polystyrene and those of Fujimoto et al.
there is a region of very low degrees of branching in
which no studies of branched polystyrene have so far
been reported in the literature. It is possible,
however, to gain some idea of the likely behaviour in
this region of lower branching frequencies from the
trends in the melt viscosity behaviour exhibited by
our polystyrenes with long-chain branching. For
example, it is seen in Figure 7 that the melt viscosity
increases more rapidly with increasing branch length
as the branching frequency decreases and this trend
is expected to continue when the degree of branching
is reduced below that of the polystyrenes considered
in this paper. This will result in many of the bran-
ched polymers with very low branching frequencies
having melt viscosities which are higher than those of
linear polymers of the same molecular weights. (This
is true of only a few of the branched polystyrenes
depicted in Figure 7). That is, the branch length
beyond which the melt viscosity of the branched
polymer exceeds that of a linear polymer of the same
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Increasing branch length
Backbone length constant

—

Increasing backbone length

Branch length constant

Figure. 11 Schematic representation of series of branched
polymers with a single branch of variable length attached at the
mid-point of a linear backbone. Each series of polymers shown
is one of a number of series in which a branch of variable length
is attached at random to a linear backbone

molecular weight is expected to decrease with
decrease in branching frequency in this region. The
limiting behaviour for the type of branched polymer
considered here (in which the branches are all at-
tached to a common linear backbone) will probably
be that exhibited by a series of polymers with just
one branch (of variable length) per backbone
molecule.

Some results of studies of the melt viscosity
behaviour of two other chemically different
polymers lend some support to these views about the
likely behaviour of polystyrenes with low levels of
branching, namely those on some randomly bran-
ched poly(vinyl acetates) by Long et al.'"'2and those
on some star-shaped polybutadienes by Kraus and
Gruver'?>. Nearly all the branched poly(vinyl
acetates) referred to, in which the branches have the
same average molecular weight as the backbone
(which is beyond the critical molecular weight for
the onset of entanglements for linear polymers), have
higher melt viscosities than those of linear poly-
(vinyl acetates) of the same molecular weights and
lower branchingfrequencies ( A>1300backbone repeat
units per branch) than the branched polystyrenes
described in this paper (A€682). In the case of the
polybutadienes two series of star-shaped polymers
were studied — one series with three arms of equal
length {(tri-chain) and one series with four arms of

12 POLYMER, 1972, Vol 13, January

equal length (tetra-chain). The molecular weight
beyond which the low shear melt viscosities of tetra-
chain star-shaped polymers exceed those of linear
polymers of comparable molecular weights is around
1 X 10°. For the tri-chain polymers it is lower, in the
region of 6x 10*. Above these molecular weights the
slope of the log n¢ versus log M« curves increases
rapidly, the melt viscosity of the star-shaped
molecules eventually becoming at least two orders of
magnitude greater than that of linear polymers. It
may be seen in Figure 11 that a star-shaped polymer
with three arms of equal length may be considered to
be one member of a series of polymers in which a
single branch of variable length is attached at the
mid-point of a linear backbone molecule. Such a
series of polymer molecules is itself one of a number
of series in which a branch of variable length is at-
tached ar random to a linear backbone. Hence the
polymers in these series will exhibit the behaviour
shown in the melt by tri-chain star-shaped polymer
molecules, that is they will have higher or lower melt
viscosities than linear polymers of comparable
molecular weights, this depending on the lengths of
the backbone and branch.
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Note added in proof

Since the paper on comb-shaped polystyrenes' was
published a paper has appeared (Candau, F. and
Franka, E.Makromol. Chem. 1971, 149,41) in which
it is shown that for comb-shaped polystyrenes the 8-
temperature in cyclohexane depends on the
branching frequency as well as on the branch length.
As the branching frequency increases the 6-
temperature decreases and this decrease is most
pronounced for the polymers with the shortest bran-
ches. In the results presented by Decker’ no
variation of @-temperature with branching frequency
was apparent but it now seems likely, because of the
narrow range of branching frequencies covered by
Decker, that such variation was masked by a bigger
variation of @-temperature with change of branch
length. The discussion of the solution behaviour of
comb-shaped polystyrenes in the present paper is not
affected by the new results of Candau and Franka.
Erratum

Part P, (Polymer 1971, 12, 547) Table 3. The
figure for sample U31 in column 5 should read 9-20.
not 8-32 as shown.

Kataoka, T. and Ueda, S. J. Polym. Sci. (A-1) 1967, §,3071
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The melting characteristics of high-density polyethylene have been shown to
be dependent on molecular weight and molecular weight distribution as well
as on annealing and crystallizing history. The phenomenon of double melting
endotherms is explained on the basis of a molecular weight fractionation
process occurring during annealing and crystallization in which there is
preferential crystallization of low or high molecular weight species accor-
ding to the temperature. Reference is made to other polymers exhibiting

similar behaviour.

INTRODUCTION

It has frequently been reported that polyethylenes
that have been isothermally crystallized or annealed,
subsequently quench cooled, and remelted in in-
struments for differential thermal analysis or dif-
ferential scanning calorimetry give rise to two en-
dotherms'-7. For a given polymer sample the
phenomenon has a number of well-defined charac-
teristics. Firstly, the areas of the peaks and the peak
temperatures are dependent on the crystallizing or
annealing temperature. Secondly, prolonged an-
nealing or crystallizing causes the high-temperature
peak to increase in area and the peak moves to
higher temperatures. Thirdly, the low-temperature
peak either decreases in area and moves to lower
temperatures and eventually disappears, or increases
in area and joins the high-temperature peak. The
direction of movement depends on the temperature
of crystallizing or annealing; relatively high tem-
peratures favour the former change. The growth and
movement of a low-temperature peak to high tem-
peratures has not been reported until now for high-
density polyethylene, but there is a number of
references to this behaviour with other polymers,
notably poly(ethylene terephthalate)®-'0, nylon-
6,6''- 1%, and isotactic polystyrene!'*!* after annealing
or crystallizing in a relatively low range of tem-
peratures. Cold drawing also induces similar melting
behaviour with these polymers'>'® and, as will be
shown in a subsequent paper, in high-density
polyethylene as well.

The phenomenon seems to exist with most
polymers, and various explanations have been ad-
vanced; secondary crystallization®, differences in
degree of crystalline perfection?, crystallization in

two different lattice structures'’?, partial melting
followed by recrystallization followed by complete
melting’, sporadic and predetermined
nucleation®, and conversion of chain-folded
crystallites to chain-extended type!*!}. However, a
factor common to all polymers that has been largely
overlooked is molecular weight distribution, and it is
the purpose of this paper to show that many of the
unusual aspects of double melting endotherms are
explicable in terms of a process of molecular weight
fractionation which occurs both during annealing
and crystallizing. Differences exist between different
polymer types, but these appear to be of degree
rather than kind, and are explicable in terms of dif-
ferences in their abilities to reach equivalent extents
and degrees of crystalline perfection within the time
scale of the experimental procedures.

EXPERIMENTAL

Polymer samples

The following samples of high-density poly-
ethylene were supplied by Shell Plastics Laboratory,
Carrington.

1. Two commercial polyethylenes with the
following properties:

Code U160 004) U265 045)
M. 1.2 x10° 6:0 x 104
M./ M. 10 -
Density, g/ml 0-960 0.965
Melt index, g/10 min

at 190°C 0-40 4.50
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2. Six polyethylenes with narrow molecular weight
distribution (MWD) specially prepared with a
vanadium —aluminium alkyl catalyst system. These
samples may be identified in the text since values of
M. and M./M. are quoted.

3. Various fractions of the above six poly-
ethylenes. Each of the polyethylenes were separated
into 8 or 9 fractions by an elution-column
method's. The estimates of M./M. referred to above
were obtained from the fractionation data. The frac-
tions were a combination of several smaller con-
secutive fractions obtained from the column, a few of
which were separately recovered to provide samples
of narrower distribution.

Determination of intrinsic viscosity and molecular
weight

Intrinsic  viscosities were determined from
measurements of relative viscosity indecalin at 120°C
and viscosity-average molecular weights were
calculated from the expression'®:
078

) = 276 x 107(1,)

Melting. crystallization and annealing

Melting, crystallizing and annealing were done on
samples of known weight (3—4 mg) in a Perkin-
Elmer differential scanning calorimeter (model
DSC-1), under dry nitrogen (18 ml/min). The in-
strument was calibrated with five pure substances
whose known melting points covered the range
95:0—166-0°C. Thermogram area was converted to
heat of fusion by standardization against zone-
refined benzoic acid (33-9 cal/g). Degrees of
crystallinity were derived from the heats of fusion
and a value for crystalline polyethylene of 66 cal/g.
The instrument was calibrated at weekly intervals.
An empty aluminium pan was used as reference.

Polymer samples were first heated at 160°C for 10
min to destroy their previous morphology. The
following thermal treatments then followed.

RESULTS AND DISCUSSION

The processes of crystallizing from a melt and the an-
nealing of initially solid samples have been in-
vestigated and compared. Temperature, duration of

annealing and crystallization, molecular weight and
MWD have been varied.

Temperature of crystallizing and annealing

It is known from dilatometric studies'”'8, that an-
nealing in a narrow temperature range just below the
melting point melts a fraction of the crystalline
content. Partial melting and partial crystallization
may readily be detected with the differential scan-
ning calorimeter by annealing or crystallizing the
polymer isothermally in the instrument; the tem-
perature is then raised in order to melt the
crystalline fraction, the quantity of which existing at
the particular temperature may be calculated from
the endotherm. Figure | shows the results of the
procedure using a high-density polyethylene of M
1:2x 10° which bad been annealed and crystallized
for 10 min. The Figure also shows the percentage
crystallinity obtained after subsequent quench-
cooling and remelting.

Partial melting and partial crystallization
processes have been used to explain the phenomenon
of double endotherms. It has been argued that
prolonging either of these processes will increase the
perfection of the crystalline fraction and hence raise
its melting point to a higher value than that of the
crystalline fraction produced by subsequent quench-
cooling. Partial melting or crystallization may also
be used to explain the effects of changing the an-
nealing or crystallizing temperature a fewdegrees; a
smaller or larger crystalline fraction remains, and
hence the size of the crystalline fraction produced by
subsequent quench-cooling also varies; the relative
areas and peak temperatures of the two endotherms
obtained after remelting change accordingly. It will

Polymer samples

Cool to
T (32°C/min)

v

Crystallize

Cool to 30°C
(32°C min)

v

Melr(8°C/minytg—

T., crystallization temperature; 7, annealing temperature.

Designated ‘quench-cooling’ in the text.

Hold for 10 min

Heat to 160°C
(32°C/min)

Cool to 30°C
(32°C/min) *
Heat to Ty
(32°C/min)
Anneal

Cool to 30°C
(32°C /min) #

v

P Melt (8°C/min) T

+ Similar results are obtained at scanning speeds of 4,16 and 32°C/min
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Figure 1 Percentage crystalline contents after (a) crystallizing
and (b) annealing for 10 minutes at various temperatures. Values
obtained from melting endotherms of polyethylene (My= 12 x
10°) before (C)) and after (O) quench-cooling

be seen, however, that this explanation is inadequate
to account for all experimental observations.
Figure | shows that after annealing or crystall-
izing, followed by quench-cooling, the total
crystallinity passes through maxima at certain tem-
peratures. The temperature at which maximum
crystallinity is obtained is about 5°C lower for
crystallizing that for annealing; this differenceis, of
course, accountable for by the degree of super-
cooling needed to effect nucleation, but it also
provides an alternative means of producingdouble
endotherms with some polymers. For example, if a
polymer is partly crystallized from the melt and then
the temperature is slowly raised, melting occurs (en-
dotherm obtained), and athermal nucleation
resulting from the persistence of chain alignment
may cause further material to crystallize at a higher
temperature where maximum extent of
crystallization occurs in annealing (exotherm ob-
tained), and this material will melt at slightly higher
temperatures (endotherm obtained). Whether or not
all these processes are observable depends on the
difference between the two maximum temperatures
and the rate at which the temperature is raised
relative to the rate of re-crystallization. This
behaviour has been observed in these laboratories
with the polymer poly(hexamethylene terephthalate).

High-density polyethylene: W. G. Harland et al.

It may be seen from Figure | that melting and par-
tial crystallization occur in the ranges 125-133 °C
and 125—128 °C respectively. If the two processes
are compared in these ranges, it will be seen from
Figure 2 that quench-cooling and remelting can
produce a double endotherm with a sample that has
been annealed for 10 min and possibly less but, if the
same sample is crystallized from the melt,
crystallizing times in excess of 30 min and up to 3 h
are required. The difference is not as great as first
appears since a fair comparison may only be made at
temperatures such that the crystalline fractions
existing at annealing and crystallizing temperatures
are comparable in size. Examination of Figures 2(a),
(b) and (c) shows that roughly this condition is met
when crystallizing at 126° C and annealing at
132 °C. Under these conditions and after quench-
cooling, remelting gives a double endotherm after
30-90 min crystallizing and 10-30 min of an-
nealing.

Explanations will follow later, but the most
significant observation from Figures 2(a), and (c) is
that a crystalline fraction may exist at certain an-
nealing and crystallizing temperatures for at least 10
and 30 min respectively, and hence have an oppor-
tunity to increase in fold length and in degree of
crystalline perfection, and yet there is obtained only
a single endotherm after quench-cooling and
remelting. It would seem, therefore, that the
phenomenon of double endotherms is dependent on
another parameter in addition to those of tem-
perature and time.

Effect of molecular weight and MWD

It is important to recognise that molecular weight
and its distribution are important parameters and
that the temperature ranges within which fractional

137
(345 ‘
%
1355
(2)
137
1355
365
(3} A

Figure 2(a) Melting endotherms of polyethylene (Mv=1-2x 105)
after annealing at various temperatures for 10 min. (1) 134°C;
(2) 133°C; (3) 132°C; (4) 131°C; (5) 130°C; (6) 129°C; (7) 127°C:
(8)126°C;(9)124°C . Peak temperatures indicated ("C)
anneal,, quench- cool, melt;— = — — — anneal, melt
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T-—  125°C 129°C 132°C

1365 137:5

Figure 2 (b) Melting endotherms of polyethylene (M.,:l 12 x 10%)
after annealing at various temperatures for different times. Peak

temperatures indicated (°C). anneal, quench-cool,

melt;— — - — — anneal, melt

—=  125%C 126°C 127°C

Figure 2(c) Melting endotherms of polyethylene (M,= 1-2 x 10Y)
after crystallizing at various temperatures for different times.
Peak temperatures indicated (°C). crystallize, quench-
cool, melt:— — — — —crystallize, melt
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crystallization and partial melting occur are depen-
dent on them; Figure 3 illustrates the point with
respect to annealing. It is probably for this reason
that it is sometimes reported that a sample of a given
molecular weight exhibits a double melting en-
dotherm while one of a different molecular weight
does not® this is a consequence of making com-
parisons at the same temperature of crystallizing or
annealing. Figure 4 shows that the level of tem-
perature and the range of temperature within which
double endotherms may be obtained after annealing
is dependent on molecular weight and MWD respec-
tively. It is particularly inmiportant to note that the ef-
fect of narrowing the MWD is to narrow the tem-
perature range of annealing that will produce double
endotherms. The fractions used to produce some of
the data are of unknown homogeneity and were ob-
tained by combining several consecutive very small
fractions from the column. Some of these sub-
fractions were annealed over a range of temperatures
for times up to several hours, and in some instances
cooling and remelting gave only a single endotherm,
notably when the fractions were extremely small and
therefore likely to have a very narrow MWD.
The rate of crystallization9and the melting point 20
of high-density polyethylene are known to be
molecular weight dependent, and melting point is
dependent also, and to a greater extent, on the size
and degree of order of crystalline regions. These
parameters of the system make it possible to explain
changes that occur during prolonged annealing on
the basis that : quench-cooling a polymer melt to
room temperature produces a crystalline and amor-
phous fraction each of which is a random mixture of
the species of different molecular weight present in
the sample; the crystalline phase contains a wide
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Figure 3 Percentage crystalline content remaining after an-
neating different polyethylenes for 10 min at various tem-
peratures. O,My = 18x10 fraction. A, #Mv=25x10* fraction.
O,My= 12 x 10% M,/My= 10
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= 1-68x10° My 1y=30

_ 4
F7, < 2:610%, M, 14,25 z
134°C

132°C

7,=128°C

1355 °C

(34°CAn 136°C
79=130°C
133-5°C
7, =132°C

Figure 4 Melting endotherms of polyethylenes differing in molecular weight and MWD after being annealed for 10 min at various

temperatures and quench-cooled

spectrum of degrees of order; at the annealing tem-
perature a fraction of the crystalline content com-
prising the less stable crystalline regions melts; and
during the course of annealing a fractionation
process takes place, in which, at any instant the
polymer joining the crystalline phase is the fraction
of highest molecular weight present in the amor-
phous/molten phase. Such a fractionation process
will lower the average molecular weight of the amor-
phous/molten phase, such that thecrystalline fraction
produced by quench-cooling will have an increasing
content of chain-end defects and will have a melting
point which progressively decreases with duration of
annealing. Consequently with increasing duration of
annealing the corresponding endotherm moves to
lower temperatures. At the same time more polymer
crystallizes at the annealing temperature and
therefore less can crystallize during quench-cooling;
hence the endotherm decreases in area and
ultimately disappears. Although the fractionation
process will at first increase and then subsequently
decrease the average molecular weight of the
crystalline fraction present at the annealing tem-
perature, the melting point of this fraction will be
largely independent of changes in molecular weight
since newly crystallized polymer will adopt the fold
length of pre-existing crystalline fraction, which is
increasing with duration of annealing, and which
will determine melting point. A similar argument
holds for partial crystallization from the melt. The
general behaviour is shown in Figures 2(b), (c) and 5

and the disappearance of the low-temperature peak
is illustrated for the case of annealing at 129°C.
Justification for the concept of fractionation ad-
vanced here, namely that at any instant polymer of
highest molecular weight joins the crystailine phase,
may be found in the work of Mandelkern'”, which
shows that for isothermal crystallization in the range
125—-130°C the rate of crystallization increases
with molecular weight up to a value of the latter,
which is dependent on the temperature, and lies in
the range 3 X 10*to 10’; at higher values of molecular
weight the rate was found to decrease. Since the sam-
ples used in the present work have viscosity-average
values of up to 1-2 x10°, fractionation will at first be
confounded by the simultaneous crystallization of
high molecular weight polymer with some of lower
molecular weight. However, even with some cross-
fractionation taking place there will soon be
established a significant lowering of the average
molecular weight of the amorphous/ molten phase
present at crystallizing and annealing temperatures,
and this difference will increase with time.
Confirmation of the fractionation principle has
been sought by comparing the increase in
crystallinity of a range of unfractionated samples of
increasing average molecular weight but of similar
distribution, that have been crystallized and an-
nealed at different temperatures for 3h. The data are
given in Table | and they show that in the range of
interest (125 -132°C), there is a positive tendency
for high molecular weight polymer to crystallize to
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the largest extent. The reverse effect at lower tem-
peratures will be dealt with in the next section.

It is now possible to comment further on the ob-
servation made in the previous section that small
crystalline fractions may exist for appreciable time at
certain crystallizing-and annealing temperatures and
yet a double endotherm is not obtained after quench-
cooling and remelting, and secondly to comment on
the relatively long time of crystallizing that is ap-
parently needed to create a double endotherm.

With regard to the first observation, it should be
noted that existence of a small crystalline fraction
corresponds to a sitnation where only a com-
paratively small extent of fractionation has oc-
curred, and therefore the molecular weight of the
crystalline fraction produced by quench-cooling will
not have changed sufficiently for it to have a melting
point differing significantly from that of the
crystalline fraction existing at the annealing or
crystallizing temperature.

As to the second point it will be noted by
reference to Table | that the efficiency of frac-
tionation is greater the higher the temperature of
crystallizing or annealing. Since a comparison is
being made of crystallizing at 126°C and annealing
at 132°C it is to be expected that fractionation will
be more efficient in the latter case and therefore
double endotherms will be produced in relatively
short times. Confirmation of this explanation may be
gained by observing the melting points of the two
crystalline fractions as a function of crystallizing and
annealing time. Such a comparison is shown in
Figure 5 for crystallizing at 126°C and annealing at
132°C; data are also included for annealing at
129°C. Figure 5 shows that the extent of separation
of melting points that determine double endotherms
is far greater at a temperature of 132°C than at
126°C, and is even greater at 129°C. The last fact

138

136},

134

Peak temperature (°G)

132

130

Time (min)

Figure 5 Peak temperature versus time for polyethylene (M, =
1.2 x 103) after crystallizing and annealing at different tem-
peratures,.«------- crystallize at 126°C;— —anneal at 129°C,
anneal at 132°C
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Table 1 Increase in percentage crystallinity

Tcor Ta  After crystallizing After annealing

for 3 h for 3 h

120 3 49 4% 20 3o 4
115 30 10 10 05 08 00 00 00
120 70 35 25 13 42 24 08 01
124 165 125 75 66 115 72 35 19
125 115 157 140 136 173 123 98 75
126 1.5 120 180 170 181 152 133 108
127 08 65 128 185 170 165 157 146
128 05 40 104 196 49 179 168 162
129 o0 15 80 170 10 67 186 179
130 - - - - 08 27 141 196
132 00 00 30 85 01 09 56 108

aMy= 2'6% 10% Mv/Mn=25
bMv=53% 10%; Mv/Mn=20
bpy=11-4x 10% Wv/Mn=2-0
IMv=16'8x 10*: {v/Mn=2.0

arises from the greater rate -of additional
crystallization occurring at that temperature.
Movements of the high-temperature peaks are not so
temperature dependent as the low-temperature peaks
which bears out the suggestion made earlier thatin this
case melting point is largely dependent on increasing
fold length; the minor differences possibly reflect
the effect of the varying efficiency of fractionation
on the average molecular weight of the crystalline
fraction.

Annealing and crystallizing at low temperatures

Table | shows that at temperatures below 125°C
the extent of further crystallization increases with
decreasing molecular weight. This result may be at-
tributed to the greater mobility of the smaller
molecules, and leads to the conclusion that an-
nealing or crystallizing at relatively low tem-
peratures will lead to the formation of a new
crystalline fraction initially of low molecular weight,
therefore containing a high concentration of chain-
end defects, and hence having a low melting point.
This fraction will increase in size, average molecular
weight, degree of perfection and melting point with
duration of thermal treatment. This behaviour has
been observed with a high-density polyethylene of
M, 6 x 10, and unknown distribution, which had
beern very rapidly cooled from the melt to obtain the
relatively low crystalline content of 60%. Very long
times of annealing at 110°C were required to
produce the effect and, as may be seen from Figure
6, it is not very marked.

This behaviour contrasts strongly with similar ex-
periments conducted with poly(ethylene
terephthalate)®*~'%, nylon—6,6""""*, and isotactic
polystyrene!*-14,  where a low -temperature en-
dotherm is readily produced, whose peak tem-
perature changes like that of high-density
polyethylene, but which grows in size while the area
of the high-temperature peak steadily diminishes to
zero. The high-temperature endotherm is considered
by Ikeda’ to represent melting of a crystalline form
resulting from recrystallization during the heating
programme of the d.s.c. or d.t.a. instrument, and the
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Figure 6 Melting endotherms of polyethylene (IWV: 6 x 104) ob-
tained after annealing for A0; B.1; C,16; D.65h and quench -
cooling

low-temperature endotherm to melting of the chain-
folded crystailine form produced during the initial
cooling step which has been annealed sufficiently to
limit its extent of recrystallization. This approach ex-
plains why one peak apparently grows at the expense
of the other. Several other investigations'®!?,
however, dispute that annealing results in a chain-
folded crystalline structure and claim that there is
conversion of chain-folded to chain-extended struc-
tures.

It is not the the purpose of the present report to
give support to one view or the other concerning the
effect of annealing on the final crystalline form of
the above polymers, but it is appropriate to comment
on their different behaviour to that of high density
polyethylene and to pose the question, ‘Is molecular
weight fractionation involved?

In the last analysis double endotherm phenomena
are observed because semi-crystalline polymers may
be obtained in a metastable state, and because non-
equilibrium techniques such as differential thermal
analysis permit the intermediate stages of annealing
treatments to be studied. Quench-cooled polymer in
particular is remote from thermodynamic
equilibrium, and there are good reasons for expec-
ting that the quench-cooled states of nylon-6,6,
poly(ethylene terephthalate,) and isotactic
polystyrene are more unstable than that of high-
density nolyethylene. No relatively difficult
molecw.'ar adjustments are needed for the

High-density polyethylene: W. G. Harland et al.

crystallization of high-density polyethylene;
however, when chamn units are bulky and cumber-
some as in poly(ethylene terephthalate) and isotactic
polystyrene, and when as in the three polymers in
question consecutive carbon atoms do not carry the
same atomic groupings, then more time is required
for segments to rotate and position themselves in
equilibrium lattice positions, with the result that the
overall rate of crystallization and degree of
crystalline perfection is relatively low.

The influence of chain length on rate of
crystallization must surely be common to all
polymers; hence it is difficult to conceive that the
greater mobility of low molecular weight species will
be without significance when such polymers as
poly(ethylene terephthalate);nylon-6,6, and isotactic
polystyrene are annealed at low temperature. The
effect of MWD will be to cause the low-temperature
peak to move to higher temperatures — as is obser-
ved — and while this movement can and has been in-
terpreted in terms of changes in degree and type of
crystalline perfection, it should be noted that the
changes are invariably accompanied by appreciable
increases in crystalline content; this additional
growth from amorphous regions, at least, is not
likely to be exempt from the influence of molecular
weight. While molecular weight fractionation
probably occurs during the annealing of these
polymers it is not claimed that it is the sole or even
major process responsible for the observed
phenomena.
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Binary ABA block copolymers where the central block is elastomeric
possess a range of characteristic textures when observed as osmium
tetroxide stained thin films (40 nm) in the electron microscope. A study of low
styrene content samples (~25%) prepared from dilute solution indicated
three basic morphologies: an irregular phase structure, arrays of linear and
hexagonally-packed circular styrene domains. The observed texture was a
function of rate of preparation, decreasing rates resulting in greater domain
ordering. Domains varied in size from 10 to 24 nm with corresponding
spacings in the range 10—-45 nm. Grain structure was only clearly observed
in arrays of circular domains but quasi-spherulitic patterns occurred in linear
morphologies. Coherent and random multilayers were also observed, in some
cases giving rise to Moiré fringes. Comparison of observed and calculated
area fractions from dilute solution characterization implied a rod-like domain
structure, although significant errors were introduced by strains in the thin

UK

UK

films.

INTRODUCTION

Triplex block copolymers of styrene and butadiene
or isoprene (SBS or SIS) have recently attracted .a
great deal of attention, particularly as the high rub-
ber content materials present the attractive

possibility of non-vulcanized crosslinked elastomers’.

Owing to the combination of a very low entropy of
mixing and a small, positive heat of mixing, phase
separation is usually the thermodynamically most
stable condition for homopolymer pairs?, and by an
extension of the argument, the equivalent block
copolymers. When the components are chemically
distinct species, it is possible to preferentially stain
the system and examine the phase structure
microscopically. It has been confirmed by using
osmium tetroxide as staining agent for polybutadiene
or polyisoprene when the thin sample had either
been cut from a bulk specimen?# or cast as a film
from dilute solution®®,

The present paper describes work we have been
conducting on symmetrical-SBS block polymers
which had been prepared anionically, characterized
in dilute solution and examined using several
techniques. Among the primary objectives of our in-
vestigation were the effects of processing conditions
and primary chain variables on morphology. A
previous paper presented morphological evidence
for bulk samples using low-angle X-ray diffraction’.
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Direct visual examination of structure is often
preferable however, owing to the greater amount of
detail one can obtain. Two electron optical
preparation techniques are currently available for
block copolymers: ultramicrotomy and thin film
casting. In this publication, we present the evidence
of copolymer morphology as shown by in situ grown
ultrathin films examined by transmission electron
microscopy.

EXPERIMENTAL

Samples

Copolymer samples, designated S: and S:* were
characterized using a combination of dilute solution
techniques. The composition of the copolymers was
established by ultra-violet (u.v.) and infra-red (i.r.)
spectroscopy and showed a common butadiene con-
tent of 46% cis, 46% trans and 8% vinyl units.
Styrene was present to the extent of 26 and 23 wt. %
(Xw)s respectively. Sample Si was fractionated from
1% benzene by stepwise addition of methanol and
the fractions were studied by light scattering in

*Corresponding to trade names KRATON 1101 and 1102, respec-

tively. Samples were kindly supplied by Dr G. Holden of Shell
Chemical Company, Torrance, California, USA.
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cyclohexane solution. The precipitation curve
correlated very well with that obtained in a
chromatographic gradient elution experiment. Ap-
parent weight-average molecular weights were prac-
tically identical with true values owing to the low
spread of composition. Heterogeneity parameters (P
and Q) as defined by Benoit® were —2800 and 90
respectively. This conclusion was corroborated inde-
pendently by studying two samples in different
solvents. Gel permeation chromatographic (g.p.c.)
studies of Si, and S2 and*S: fractions indicated the
presence of 2% and 8% homopolystyrene and
styrene —butadiene (SB) block polymer respectively
in the unfractionated samples. The molecular
weights were equivalent to the styrene block and half
the overall molecular weight in the corresponding
triplex polymer. Weight- and number-average
molecular weights (M.,M.) for Si and S: were
102 000 and 84 000, and 91 000 and 75 000 respec-
tively. The number-average molecular weights have
been corrected for the impurities mentioned above.
The overall distributions for S andS: were relatively
sharp (M./M. = 1:21) and skewed towards low
molecular weights. The distributions of the S
fractions decreased in width from M./M. = 1-2 to
1-1 for decreasing molecular weight. The correspond-
ing styrene block molecular weights (M), for Si and
S: were 13 300 and 11 300 respectively (Table 1)

Specimen preparation

Three different methods of film casting were em-
ployed.The first involved straightforward application
of Kato’s method'’. A drop of 10% (w/w) benzene
solution of the polymer was placed on a 200-mesh
grid mounted on a glass slide and allowed to
evaporate isothermally. Complete evaporation oc-
curred rapidly, leaving a film coating the surface of
the grid. In an attempt to improve the technique, a
slightly modified version of the procedure recom-
mended by Hall was used'. A small volume (~0-01
ml) of the solution was pipetted onto a clean water
surface, the solvent evaporating almost immediately
to leave a film floating on the surface. The water in
the bath was slowly removed, the film eventually
being caught on a number of grids placed at the bot-
tom of the vessel. The grids were cut free and air-
dried at room temperature. Contrast in the films was
achieved by staining in osmium tetroxide(OsOs)
vapour. The grids were suspended above a 1%
aqueous osmium tetroxide solution in a closed con-
tainer for 0.5 h. Both preparation techniques proved
unsatisfactory for obtaining uniform films thin
enough for electron microscopic examination,
although textural details could occasionally be
resolved. Casting from a water surface invariably
gave films which broke during drying, an effect
which may be due to crazing induced by small quan-
tities of absorbed water.

The last technique, eventually adopted for all
specimens, involved casting a thin film on a mercury
surface. 0-08 ml of a 0-1% benzene solution was ac-
curately diluted to 10 ml and filtered to remove
suspended matter. The solution was poured into a
small Petri dish (475 c¢m diameter), the bottom of
which was just covered by freshly distilled and

cleaned mercury. Controlled evaporation was
achieved by simply adjusting a small watch-glass
covering the mouth of the dish. The experiments
were performed in a darkened fume cupboard, the
updraught providing a reasonably low, controllable
evaporation rate (<lcm®/h) at room temperature. A
typical film was mounted by drawing tweezer-held
grids, shiny surface down, over the surface at a
slightly acute angle. Negative staining was carried
out as before. All solvents used (benzene,
cyclohexane) were distilled Analar grade, the initial
concentration of polymer being chosen to give a film
thickness of 40 nm. An AEI EM6G electron
microscope operated at 100 kV was used to examine
the thin films. An objective lens aperture of 50 ym
was used to enhance contrast and the microscope
had previously been calibrated at various
magnifications using diffraction grating replicas.

RESULTS

Films prepared by the drop method produced tex-
tures of the kind shown in Figure 1. A similar mor-
phology was obtained by casting from a water sur-
face. Phase contrast is poor and there is little
evidence of regularity either in domain size or shape
or interdomain distance. Measured dimensions lay
in the region 10— 16 nm and 10 —26 nm respectively
for a S sample prepared from benzene solution.
By slowing down the rate of solvent removal and
casting from mercury, comparatively regular
hexagonal arrays of domains were observed in all
films. Figure 2 and inset show representative arrays
of Si and Sz samples. Contrast is much enhanced and
many textural details may be distinguished. Long-
range order in the array is not as perfect as first sight
would suggest; the plate exhibits a line defect (an ex-
tra array line) emanating from the five-coordinate
point 5/3*%. The defect width is large judging from

* Array domains are numbered horizontally and vertically from
the bottom right-hand corner of the Figure.

Figure 1 lrregular texture in Si film prepared from benzene un-
der flash conditions
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Figure 2 Ordered array of domains in S1 film prepared from ben-
zene at slow evaporation rate. Inset shows S2 film at same scale

the decrease in shear angle from the bottom to the
top of the plate ( ~10—5°). Although matrix staining
is fairly uniform, minor features are discernible.
These include ‘ghost’ domains of lower optical den-
sity not apparently part of the overall array (e.g. at
4-5/3 or 4'5/6), and large areas of penumbra as
in the middle of the plate. Certain array-domains are
of equally low density (e.g. at 6/1), some showing a
blurring effect towards the edge (particularly evident
in the inset plate) and others showing asymmetric in-
ternal fringes indicative of slight beam astigmatism
(e.g. at 4/12). D .main sizes (D) and inter-domain
distances (din) lay in the range 19-21, 13-15 nm
and 42-44, 33:5-355 nm for S and S: res-
pectively.

At larger fields of view, grain structure was clearly
visible in all the films of hexagonal arrays examined.
Figure 3 for example, shows parts of three grains
with boundaries as indicated in a Sz film. The inset
shows the electron diffraction pattern for the array.
Four diffuse halos at 0-81 (low intensity), 1-14,
2.06 and 10 A were observed, confirming the non-
crystalline nature of the chain assembly already
suspected both from chemical and wide-angle X-ray
studies. Although at some points (e.g. middle lower
border) the boundary is of negligible thickness, con-
siderable areas of random blurring occur similar to
that noted in Figure 2. In order to gain a meaningful
estimate of grain size, a representative area, 79 gm?
of film was micrographed at low magnification in
mosaic. The composite plate covered five grains
completely and fragments of fifteen others. Analysis
by the method of Jeffries'? gave an average grain
area {A) of 5.05 pm? and hence an average grain
size (A)” of 2.25 ym2. A agreed well with an in-
dependent planimetric estimate of 4.1 um2.
Minimum and maximum grain areas and widths were
2.8, 7-7 um? and 0-425, 5.1 uym respectively. Areas
of penumbra similar to that noted in Figure 3 exten-
ded over a considerable proportion of the mosaic (~
20%). Although the staining level was relatively low,
a vague linear structure could be discerned both at
the borders and interior of the region. The effect was
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Figure 3 Randomly oriented grain structure in S2 film. Electron
diffraction pattern at upper left showing amorphous halos

confined to grain boundaries and no significant
penumbra occurred within grains. Moiré fringes, and
phase inversion effects bordered the inter-
grain/penumbra region to a small extent. Neglecting
grain boundaries of shallow depth, defects of the
type noted in Figure 2 were randomly distributed
through grains in the density range 0-5—1-2 gm™2.
In some cases, the defects bridged entire grains in
width. Other defects noted were two-dimensional
sections of screw dislocations and negative Volterra
dislocations of the sixth type!s.

Relative grain orientation was assessed by
measuring the angles subtended by the symmetry
axes with a base line. Within sampling error, the
grains were randomly oriented within the 0 — 30° sec-
tor. Other sources of error included distortion due
to defects and strain effects. It was observed that
severe distortion from the ideal 60°/60°/60° pattern
occurred throughout the film. Measurement of inter-
domain spacings showed a degree of strain not ex-
ceeding about 20% (usually less) along a single
strain axis corresponding to the minimum trihedral
angle. Grain orientation was thus measured along
the axis subject to least angular distortion, namely
that approximately perpendicular to the strain axis.
Figure 2 shows a similar uniaxial strain at a slight
clockwise angle (~10°) to the side of the plate.

A selection of S: fractions were cast as thin films
to explore the correlation between styrene block
molecular weight (M+)s and domain size (D)
suggested by Si and S: (Table I). Although there
were clear differences in D and dimn between the
various samples, there appeared to be no simple
correlation with the characterization data. The
values in general fell between those for Si and Sa,
those for F7 (thirteen fractions were produced in all)
being reported in Table 1. The bracketed values are
for linear arrays as discussed in more detail below.
In some cases (e.g. Fui, Fi3) only linear arrays were
obtained but this may be but a reflection of the lack
of exact control over rate of preparation.
Measurements of dine were made on least distorted
films by averaging along coherent array axes. A sam-
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Table 1 Characterization data of SBS copolymers

(Xw)s dint D
Sampl Pa
ple Mw and (Mw)s (nm) (nm)
(@s)
S1(B) 102000 026 13300 42-44 19-21 0195
(0-238) (35—39) (18—20) (0°510)
S1(C) 43-45 19-22 0-215
F7(B) 131000 024 15700 41-5—-43'5 18—-24 0220
(0-22) (16—-22) (13—-16) (0-760)
F11(B) 113500 024 13600 (36-—40) (14'5—16°5) (0-420)
(0-22) (14—16) (7'5-9'5) (0'570)
S2(B) 91000 023 11300335-355 13—-15 0150
(0-21) (26-34) (14-18) (0'530)

ple of twenty was chosen in best cases, lower if sub-
stantial disorder occurred. A similar sample was
used for obtaining the range of domain sizes. The
area fraction ( ¢.) was calculated using the equation
9.4 = 0905 (D/din)". Although benzene was the
principal solvent used for casting, the suggestion that
solvent type could affect phase texture!* prompted us
to use cyclohexane for a series of experiments. With
the possible exception of multilayer formation (see
below), the morphologies were identical with those
produced from benzene. Table | also includes
characterization data together with the volume frac-
tion of styrene ( ¢.) calculated from the weight frac-
tion (X.): assuming the densities of polybutadiene
and polystyrene to be 093 and 1:04 respectively.

Although most films exhibited distinct hexagonal
arrays, multilayer effects were evident in certain
samples. Figure 4 shows such a film (51) where long-
range order seems to be absent although a few signs
of regularity are evident. The inset shows at high
magnification part of the same film where it is clear
that two coherent superimposed layers are present
(three domains of the upper array are arrowed). The

Figure 4 Multilayer growth in Si film produced at a slow
evaporation rate from cyclohexane. Inset shows detail of film
with coherent packing {(x 1.67)

Figure 5 Moir€ fringe pattern created by random film overlap in
St sample prepared from benzene

domains of the lower array possess a lower optical
density and lie at interstitial points of the upper
array, similar to the ghost domains noted in Figure
2. A related phenomenon is shown in the above
Figure(Figure 5), where it is apparent that two layers
have been fortuitously superposed during specimen
preparation. The edge of the overlying film can be
seen at left (marked by arrows: the second diffuse
edge was produced by shadowing during
photographic development to enhance the contrast
of the single layer).

The Moire fringe effect at right, consisting of
irregularly spaced rings and lines, was observed in a
number of samples. The eftect is due to optical con-
fusion between two independent superimposed
arrays which have been rotated # degrees with respect
to one another. The fringe diameter (F) is related to
the inter-domain spacing by the equation

- F = danz/ZSin0/2

Decreasing angles give honeycomb patterns with
steadily increasing cell size, aithough owing to the
long-range distortions common in these films,
irregularity in the fringe pattern was the rule rather
than the exception. Shift along any axis of symmetry
without rotation produces parallel structures of the
same spacing as the original array. Figure 5 shows
the Moiré pattern with a cell size of 2din (85 nm),
where the angle of incidence is 30°.

At intermediate evaporation rates (>lcm?/h),linear
arrays with varying degrees of curvature were obser-
ved. Figure 6a shows a typical quasi- ‘spherulitic’
structure (the size of the ‘spherulite’ in the top centre
is ~1 gm) in an S: sample where the degree of cur-
vature is very high', while Figure 6b shows a portion
of more regular structure surrounded by a disor-
dered phase array (F7). Degenerate linear arrays of
the type shown in Figure 7 were observed in some
samples, particularly the high S: fractions. The g.p.c.
distribution for this sample (Fiz) possessed a twin-
peak, from which it was inferred that it consisted of a
mixture of SBS and SB polymer. In several areas of
the array, the spacing and domain diameters are
about half that visible in the rest of the array. A
similar effect is seen in Figure 8c in a somewhat
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Figure 6 (a) Quasi-‘'spherulitic’ structure in S1 array of linear
domains. Mercury stains are prominent on the film surface.
{b) Regular linear array in St fraction (F7) encircled by cur-
vilinear morphology. Mercury blot is present at middle left. Both
samples prepared from benzene at intermediate evaporation
rate
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Figure 7 Degenerate linear array prepared at intermediate rates
of evaporation. Doubly spaced texture present at left of plate. S1
fraction containing SB and SBS species (Fi2)

more regular structure, which also includes domain
terminations and subdivisions. Multilayers were
evident, whether coherent (Figures 8a and 8b) or
otherwise (Figure 8d). The latter Figure also shows a
marked irregular variation in spacing. Quantitative
analysis was made on those arrays possessing the
least degree of curvature and disorder (parentheses,
Table I). Area fractions were calculated using the
equation @4 = D/din.

Among the most important artefacts introduced by
the casting technique was retention of mercury par-
ticles (e.g. Figures 5 and 6) which volatilized under
the impact of the beam leaving slight stains (e.g.
Figure 3). In general the films proved quite stable to
electron bombardment although film movement was
visible during examination. Small degrees of strain
were also induced in a large number of films
probably during sample preparation as noted in
Figure 3. Arrays of circular domains were much
more susceptible to strain than linear arrays. Visual
recognition of phase structure was optimized by
slightly underfocusing micrographs.

DISCUSSION

The most immediate problem as presented by the
block polymer morphologies is clearly the iden-
tification of the three-dimensional phase structure.
Two types of evidence are available. The volume
fraction of styrene may be calculated by two in-
dependent routes, in the first place from charac-
terization data (column 3) and secondly, from
measured area fractions (column 7) assuming a par-
ticular domain structure (sphere, rod, lamella).
Secondly, we have direct evidence of three-
dimensional structure from the films themselves.
With one exception (F7), comparison of the volume
fractions for the samples tabulated indicates a rod-
like structure for both types of array, the observed
volume fractions lying an average of~20% above and
below ¢ .« for linear and circular structures respec-
tively. A similar discrepancy for circular arrays was
noted by Fischer’. The alternative possibilities of
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d : .pa.-.»fqi.:

Figure 8 (a) Linear array in SB polymer (F13); (b) multilayer array
in SBS polymer, (F11) showing domain termination and breaks;
(c) domain division and combination effects leading to double
spacing in F11 film; (d) incoherent muiltilayer in S1 film showing
spacing variation. (All samples prepared at intermediate rates
from benzene)

arrays of lamellae or spheres give much greater
disagreement.

The direct evidence from the film is not as
straightforward, however. In particular, the presence
of ghost domains in regular circular arrays (Figure
2) and the existence of coherent multilayers (Figure
4) suggest spherical rather than cylindrical domains.
The latter for example, could be interpreted in terms
of a close-packed structure (f.c.c. or h.c.p.) viewed at
right angles to the (111) plane. The slightly higher
observed volume fraction may be significant,
although the difference lies well within the error in
magnification accepted for the electron microscope
(£5%) and the error escalation inherent in the
calculation of volume fraction. Apart from a
defocusing effect, an attempt to examine domain
shape by tilting a monolayer sample through 6° to
the beam axis proved inconclusive in that very little
change was observed. The ambiguity may lie in the
extremely thin nature of the films, which at 40nm (or
~80 nm for the multilayer) is comparable with
domain size. In the case of the multilayer, there is
also the remote but possible chance of accidental
superposition. The contradictory nature of the two
strands of evidence prompts a closer examination of
possible sources of error, which include strain in the
film, staining effects, incomplete phase separation
and the effects of irradiation in the electron beam.

Small amounts of fortuitously induced strain were
particularly noted in hexagonal circular arrays (e.g.
Figure 3) and depending on its nature, would be ex-
pected to decrease substantially the observed area
fraction of styrene. Thus for simple elongation. pure
shear and uniform two-dimensional extension

Pr e ha—0y

’

P

where @4 is the area fraction for the strained film,A the
overall elongation ratio and n = Y2, | and 2 respec-
tively. Thus a strain of 10% would result in observed
percentile changes of 4, 7 and 14% respectively. Ex-
cluding fortuitous strains which could be easily
detected, a uniform two-dimensional dilation of
60% would be needed to account for the observed
volume fraction of an S: sample it the domains were
spherical. Unique surface forces are present during
film formation but it is not known what effect these
would have on structure. Low strains were easily in-
troduced into films of circular arrays, presumably
during pick-up onto the grids, but in one case strains
of the order of 300% occurred in a microfilament
owing to vacuole formation'®. Little is known either
about staining effects (e.g. masking) or incomplete
phase separation, although both could lead to dif-
ferences in observed area fractions. Penumbra
regions detected in various films could not always be
assigned to flash preparation conditions as in Figure
1 . Although no degradation occurred during film
examination, rippling effects were observed, in some
cases leading to severe contraction of films as shown
in Figure 6b (Table I). The effect is probably ther-
mal in origin. Similar effects have been noted in thin
films of natural rubber!?,

The evidence from electron micrographs of grown
thin films at present indicates a common domain
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assignment of cylinders viewed edge-on and end-on
for linear and circular arrays respectively. The slight
differences in dimensions (7able 1) may be at-
tributed to the different behaviour of the two types
of thin film, although in view of what has been said
above, the possiblity of spherical domains cannot be
totally excluded for circular arrays. A similar am-
biguity for solvent-cast thick films was discussed
previously with regard to the low-angle X-ray
evidence’. On the other hand, the conclusions con-
cerning grain size and orientation correlate well with
the relatively sharp, isotropic X-ray patterns ob-
tained. One of the main problems which must be
faced when comparing the two types of evidence is
the great wealth of structural detail provided by elec-
tron microscopy, information which may be totally
lost owing to the averaging effect associated with X-
ray techniques. The variation of din for example, in
Figures 7 and 8 clearly demonstrates this point. A
related problem is the extent to which growth is af-
fected by surface forces, quite apart from the effect
they may have on structural dimensions. Ultra-
microtomy may be one way of circumventing the
problem since bulk specimens can be examined at
various orientations. One is still faced with the
possibility of relaxation of the elastomeric phase
however, just as with as-grown thin films. Keller and
co-workers for example, observed a significant dif-
ference in dint between sections cut parallel and per-
pendicular to an SBS sample composed of cylinders!s.
An examination of high styrene — low butadiene sam-
ples of constant composition but varying block
structure by Matsuo et al. also indicated discrepan-
cies between observed and calculated volume frac-
tions (Table 2 of ref. 4).

The phenomenon of ordered, regular growth of
two-phase materials is well-established for non-
polymeric materials including organic and metallic
eutectic/eutectoid systems'®. A number of interesting
parallels may be drawn between polymeric and
small-molecule systems (e.g. the features shown in
Figure 8), but the principal difference lies in obser-
ved phase dimensions. For block polymers, the
dimensions are several orders of magnitude lower,
the explanation lying in the linear nature of polymer
chains. It can be shown that the surface density of in-
terfacial S/B junctions assuming complete phase
separation is given by the expression X = kD(Mu)s
where kK = NpJ/4 for cylindrical domains and N is
Avogadro’s number. For constant molecular weight,
X will approach a close-packed value with increasing
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domain size. The domain cannot increase in size
above the excluded volume cut-off, and in general
might be expected to be much lower owing to the ef-
fect on interfacial surface tension. Such a restriction
is absent in small-molecule systems. Owing to the ex-
tremely large interfacial areas present in block
polymers, surface forces are likely to play a con-
trolling but at present undetermined role in domain
formation. Typical X values for SBS samples with
cylindrical domains were 24X 105 and 2:0x 105
chains per um? for Si and S: respectively.
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Peak resolution and X-ray crystallinity
determination in heat-treated cellulose
triacetate

A. M. Hindeleh* and D. J. Johnson
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University of Leeds, Leeds LS2 9JT, UK
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X-ray diffraction traces of celiulose triacetate fibres heat-treated in the range
220 — 290°C were resolved by a computational method which fits Gaussian
or Cauchy functions to the peak profiles. A polynomial background is fitted
at the same time so that the total area formed by the resolved peaks is a
parameter for estimating crystallinity and the area under the background is a
parameter for estimating the non-crystalline or disordered component. This
measure of actual crystallinity is shown to be dependent upon the function
chosen for the peak profile. After appropriate corrections, crystallite widths
were obtained and compared with fibril widths measured on electron
micrographs. Cauchy resolution data overestimate crystallite size whilst
Gaussian resolution data underestimate it. In all cases the crystallites from
fibres annealed at 290°C have greatly increased widths compared with

crystallites from fibres annealed at 220°C or 250°C.

INTRODUCTION

In an earlier paper we have discussed measurements
of relative crystallinity in heat-treated cellulose
triacetate by a correlation method!. A clearly
marked transition in crystallinity index was observed
at 172°C and at annealing temperatures above this
value the increase in crystallinity was inversely
correlated with tenacity. The basis of the
correlation —crystallinity method is the X-ray scat-
tering law, termed the ‘law of conservation of inten-
sity’ by Vainshtein 2, which states that total scatter in
reciprocal space from equivalent regions with perfect
lattice order (crystalline), imperfect lattice order
(paracrystalline), and complete disorder (amor-
phous) is identical. For a random system of atoms
which may or may not be ordered :

§51(s) dvi= 4n {XI(s) s2ds
= 4n [ f2s? ds (1)
f2 =INSYEN:

where fi is the scattering factor of an atom of type i,
Ni is the number of atoms of type /, and s is the
reciprocal space vector,|s| = 2sin/A.For a system of
molecules with cylindrical symmetry the three
dimensional case can be simplified if we consider
only equatorial X-ray scatter, then

2n§d(s)sds = 2m[yf2sds (2)

#“Present address: Department of Physics, University of Jordan,
Amman, Jordan

In our earlier paper' we showed that complete
randomization of fibres was difficult without in-
troducing errors due to cutting or grinding and that
rotation is adequate for the purpose of relative
crystallinity. We now propose to investigate the
possibility of defining a non-relative or actual
measure of crystallinity based on the above ex-
pressions for the equatorial scatter from fibrous
specimens of cellulose triacetate heat-treated above
the transition temperature of 172°C.

MEASUREMENT OF ACTUAL CRYSTALLINITY

The classical method of measuring actual crystallinity
is to draw a line through the minima of the diffrac-
tion peaks and divide the X-ray scatter into a
crystalline fraction

Xcr = ﬁ)m[cr (Zo)d(ze)’

and an amorphous fraction
Xam = f:o[dm(29)d(20)

Modern theory has introduced the concept of lattice
imperfections which give rise to a defect phase.
Hosemann has demonstrated by means of optical
transforms how imperfections in lattice order may be
described in terms of distortions of the first and
second kind?. With distortions of the first kind, long
range lattice order is preserved and a series of orders
of a particular reflection shows no increased line
broadening, only a fall off in intensity; with distor-
tions of the second kind, long range order is lost
and an increase in the order of a reflection gives rise
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to both increased line broadening and fall off in in-
tensity. In either case if a line is drawn between the
minima we have a finite background which is a func-
tion not only of the degree of partial disorder but
also of the peak overlap, and cannot be considered
simply as a background due to total disorder.

In an attempt to measure crystallinity by an im-
proved method which takes into account lattice im-
perfections, Ruland* has made use of equation (1)
with the addition that if [« is the intensity in the
crystalline phase

Arfe I () s2ds = X, 4n [P f2 s2Dds

Where X« is the crystalline fraction and D is the
disorder function of the form exp(—4s?). The crys-
talline fraction can then be determined from

X 7 1. (s) sads S Fagads
T I is)sds ¥ Fis?Dds

where s, and s, are the upper and lower limits of in-
tegration. As & and hence D are varied, X« should be
constant over different ranges of integration. This is
found to be the case for k:=4 in polypropylene, and
gives values of X between 014 and 0 65. The
method requires the separation of s/, (s); this is
again done by drawing a line underneath the minima
and must arbitrarily exclude a part of the scatter due
to distortions of both kinds. Consequently Ruland’s
conclusion that the results are in favour of a two-
phase crystalline non-crystalline system can be an-
ticipated.

Buchanan and Miller5 have discussed in great
detail the separation of size broadening and distor-
tion broadening from line profiles of isotactic
polystyrene after correction for instrumental
broadening. A background curve which again
follows the diffraction minima is said to involve ‘a
certain amount of guesswork’; not surprisingly, the
corrected line-profile data are found to support a
microstrain theory rather than a paracrystalline
theory.

It is obvious that if we are to achieve a realistic
measure of actual crystallinity then a method must
be found for separating resolved line profiles from a
background all of which are determined on a sound
mathematical basis. The classical expression for a
symmetrical line profile in X-ray diffraction is

1 = Imax F(kx)
where F(kx) is exp(-k2x?) i.e. Gaussian

1

or ————
1 + k2x? i.e. Cauchy.
In many cases line-broadening corrections can in
fact be made on the assumption of Gaussian profiles
but more realistic profiles have been obtained by
assuming a Cauchy function for particle size
broadening and a Gaussian function for distortion
broadening®.

We have already discussed the general application
of a computer program’ based on a minimization
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procedure due to Powell,. This program fits a
function for the sum of line profiles of Gaussian,
Cauchy, or part Gaussian part Cauchy shape,
together with a’ polynomial background, to the ex-
perimental X-ray diffraction data corrected and nor-
malized according to equation (2). Tests showed that
the program was capable of accurately resolving
closely overlapping peaks of a similar or of a
disparate nature together with a polynomial
background initially given zero parameters.

EXPERIMENTAL

X-ray diffraction

Cellulose triacetate yarn of 150 denier 36
filaments produced by Société Rhodiaceta was an-
nealed at constant length in a nitrogen atmosphere,
at temperatures controlled to *1°C in the range
180-290°C, for 30 min. Equatorial X-ray diffraction
traces were recorded with a modified Hilger and
Watts Y115 diffractometer and a Y90 constant-
output generator; the diffractometer employs a scin-
tillation counter whose output is fed through a
single-channel pulse-height analyser to a counter or,
via a ratemeter, to a chart recorder.

A correction program for use on the Univer-
sity’s KDF 9 computer was written and established.
The program corrects for air scatter, polarization,
and Compton scatter; it also allows for various
Lorentz correction factors to be chosen. The correc-
ted trace is then normalized to a convenient standard
area according to equation (2). A subsidiary ex-
periment showed that the choice of Lorentz factor
including a recent factor due to Cella et al.® has no
significant effect on peak widths where the width is
of the order of 2°, but has a significant effect on peak
height.

Corrected data were then analysed by the
resolution program which outputs data for each
peak and the background remaining after the ap-
propriate function has been fitted. The positions of
equatorial peaks were assumed from Dulmage’s or-
thorhombic unit cell'.

Electron microscopy

Specimens for electron microscopy were cut into
short lengths, suspended in water and dispersed by
ultrasonic irradiation. The breakdown products
were concentrated, drops placed on carbon-coated
grids in the usual way, then negatively stained with
phosphotungstic acid. The grids were examined and
images recorded in a Philips EM300 electron
microscope.

RESULTS
Peak resolution

An uncorrected diffractometer trace of cellulose
triacetate yarn heat-treated at 290°C is given in
Figure |. The corrected trace on the 28 scale is
given in Figure 2. The resolution of the corrected
trace into eleven Gaussian peaks and a polynomial
background is illustrated, again on the?2g scale,in
Figure 3. An initial resolution was carried out for
eight peaks but an improvement in the sum of
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Figure 1 Uncorrected diffractometer trace of cellulose triacetate
yarn heat~treated to 290 C
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contribution of the peaks was only 1% greater at
95%. The widths of the main peaks for both
Gaussian and Cauchy analyses are given in Table 2.

Similar results for cellulose triacetate yarn an-
nealed at 250°C and 220°C are given in Tables 3 and
4. The difference in crystallinity between the
Gaussian and Cauchy analysis is more marked for
these specimens and there are large differences bet-
ween the peak widths at the lower temperature.
Correlation crystallinities (Cf) of 72 and 48 were
recorded earlier for these specimens !

Electron microscopy

The breakdown products of all three heat-treated
specimens were essentially fibrillar. Figure 4 is a
typical example of fibrils from the specimen an-
nealed at 220°C. The enhancement etfect of
defocusing phase contrast, which has been studied in
this laboratory in relation to fibrils from other tex-
tile fibres'!, can cause uncertainties in the size of
periodic structures such as a bundle of fine fibrils. In
this particular image, recorded close to true focus,
there is little defocusing phase contrast and fibrils
can be measured with widths in the range 30 to 70 A.

Table 1 Peak resolution of cellulose triacetate annealed at
290 C, Gaussian profiles

1 L "

15 20 25
26 (degrees)

Figure 2 Corrected trace of Figure 1

squares could only be achieved by including the ad-
ditional peaks 200, 400 020 and the two separate
peaks 410,220 rather than a single peak at an inter-
mediate position. In the final stages of computation
for resolution the positions of the peaks, initially
constrained, became additional iterative parameters
so that a mathematically improved fit could be made.

Table | gives full details of the parameters for the
resolved peaks from the 290°C specimen. The
mathematical positions of the peaks are all less than
2% different from those given by Dulmage and the
peaks contribute 94% to the total scatter. In our
earlier publication' this specimen was considered to
be 100% crystalline and was the Cwax standard
of the correlation crystallinity method.

When the corrected trace for the same specimen
was analysed in terms of Cauchy line profiles the
results showed that. as might be expected, all the
main peaks were narrower; surprisingly the total

Theoretical Experimental Amplitude  Width
Peak 20 20 d 28
200 721 734 85 216
110 845 829 600 1:00
210 10°49 10°46 823 149
310 1328 1315 879 162
400.020 14-92 1473 400 0-41
410 1640 1602 578 2:00
220 1697 17-00 574 0-99
320 18:80 1891 98-4 260
600 2180 2129 574 1-32
130 2335 2347 536 394
520 23:80 2430 645 2:99

Intensity

260 (degrees)

Figure 3 Corrected trace of Figure 2 resolved into eleven
Gaussian peaks ana a polynomial background
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Table 2 Peak resolution and crystallinity of cellulose triacetate
annealed at 290°C

Crystallinity:  Gaussian 94% Correlation method’

Cauchy 95% 100%
width  Width L&) L(A) L&)
26 (26°) Gaussian r Cauchy r Cauchy r
Peak Gaussian r Cauchy r Gaussian ¢ Cauchy ¢ Gaussian ¢
110 1-:00 067 97 334 167
210 149 1-06 62 136 91
310 162 095 57 162 103
410 2:00 1-80 46 64 51
220 099 0-88 100 186 114

r=resolution; ¢= correction

Table 3 Peak resolution and crystallinity of cellulose triacetate
annealed at 250"C

Crystallinity : Gaussian 52% Correlation method!

Cauchy 59% 72%

width  Width L (A) L(A) L(A)

(26°) (20°) Gaussianr Cauchyr Cauchy r
Peak Gaussianr Cauchy rGaussianc Cauchyc Gaussian ¢
110 154 1-29 60 100 72
210 206 1-36 44 93 68
310 1-36 1-08 68 131 89
410 4-50 2:74 21 38 34
220 2:25 200 41 58 46

r=resolution; ¢ = correction

Table 4 Peak resolution and crystallinity of cellulose triacetate
annealed at 220°C

Crystallinity : Gaussian  49% Correlation method'
Cauchy  56% 48%
Width Width L(R) L(R) LA
268°) (20% Gaussianr Cauchy r Cauchy r

Peak Gaussian r  Cauchy r Gaussianc Cauchyc Gaussianc

110 352 1-56 25 76 59
210 464 217 19 50 4
310 169 1-57 54 76 58
410 312 6-05 29 16 15
220 315 319 29 32 28

r=resolution;c=correction

Similar fibrils were found from the specimen
heated at 250°C. Figure 5 shows astypical fibrillar
bundle with slight defocusing phase contrast and
fibrils with widths again in the range 30-70 A.
These fibrils are very similar to those obtained from
native celluloses such as cotton and ramie.

The fibrils obtained from cellulose triacetate heat-
treated at 290°C are somewhat different. Figure 6 is
a good example of the increased size of the fibrils
which appear to have crystallized together into bun-
dles which may be as much as 400 in width.
Measurements on individual fibrils were made from
several micrographs giving a normal distribution
with a mean of 130 A and a standard deviation of 30

A.
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Figure 4 Fibrils from cellulose triacetate heat-treated at 220°C
X 150 000

Crystallite size
Before evaluating crystallite size it is necessary to

correct peak widths for instrumental broadening.
Three correction methods are generally used; the
deconvolution procedure discussed by Stokes!? is
considered most accurate and makes no assumptions
about line profiles. However, since we have
necessarily assumed either Gaussian or Cauchy line
profiles, it would seem more appropriate to apply
the corrections for Gaussian or Cauchy instrumental
profiles. The usual corrections which approximate to
the deconvolution procedure discussed by Jones!s
are:

pr= B2 —b? (Gaussian)

B = B —b (Cauchy)
where B relates to the corrected profiles, B to the ob-
served profile corrected for geometrical factors, and
b to the instrumental profile. Although integral
breadths are used in most analytical work our
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Figure 5 Fibrils from cellulose triacetate heat-treated to 250 C.
X 150 000

resolution programme evaluates data according to
line breadths at half-peak intensity; consequently
this is the line-breadth measure used here.

The corrected line breadths were evaluated for an
instrumental breadth of 0-4° using Gaussian correc-
tions for the Gaussian resolution, and both Cauchy
and Gaussian corrections for the Cauchy resolution.
If we assume that the corrected profiles have size
broadening only, then the crystallite size normal to
the planes (hkl)} is given by:

L(hkl) = 213— — Kalcos@d (26)

the usual Scherrer equation with K = 1| and d(26)
the breadth of the curve in terms of 264. The values
of L(hkl)are given in Tables 2,3 and 4, r refers tothe
resolution, ¢ to the correction applied. The narrow
profiles of the 290°C heat-treated cellulose triacetate
are affected much more by the instrumental correc-
tion than the broader peaks of the fibres heated at
lower temperatures, but in all cases the Cauchy
resolution followed by a Cauchy correction appears
to give crystallite size values which are too great.

Crystallite distortion

If the crystallites in cellulose triacetate have no
distortions, or distortions of the first kind only, then
the pseudo-orders 110, 210, 310, 410 should have
the same width in a direction normal to 110, i.e.

L(110): L(210): L(310): L(410)
1: 1-05: 115 1-25.

Inspection of Tubles 2,3 and 4 shows that there is no
regular increase in L(h10) . The Gaussian resolution
of 290°C cellulose triacetate shows a monotonic
decrease in L(h10) whilst there is a similar decrease
for the other specimens, except for the peak 310
which may be unduly influenced by the inclusion of
the doublet 400 020. In all cases it would appear
that distortions of the second kind are ptesent even
in the most crystalline cellulose triacetate. No
reliance can be placed on the similar widths of 110
and 220 peaks in the 290°C and 250°C specimens
since the presence of overlapping peaks limits the ac-
curacy of resolution in the region of 220.

Since three true orders of reflection are needed to
deconvolute size and distortion profiles by most
methods based on theories of microstrain or
paracrystalline distortion broadening®, we must
consider here the use of the pseudo-order £10.

Figure 6 Fibrils from cellulose triacetate heat-treated at 290 C.
X 90 900
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The only set of resolved breadths which is suitable
for analysis is that relating to the Gaussian
resolution of the 290°C cellulose triacetate
specimen. If we consider that the breadth is divided
into components due to size broadening fs and
distortion broadening B+, then a Gaussian correction
can be applied of the form,
Br=p2+ B

If = 1/L and p« = 4esing/A, where ¢ is the
microstrain distortion Ad(hkl)/d(hkl) discussed by
Wilson'¥, then from a plot of pA2(h10) against
(2sind/A)?, the intercept 1/L and the slope 2¢ can be
found. Hence for the 290°C specimen L =105 A and
e = 0-03. If we consider the reflections 110 and
220, L =97A, e = 0 for the 290°C specimen, and L
=76 A, e = 0.05 for the 250°C specimen.

We may note that ¢ can be related to an average
measure of distortions of the second kind {g?2)* by
e = 125 (g?)*. Then (g2 = 0.025 (2-5%)
which compares reasonably with values found for
drawn polyethylene (3.-0%) and polyethylene
crystals (2-0%)'°.

CONCLUSIONS

The results of the investigation are summarized in
Table 5. The difficuity of resolving many overlap-
ping reflections in X-ray diffraction traces of
crystalline cellulose triacetate has been overcome in
so far as it is now possible to make a mathematically
optimized fit to given profile functions and an un-
constrained polynomial background. However the
actual crystallinities measured here are still relative
in the sense that they refer to the function attributed
to the line profiles. The Cauchy resolution data ap-
pear to overestimate crystallite size if we compare
L (110) with the electron microscope results on
mean fibril width. With the exception of the 250°C
sample, the Gaussian resolution tends to un-
derestimate the crystallite size, consequently it
would seem that a profile intermediate between the
two would be more appropriate. It is intended to in-
vestigate profiles of part Gaussian part Cauchy form
with a fibrous material giving fewer overlapping
equatorial peaks.

It is difficult in this case to estimate the effect of
paracrystallinity but it would appear that distortions
of the second kind are present in all specimens. In
fibrous materials such as isotactic polystyrene, where
several true orders of a particular reflection can be
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Table 5 Summary of results

Specimen Resolution Cryst. Non-cryst. C/ L(:\) KA)

290°C Gaussian 94 6 100 100 130
Cauchy 95 5 165

250°C Gaussian 52 48 72 60 50
Cauchy 59 41 70

220°C Gaussian 49 51 48 25 40
Cauchy 56 44 60

Cl= Correlation crystallinity index'.
L = Crystallite size normal to (110) planes
F = Mean fibril width from electron microscope observations

observed, the resolution of the peaks and
background by a mathematical method would seem
to be an improvement on graphical methods and
could lead to more reliable estimates of crystallite
size and lattice distortion.
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Conformational

studies of poly(L-tyrosine)

in solvent mixtures of dimethylsulphoxide with
water and trimethylphosphate
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The conformational behaviour of poly(L-tyrosine) has been studied in di-
methylsulphoxide/water and dimethylsulphoxide/trimethylphosphate solvent
systems. The evidence provided by nuclear magnetic resonance and infra-
red spectroscopy shows that the conformation of the polymer in
dimethylsulphoxide is most probably the random coil. Addition of 20% D20 or
50% trimethylphosphate to the dimethylsulphoxide/poly(L-tyrosine) solution
results in a conformational transition of the polymer which can be followed
by both infra-red and nuclear magnetic resonance spectroscopy and changes
in optical rotation. The evidence supporis the conclusion that this transition
is to a largely, though not fully, right-handed a-helical conformation.

INTRODUCTION

Poly(L-tyrosine) has been studied extensively in
aqueous solutions using the techniques of optical
rotatory dispersion (o.r.d.) and circular dichroism
(c.d)2 and a transition in the Cotton effect
parameters was observed on increasing the pH to a
value of about 11.2 and above, the region of
phenolic ionization. This transition was interpreted,
not without reservation, as resulting from a right-
handed «-helix to random coil conformational
change. The ambiguities in the interpretation of the
o.r.d. and c.d. data stem from the presence of side
chain chromophores which contribute Cotton effects
overlapping those from the peptide chromophore.
Furthermore it is suggested that in the helical
polymer, tyrosyl —tyrosyl interactions are present.
More recently Patrone et al.3 have studied the same
transition in aqueous solution using, with other
techniques, o.r.d. and infra-red(i.r.) spectroscopy
and find that whereas their o.r.d. data are consistent
with those already published the i.r. spectra clearly
show that a transition occurs between the random
coil conformation and the antiparailel g-structure at
pH values between 11-25 and 11-5.

The conformation of poly(L-tyrosine) has also
been studied in non-aqueous solvents. Coombes et
al4 questioning earlier work> concluded that in
pyridine and dimethylformamide, in which the
phenolic groups are non-ionized, the polymer is in
the helical conformation. In dimethyl sulphoxide

*CNR Postdoctoral Fellow on leave from: Istituto di Chimica,
Universita degli Studi, Trieste, ltaly.

(DMSO) Fasman® assumed poly(L-tyrosine) to be
helical by analogy with poly(L-glutamic acid) which
shows b, = -560° in this solvent. A monotonic
change of b, over a range of copolymers of L-
glutamic acid and L-tyrosine was therefore inter-
preted as indicating a right-hand helix sense for
poly(L-tyrosine). The present work, however, in-
dicates that this solvent supports the random coil
conformation of poly(L-tyrosine). Two recent
papers™® give strong evidence for a helical confor-
mation in trimethylphosphate (TMP) a solvent
having the advantage of excellent transmission in the
6 um region of the infra-red and in the ultra-violet.

We have used nuclear magnetic resonance (n.m.r.)
in addition to other spectroscopic techniques in an
attempt to help understand further the conformation
of poly(L-tyrosine)in the non-ionized form. The
solvent systems used are DMSO—water and
DMSO —-TMP.

MATERIALS AND METHODS

The sample of poly(L-tyrosine) (Pilot Chemicals,
Lot T24) showed an intrinsic viscosity of 0-84 dl/g
in 0-2 M NaCl at pH = 12. The molecular weight
calibration of Idelson and Blout? for poly(L-
glutamic acid), also in the random coil form,
suggests that the molecular weight is greater than
50000 and the sample can thus be regarded as a high
polymer. The integrity of the sample was further
checked by preparing the ordered conformation in
aqueous solution at pH 11-2 in 0-2 M NaCl. The
sample as purchased was dissoived at pH 12-5, dia-
lysed against 102 N HCI and lyophylized. Adding
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alkali to pH 112 brought this lyophylized sample
into solution. The optical rotation was then found to
be in close accord with that published previously'.

DMSO for optical rotation was a BDH product
‘special for spectroscopy * and was used without fur-
ther purification. DMSO ds (99:5%d) for n.m.r. and
L.r. spectroscopy was an SIC product and was used
directly from fresh 1 ml ampoules. TMP was a BDH
product and was distilled at 93°C under 25 mmHg.
The D,O was an ICI product of 99-5%d isotopic
purity.

All polymer solutions were prepared by dissolving
the polymer in DMSO and then adding the ap-
propriate amount of water or TMP. Most of the ex-
periments were carried out on material that had first
been dialysed against acid and then lyophylized!.
This procedure was not found to affect the spectral
properties in the solvent systems used and several
measurements were subsequently made on untreated
polymer.

SPECTROSCOPY

Ultra-violet absorption spectra were recorded at 24°C
on a Perkin-Elmer 402 spectrophotometer in 1 mm
cells at polymer concentrations between 0:06 and
0.09% w/v. Optical rotation was measured on a Ben-
dix Polarmatic 62 spectropolarimeter, using fused
and jacketed quartz cells of path lengths 0-1 and 10
mm at concentrations of between 0-2 and 2% w/v.
Infra-red spectra were obtained with a Grubb Par-
sons ‘Spectromaster’ using barium fluoride cells and
polymer concentrations of 3-5%w/v. High tempera-
ture i.r. spectra were obtained using a Research and
Industrial Instruments high temperature cell heated
by water circulated from a Haake thermostat bath.
Wavelength calibration was controlled by switching
to single beam operation whilst scanning and ob-
taining a portion of the atmospheric water band
close to 6 gm. N.m.r. spectra were obtained at 220
MHz using a Varian HR-220 spectrometer and at
100 MHz using Jeolco 4H-100 and Varian HA 100
spectrometers. Internal TMS reference was used
throughout.

RESULTS

In order to establish that the polymer exists in the
un-ionized phenolic form in the solvent systems
studied, spectra were obtained in the ultra-violet and
these are shown in Figure I. In TMP, DMSO and
DMSO —water the spectra show no sign of the peak
at 294 nm characteristic of the ionized form (pH
13'5 in water!) and are in good agreement with
those published for the polymer in TMP7%,

For poly(L -tyrosine) in DMSO Fasman® obtained
a b, value of +494°, In the same solvent at 22°C our
polymer gave b, = +300° and on the addition of
20% water this changed to +570°, suggesting a con-
formational change. Since the contributions of side-
chain chromophores to this parameter are by no
means fully understood, we preferred simply to
monitor the rotation at a single wavelength for
following comformational changes. A wavelength of
345 nm represents a compromise between high
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Figure 1 Ultra-violet absorption spectra of poly(L-tyrosine) in dif-
ferent solvents

rotational sensitivity and adequate optical trans-
mission. Figure 2 shows the effect of water addition
at 22 and 60°C. That a conformational transition is
being observed is suggested by the sharpness of the
rotational changes and by the fact that at room tem-
perature up to 6% water has no effect upon the
rotation. At water contents above 25% the polymer
precipitates. A somewhat broader transition is obser-
ved at 60°C and is fully reversible; recooling
solutions from 60 to 22°C reproduced the room tem-
perature curve. Since TMP is thought to promote the
helical conformation of poly(L-tyrosine)”?, mixtures
of TMP and DMSO were studied at 345 nm and the
results are given in Figure 3. A transition similar to
that already seen on water addition to DMSO
solutions is observed and the bulk of the rotational
change occurs over a narrow range of solvent com-
position suggesting a conformational change and
therefore that in DMSO the polymer is not helical.

Infra-red spectroscopy has been of increasing use
in conformational studies of polypeptides in recent
years and we have studied both films and solutions
of poly(L-tyrosine).

Films of poly(L-tyrosine) are expected to be in a
regular conformation. Damle’ has shown that films
cast from TMP or pyridine show parallel dichroism
of amide I and perpendicular dichroism of amide II,
concluding that the polypeptide is helical. We have
observed similar dichroisms in films cast from
pyridine and DMSO. Accurate measurement of the
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Figure 2 Optical rotation (345 nm) ot poly(L-tyrosine) in
DMSO —-H20 solvent system : O, 22°C; @ 60°C

amide I position in films cast from pyridine, TMP
and DMSO gave a value of 1657 cm—1 in all three
cases and we conclude this to be the characteristic
frequency of this vibration in helical poly(L-
tyrosine). Further evidence for this correlation
comes from electron diffraction studies in this
laboratory!? of films of poly(L-tyrosine) which show
the presence of a 1-5 A meridional reflection charac-
teristic of the a-helix. The amide II band is quite
distinct in these films, although of irregular shape
and lies at 1544 cm~L Figure 4 shows the 6 ym region
of solutions of poly(L-tyrosine) in TMP and
TMP/DMSO de 1:1. The spectra are virtually iden-
tical and amide | appears as a sharp band at 1657
cm—1. Damle’ has concluded that the polymer is
helical in TMP solution and it is likely therefore that
it is also helical in the 1:1 mixture with DMSO.
Figure 5 shows the spectra of poly(L-tyrosine)
dissolved in DMSO d, and DMSO d./20% D.O.
The s»>ctrum of the polymer in the mixed solvent is
very similar to that already described, showing a
sharp amide 1 band at 1658 cm—1! and a distinct
amide . band at 1543 cm-!. We conclude that
the polymer is largely helical in this mixed solvent.
The spectrum in pure DMSO d, is, however, very
different; the maximum of the broad amide I band
lies at 1663 cm—! and amide Il is very indistinct.
Although the amide [ frequency is unusually high
this appears to be the spectrum of a random coil con-

1

A

I3 1 L 1
O 20 40 60 80 100
TMP (9o v/v)

Figure 3 Optical rotation (345 nm) of poly(L-tyrosine) in
DMSO - TMP solvent system at 24°C

formation. These i.r. results are thus in good accord
with the proposal that poly(L-tyrosine) is random
coil in DMSO and addition of 20% D,O or 50%
TMP causes transition to the helical form.

All the i.r. spectra, with the exception of that in
pure DMSO show a shoulder on the low frequency
side of amide [ that can be assigned to a small
proportion (* 15%) of Smaterial. On the assump-
tion that this is due to low molecular weight frac-
tions, attempts were made to separate the higher
molecular weights by precipitation and by dialysis,
but without success. The proportion of f-material
remained approximately constant. That poly(L-
tyrosine) readily takes up the g-conformation has
been pointed out by Patrone e¢r al’.

In an attempt to assess the validity of these con-
clusions drawn on the basis of i.r. frequencies we
have studied several other polypeptides in DMSO d
solution. Values of b, and amide 1 positions are
given in Table [. It is known that L-aspartate
polymers in the random coil form in trifluoroacetic
acid (TFA) give anomalously high b, values in the
range —150° to —260°". Similarly high values for
these polymers in DMSO are also taken as an in-
dication of the random coil form. A sample of very
low molecular weight poly(O-methyl-DL-serine) was
found to dissolve in DMSO d«and the amide 1 and 11
region of the i.r. spectrum was found to be very
similar indeed to that of poly(L-tyrosine) in DMSO
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Figure 4 Infra-red spectra of poly(L-tyrosine) in solution in : (a)
trimethylphosphate; (b) trimethylphosphate-dimethylsulphoxide
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Table 1 Values of bo and amide | positions

Absorption (%o)

70}
1663
3
o sOt
cC
o
a |
o]
n
Fal
< 30+ |,65
i 470
|
10+ 1643 7
B —_
i 150 o
543 <
[ag
| ] 9
3
i Q
v
<30 %
A 110
i 1

i i | 1 L
1450 1500 1550 1600 1650 1700 1750
cm-!

Figure 5 Infra-red spectra of poly(L-tyrosine) in solution in : (A)
dimethylsulphoxide ds — 20% D,0O,(B) dimethylsulphoxide dg

Polymer Solvent bo Conformation Amide |
(Ao=212nm)
Poly(f-n-propy|-.-aspartate) DMSO —160° Random coil 1675 cm™!
Poly(B-benzyl-.-aspartate) DMSO -130° Random caoil 1673 cm ™"
Poly(O-methyl-pL-serine) DMSO - Random coil 1666 cm ™!
Poly{L-tyrosine) DMSO Random coil (?) 1663 cm ™!
Poly(y-benzyl-L-glutamate) DMSO —-570° Helical 1652 cm ™!
Poly(L-glutamic acid) DMSO -770° Helical 1654 cm ™!
Poly(e-carbobenzoxy-L-lysine) DMSO -623° Helical 1650 ¢cm ™!
Poly(L-tyrosine) DMSO + 20%D20 Helical (?) 1657 cm !
Poly(L-tyrosine) DMSO : TMP (1:1) Helical (?) 1657 cm ™!
Poly(L-tyrosine) TMP Helical 1657 cm ™!
Poly(L-tyrosine) solid form Helical 1657 cm !

d, with an amide I band at 1666 cm-!. L-Serine
polymers have been found'? not to take up helical
conformations on adding chloroform to TFA
solutions but to precipitate in the form of anti-
parallel B-sheets and only the random coil form has
been observed in solution. The i.r. spectrum of this
polymer in DMSO d, shows no peak at 1635 cm-!
indicating the absence of 8-structures. It is inferred
from this that the poly(O-methyl-DL-serine) is also in
the random coil form in DMSO d, solution and the
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very sharp n.m.r. spectra observed support this. For
the random coil form of polypeptides in DMSO d;
therefore, the amide 1 positions are found in the
range 1666 to 1675 cm~'. Several polypeptides that
take up the right-handed a-helical form in DMSO 4,
have also been studied and the b, values and amide I
positions are also given in Table /. The range of
values found are in good agreement with the
frequency range observed for helical polypeptide in
the solid state and in chloroform solution of
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1650 —1658 cm~! 13 These data lend support to the
suggestion that in DMSO d,, poly(L-tyrosine) is in the
random coil form while in 80% DMSO : 20% D0,
50% DMSO : 50% TMP and in TMP the polymer is
most probably helical. The question then arises as to
the helix sense.

"The left-handed sense has been proposed by Ap-
plequist and Mahr!4 on the basis of dipole moment
measurements. The minimum energy calculations of
Ooi er al.15 indicate that there is a preference for the
right-handed sense and their proposed side-chain
conformation led them to re-evaluate the dipole
moment data and conclude that such measurements
cannot, in this case, determine the helix sense un-
ambiguously. The helix sense of poly(L-tyrosine) is
thus a matter of considerable interest and i.r. spec-
troscopy can under certain circumstances give an in-
dication of helix sense. Miyazawa et al.!® have
calculated that the left-handed form of polypeptides
should show an amide 1 band 8 cm~-! to higher
frequencies of the right-handed form and this has
been borne out by experiment both in solution and
in the solid state using L-aspartate esters!’. Thus
left-handed poly(g-benzyl-L-aspartate) in
chloroform solution shows an amide | band at 1668
cm~! and at 1666 cm—! in films!7. The right-handed
form occurs in mixed alkyl/ary! esters and shows an
amide I band at 1658 — 1659 cm~ ! films 7. Para sub-
stitution of poly(S-benzyl-L-aspartate) with chloro or
methyl also induces the right-handed form and in
chloroform solution the amide I band of these
polymers lies at 1656 cm—1 to 1657 cm~118. Right-
handed poly(phenethyl-L-aspartate) in chloroform
solution also shows an amide I frequency of 1657
ecm~" " The sum total of the evidence is thus that a
frequency of 1657 —1658 cm ' for helical poly(L-
tyrosine) is strongly suggestive of the right-handed
helix sense. Damle7 in a footnote to his paper gives
amide I frequencies of films of helical poly(L-
tyrosine) as 1661 +1 cm !, concluding that this
could indicate a left-handed helical sense. We can
offer no explanation for these differences in the ob-
served frequencies but would not have postulated the
right hand sense had we observed amide [ frequen-
cies in the range 1661 —1662 cm~!.

Additional information on the conformational
behaviour of poly(L-tyrosine) has been obtained
from n.m.r. studies. The 220 MHz spectrum in
DMSO d, and the changes on the addition of DO
and TMP are shown in Figures 6, 7 and 8. In DMSO
dy, the peak assignments (ppm from TMS) are 7.96
ppm amide NH; 6-94 ppm aromatic H meta to
hydroxyl; 6-59 ppm aromatic H ortho to hydroxyl;
443 ppm, aCH; 2-62 and 2-86 ppm BCH, protons.
It is immediately apparent that the spectrum is very
sharp in DMSO, the line widths of the aromatic
protons being~3 Hz, a value similar to that found for
other polypeptides in TFA. Addition of TMP or 20%
D->O brings about several changes in the spectrum.
Firstly, marked line broadening is observed, the
amide proton NAH peak in particular becoming too
broad to be observed. The meta aromatic protons
show greater dipolar broadening then the ortho
probably due to their closer proximity to the main
chain. Both observations suggest a change to a more
rigid conformation of the polypeptide backbone.

Secondly, several peaks show a chemical shift tran-
sition (see Figure 9) the form of which closely
parallels the optical rotation changes. This is
strikingly clear with the aCH peak, particularly when
the optical and n.m.r. data are compared for the
room temperature and 55°C measurements, leaving
no doubt that the same conformational changes are
being observed by both techniques. The
measurements at elevated temperature were made to
enable the aCH peak to be observed at higher D>O
contents than is possible at room temperature. This
is due to the large upfield shift of the water peak with
increasing temperature. On the addition of ~20%
D>O the aCH peak shifts upfield by ~0-3 ppm and
this can be compared with the value of ~0-5 ppm
well established for helix formation in polypeptides
dissolved in chloroform/triftuoroacetic acid mix-
tures (see Bradbury er «l.19). In water/methanol a
similar shift is observed2" although in water alone

Close inspection of the spectra in Figures 6 and
& shows that the a CH undergoes a wmarked
broadening in the centre of the transition and ap-
pears to have a double peak character. This
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Figure 6 220 MHz proton magnetic resonance spectra 40-85

ppm of poly(L-tyrosine) in DMSO ds/D,0 solvent system at 22 'C.
% D20: A0; B,9: C,11; D.15; E.22
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ppm

Figure 7 100 MHz proton magnetic resonance spectra 6:0—-85
ppm of poly(L-tyrosine) in DMSO dg/ TMP solvent system at 29°C.
% TMP : AQ; B,20; C,25; D,30; E,60.

behaviour is frequently observed in the spectra of
polypeptides undergoing helix — coil transition.
Although there are several explanations of this
behaviour evidence23 now supports the proposal of
Ullman?4 that it results from polydispersity in the
sample. The existence of this behaviour for poly(L-
tyrosine) strongly suggests that a coil — helix tran-
sition is taking place on the addition of D,O orTMP
to DMSO solutions.

The behaviour of the sidechain proton resonances
on adding D,O or TMP to the DMSO solutions are
of interest. The B-protons show marked changes in
chemical shift and width over the composition range
corresponding to the conformational transition. In
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Figure 8 220 MHz spectra, 2:50 to 450 ppm, of poly(L-tyrosine) in
DMSO/DO mixtures at 55°C. A, pure DMSO ; B, 3:9% D,0;
C,57% DO. D, 67% D,0; E, 18:7% D20
pure DMSO d¢, the AB part of an ABX system is ob-
served having A~0-20 ppm. Addition of D,O has little
effect upon the low field doublet; however, the up-
field doublet moves downfield (Abeing reduced) and
also shows greater broadening than does the lowfield
doublet. Although no detailed interpretation of these
changes in structural terms is possible, it does in-
dicate a large change in molecular symmetry in the
region of the SCH; group as the D,O is added.
The ortho and meta proton resonances show dif-
ferent behaviour through the D,0O and TMP induced
transition. Except for small broadening effects the
ortho proton peak is found to undergo only a very
small change in chemical shift. For the meta proton
resonance peak larger effects are observed. There is
a more marked broadening, possibly changes in peak
shape and an upfield shift of 0-15 ppm. Since the
mobilities of the ortho and meta protons in the ring
are the same the differences observed for the mera
protons must be attributed to their closer proximity
to the polypeptide backbone. Possibly the transition
from a flexible random coil to a more rigid confor-
mation leads to the meta protons being more ef-
ficiently relaxed by their proximity to the asymmetry
of a helical conformation. The presence of tyrosyl —
tyrosyl interactions has been suggested for helical
poly(L-tyrosine) from optical spectroscopic studies.
Regular interactions between aromatic rings which
exists for the helical but not the random coil confor-
mation might be expected to be detected in a dif-
ference in the magnetic environment of the aromatic
protons and hence a chemical shift difference on
going through the transition from the random coil to
the more ordered form. As the behaviour of the meta
protons resonances is made more complicated by the
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Figure 9 Chemical shift values for poly(L-tyrosine) in DMSO /DO mixtures at @ 22°C; X 55°C

presence of the adjacent BCH, and the closer
proximity of the polypeptide backbone the effect of
the interactions of aromatic rings should be sought in
the behaviour of the resonances of the ortho protons.
There is little, however, in this behaviour to suggest
the presence of aromatic ring interactions. The ortho
protons resonance peak shows a very small chemical
shift ditference and the small broadening to be ex-
pected for a transition of the polypeptide to a more
rigid conformation. It should be noted, however,
that the time scale of the optical spectroscopic
techniques is very much shorter than for magnetic
resonance techniques and interactions may exist for
a sufficiently short time to be observable by o.r.d.
and c.d. but not by n.m.r.

The complete shift data presented in Figure 9
clearly shows evidence for a change in conformation
of poly(i-tyrosine) as 20% D->O is added to a
DMSO de solution. The sum total of the spec-
troscopic evidence strongly indicates that this tran-
sition is from the random coil to a helical confor-
mation. The same changes are observed as TMP is
added to a DMSO d solution. It is not possible to
state with complete surety that transition to a 100%
helical form is achieved with our polymer sample in
these solvent systems. Whilst the n.m.r. peak
positions, in particular the aCH show little change as
greater than 15% DO is added and the optical
rotation behaves similarly, neither measurement has
an absolute calibration appropriate to the system, as
for example is possible with many polypeptides using
the b, parameter. Comparison of the width of the
BCH, and'a CH peaks in DMSO dg/20% D,O with
that of fully helical poly(y-benzyl-L-glutamate) of
similar molecular weight suggests that the polymer is
largely but not fully helical. Thus although a limiting
conformation is clearly obtained in 20% D,O and
50% TMP, the present evidence does not constitute
definitive proof of a fully helical structure.

CONCLUSIONS

The spectroscopic evidence presented above shows
that poly(l -tyrosine) in DMSO dg is in the random
coil conformation. Addition of 20% D;O or TMP
results in a conformational transition to a largely
though probably not a fully helical conformation.
The i.r. frequencies for the amide I of the ordered
form lie in the range of frequencies found for a right-
handed a-helix.
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Interchain force field and elastic constants

of polytetrafluoroethylene
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Neutron inelastic scattering spectroscopy has been used to determine the
phonon dispersion curve for longitudinal lattice vibrations perpendicular to
the chain axes in hexagonal polytetrafluoroethylene at 25°C. By the nature of
the method measurements are confined to the microcrystalline regions of
the polymer and in addition to providing information about the intermotecular
force field it is possible to calculate the crystalline elastic constant, Ci1,
perpendicular to the chains as 18-2+0-2%x 10 dyne cm-2.

We report here a measurement of the [1010] phonon
dispersion curve for lattice vibrations perpendicular
to the chain axes in hexagonal polytetra-
fluoroethylene(PTFE). This leads to the elastic stiff-
ness constant Cit for the basal plane of the crystal
and can be used to obtain parameters of the inter-
molecular force field. The method of cold neutron
inelastic scattering used'~? ensures that the stiffness
measured is that of crystalline regions in the polymer
and it is expected that this value of the modulus will
be larger than that for bulk polymer®.

No measurements of this quantity have been repor-
ted using any other method presumably owing to ex-
perimental difficulties?.

For the fibre axis direction the interchain force
field has been probed by laser Raman scattering
below and above the 19°C phase transition®. Elastic
moduli along the chain direction have also been
calculated® ~* and measureds. Neutron inelastic scat-
tering’ has confirmed the calculated dispersion curve
for the vs (chain longitudinal acoustic) branch in this
direction. The present measurements in the perpen-
dicular direction have used fibres and
polycrystalline material, characterized by neutron
diffraction. The a and ¢ parameters were in
agreement with accepted® values (566 and 195 A
respectively) and the crystallinity was greater than
95% in each case. The anisotropy and hexagonal
symmetry of the system allow separate assignments
to be made of phonon singularities in the neutron
coherent scattering spectra for both isotropic,
polycrystalline and fibre specimens.

Neutron scattering experiments were performed
on the 6H cold neutron spectrometer?® and a rebuilt
version of the 4HS5, cold neutron scattering ap-
paratusiv at AERE, Harwell. The large solid angle
counter bank of the 6H instrument was used for high
intensity but relaxed momentum resolution studies
and the phonon arc'v of 4H5 for high momentum
resolution in the scattered neutron wave vector. In
the spectrometers, the neutron beam incident on tlie
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sample. has a well defined wavevector modulus lkol,
(AA/4 5%) but a divergence of +1° The beam is
therefore quite bright and the scattered intensity
correspondingly large. The resolution obtained for
the total momentum transfer, Q =k-k, can be chosen
to suit the mosaic spread of the scatterer by opting
for either large or small scattered angular resolution
detectors. This combination of properties has been
most valuable for optimizing coherent scattering
measurements from our polymers where ‘mosaic’
spread may be as high as 30°.

In a typical experiment at lower scattering
angular resolution the time of flight spectra of scat-
tered neutrons are recorded simultaneously in coun-
ters at thirteen different scattering- angles between
7° and 90° to the incident beam (Figure I shows the
spectra at some of these angles). For incident 5 0A
neutrons the momentum transfer Q approached that
for the prismatic [1010] Bragg reflection of
polytetrafluoroethylene at high scattering angles.
The momentum transfer conditions prevailing for
coherent inelastic scattering'? were

Q = 2nr-4q (1)
where 7 is the reciprocal lattice vector for the [1010]
planes and q is the momentum of a phonon an-
nihilated in the scattering. All phonons satisfying the
condition may contribute to the scattering spectrum
but because of the limited range of momentum trans-
fer attainable with cold neutron up scattering
(energy gain) and because of the neutron structure
factors of hexagonal polytetrafluoroethylene, a simp-
lification of the observations occurs.

The intensity of coherent inelastic scattering is
given by the square of the modulus of the dynamical
structure factor g,(Q)

8.(Q) = Z(kaﬁw_f)%-bolcw-o]exppm (QRy)]
1]

(2)
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77,
54° to the incident 5.0 A neutron beam at 296 K. The phonon cut-off is at ~ 900 usec for scattering at @ = 36"

where by is the scattering length, Rythe atomic
position and Cjp the amplitude of motion, in the jth
vibrational mode of atom v, mass M,,,in a crystal
vibration of wave vector, q, determined by equation
(I). N is the total number of atoms in the unit cell.
For acoustic vibrations the effect of the last term is
to enhance the scattered intensity whenQ approaches
2nr for a strongly reflecting set of planes.

The optic modes of vibration are conversely affec-
ted. The remaining scalar product term determines
the relative intensities of the transverse and
longitudinal acoustic modes near a strong Bragg
reflection as in our experiments. The effect of this
term is to give the longitudinal phonon maximum
enhancement when Q, q and27rare collinear, at
which point the transverse modes are suppressed.

For a constant |Q]experiment the resulting energy
spectrum has a low frequency cut-off corresponding
to the longitudinal acoustic mode of wave vector
2n|7| -1Q|. Thisis a consequence of the nature of the
dispersion relationship w (q) which is a rising func-
tion of q for acoustic modes. As for the contribution
of the transverse modes, they have a cut-on at lower
frequencies in the spectrum rising continuously from
zero and hence have no distinguishable features. The
possibility of the transverse features obscuring the
longitudinal cut-off may be eliminated by a
theoretical treatment:.

The steps taken in characterizing the coherent
features in PTFE time of flight spectra are then as
tollows: (a) the anisotropy and high symmetry of the
unit cell lead to a diffraction picture with only one
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strong reflection at low momentum transfers. This
corresponds to the inter-chain spacing; (B) acoustic
phonons are only observable when excited in the
region of a strong Bragg reflection and there is but
one here; (c) the longitudinal phonons are alone
characterized by a singularity, on account of the
scalar product term in equation (2). This applies
especially when the basis has the high symmetry
exhibited here.

The time of flight spectra of PTFE powder and
fibres were measured in the hexagonal phase at
25°C. A wide range of reciprocal space was covered
in experiments at wavelengths between 3-5 and 6 A.
A strong coherent feature appeared which moved to
lower frequency with increasing scattering angle
(Figure 1),(Q increasing in equation (1)). This
feature evolves into the [10T0] Bragg peak at higher
angles and is identified as the longitudinal cut-off,
which is convoluted with a Gaussian resolution func-
tion. Differing neutron flight paths from the large
samples are an important contribution to this func-
tion.The peak maximum is taken as the longitudinal
edge and q,,;, evaluated from equation (1).

The phonon frequencies and wavevectors are plot-
ted on the dispersion curve (Figure 2). It can be seen

le]le) J
30+ R’Bl\g\

20

T
-

Energy transter, wlcni’)

o i
210 a
-4 . I'l2 ‘ I'IO I OfB ‘ Ofé
Momentum transfer Q!
@) 02 o4 06 08 -0

Reduced wave vector

Figure 2 Dispersion curve for the longitudinal acoustic mode
along [1070] in hexagonal pglytetrafiuoroethytene. Poly-
grystalline data :e 4.1 A; 4.5.0 A data. Fibre specimen : 0,5-8
A data.
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that the phonon of zero frequency (elastic scattering)
occurs at an extrapolated Q| value equal to 27 for
the [1010] reflection and it.is on this basis that the
phonon branch is assigned. Maximum possible error
bars are shown on instrumental (Q, @) tracks, which
fall at an acute angle to the dispersion surface for
constant scattering angle experiments. From the
sharpness of the phonon cut-offs (Figure 1) it can be
seen that confidence in the experimental points is
rather greater than the error bars indicate.The
phonon peaks at higher scattering angles appear
broader than at low angles (high energy transfers)
because of the non-linear energy scale.

Within present experimental momentum and
energy resolution the points from the fibre ex-
periments (with Q in the basal plane) and the
polycrystalline sample were superimposable. This
confirms the exclusion of contributions from intra-
molecular and transverse modes. There is some
evidence to suggest that the curve has an inflection
near the half zone point. Further data to investigate
this suggestion of long range forces are being
gathered. The dispersion curve approaches the zone
edge at 42=2 cm-.

From the slope at low |q] we find that the high
frequency velocity of sound is 2-771 0-10 x 10%cm
sec! (2:77x 10* M sec-') whereas for the chain axis
itis 974 £ 0-10x 10° cm sec-! (974X 10° M sec-1)".
Using a crystalline density of 2:342 g cm-?* the
corresponding values of Cui; and Cx are
182+ 02x10 ' dyne cm and 2221 1x 10" dyne
cm™°, The ratio (~1/12) is much greater than for
polyethylene for which neutron scattering (on
deutero-polyethylene) gives a ratio of about 1/20%}
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Note to the Editor

Modifications to the morphology of poly(m-phenylene
adamantane-1,3-dicarboxamide) fibres

D. E. Montgomery, K. Tregonning and P. R. Blakey
Department of Textile Industries, University of Bradford Bradford 7, UK
(Received 4 August, 1971; revised 17 September 1971)

The introduction of orientation and crystallinity
into thermally stable fibres has a significant effect
upon the physical properties of these fibres. For
example, orientation in aromatic polyamides pro-
duces high values of initial modulus and tenacity
and these high values are more readily maintained at
elevated temperatures in crystalline fibres than in
amorphous fibres'.

Thermally stable fibres have recently been pro-
duced’ from poly(m-phenylene adamantane-1,3-
dicarboxamide)[poly(m-PAD), Figure /] and a report
is given here of attempts to introduce morphological
changes, in the form of increased orientation and
crystallinity, into these amorphous poly(m-PAD)
fibres.

The effect of the various treatments upon the
supermolecular structure of the fibres could be
followed by noting the changes occurring in both the
X-ray diffraction pattern and also the stress—strain
curves obtained from the fibres.

PRODUCTION OF FIBRES

Extrusion

A small-scale wet spinning machine was used to
produce fibres by the extrusion of a solution of
poly(m-PAD) in dimethylformamide containing
5% (w/w) lithium chloride. A 25%(w/w) solution of
poly(m-PAD) in dimethylformamide (containing 5%
LiCl) was extruded through a five-hole spinneret
into a bath containing 60% (w/w) dimethylform-
amide in water at 16°C. The polymer had an
inherent viscosity of 1.48 dl/g when measured
(Sewell, J.H. personal communication) at 27°C as a
05% (w/v) solution in sulphuric acid of density
1-84 g/ml. After coagulation, the five filaments were
washed in a second bath containing water at 60°C
before being packaged on a modified Leesona 950
take-up machine. The packaged filaments were fur-
ther washed in distilled water and then dried in a
forced-draught oven.

l
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Figure 1 Poly(m-phenylene adamantane-1,3-dicarboxamide)

Drawing

Optimum drawing conditions were determined on
an Instron tensile tester. Specially designed jaws
were used to hold short lengths of fibre in intimate
contact with a hot plate mounted on the Instron
cross-head. The fibres were then drawn against the
hot-plate at various rates and temperatures and the
optimum conditions were deduced from reinfor-
cement data collected from the stress —strain traces.
These data were then confirmed by drawing longer
lengths of fibre on a small-scale continuous drawing
machine and measuring the tensile properties of the
fibres produced. Good fibres were produced at a
temperature of 325°C and a draw rate of 100 000%
min-'.

RESULTS OF MORPHOLOGICAL CHANGES

Heat treatment

The as-spun fibres were uniform and free of voids;
typical stress —strain characteristics are illustrated in
Figure 2. The X-ray diffraction pattern (Figure 3)
showed that the fibres were unoriented and of very
low crystallinity.

Many polymers crystallize when exposed to tem-
peratures between the glass transition temperature
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Figure 2 Stress—strain curve given by amorphous fibre
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and the melting point® but this was not found to be
the case with poly(m-PAD). As-spun fibres heated to
330°C (T, 311-317°C) gave an X-ray diffraction
pattern which is unchanged from that of the as-spun
fibres. At temperatures above 330°C the fibres
degraded rapidly and meaningful comparisons
become difficult to make.

Drawing over a hot plate by the technique
described previously gave fibres with a tenacity of
3:7 g/den, an initial modulus of 77 g/den and a break
elongation of 10%; this is reflected in the X-ray pat-
tern (Figure 4) which shows a certain degree of
orientation. These drawn fibres, however, still show
very little crystallinity.

Solvent treatment

Crystallinity may also be induced in polymeric
materials by exposure to suitable organic liquids in
the vapour phase*s and attempts were made to

Figure 3 Figure 4

Figure 3 Untreated, as-spun fibre

Figure 4 Fibre drawn x 7.6 at 325°C
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Figure 5 Stress—strain curve given by crystalline fibre
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Figure 6 Figure 7

Figure 8

Figure 6 Undrawn fibre, exposed to dimethylformamide vapour
Figure 7 Undrawn fibre, exposed to dimethylacetamide vapour

Figure 8 Drawn fibre, then exposed to dimethylformamide
vapour

crystallize poly(m-PAD) fibres in this way.
Dimethylformamide was placed in the bottom of an
empty desiccator and as-spun fibres were placed in
the top, so that they were exposed to the
dimethylformamide vapour. After about an hour, the
fibres, which were initially opaque, had become
translucent and when tested later on the Instron ten-
sile tester, the stress —strain curves were found to be
completely different in character to those of the
original fibres, as Figure 5 shows. The fibres now
exhibited cold drawing and Figure 6 indicates that
crystallinity had been introduced.

The introduction of crystallinity was not specific
to dimethylformamide. Exposure to dimethyl-
acetamide for a similar length of time also induced
crystallinity, as Figure 7 shows, but it is evident that
the crystal structure is different in this case.

Having shown that crystallinity could be induced
in as-spun fibres attempts were then made to
crystallize drawn fibres. Orientation had the effect of
increasing significantly the rate at which the
crystallizing process took place and the crystalline
fibres shown in Figure 8 were produced within a
matter of seconds of being exposed to dimethylform-
amide.
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Refractive index increments of

polymers in solution:
1. General theory

J. W. Lorimer*®

Department of Chemistry, University of Western Ontario,

London 72, Ontario, Canada
(Received 3 May 1971)

Methods for calculation of refractive index increments of polymers in solution
from the properties of the pure polymer and solvent and a suitable theory of
polarization are developed. Volume changes on mixing the components, the
effects of polydispersity, and the value of partial specific refractions are discussed
rigorously. The general methods are used to derive a new equation for the
refractive index increment from the polarization theory of Onsager and Béttcher.
Errors in the Lorenz-Lorentz equation for the refractive increment are predicted
to depend on the refractive index of the solvent, in agreement with experiment.
Tests of the new equation, using existing experimental data, show that its
accuracy is greater than the Lorenz-Lorentz equation, but is limited by a lack of
knowledge of molecular parameters for the solvent and polymer.

Specific refractive index increments v=dn/dc of polymers
in solution have been studied extensively in connection
with light-scattering measurements, where »2 appears in
the equation for calculating molecular weight, and with
optical methods of measuring diffusion and sediment-
ation. Experimental values of v and their interpretation
have been reviewed up to 1964 by Huglin!: 2. In a number
of recent papers equations have been developed to
calculate v and its temperature dependence from the
properties of the pure polymer and solvent3-¢ and to
estimate refractive indices and partial specific volumes of
polymers in solution?. 1t has also been suggested that
measurements of v, along with suitable equations, could
be used to investigate inter- and intra-molecular inter-
actions such as helix-coil transitions, micelle formation
and changes in solvation?. Although knowledge of v as a
function of molecular weight and polydispersity is
necessary for the correct interpretation of scattering
measurements on polymers of low molecular weight89,
only rough estimates2:1® and a few measurementsl:?
of this dependence have been made. The variation of
specific refraction with molecular weight has been used as
a method of estimating the number of end-groups in a
polymer!l.

Most equations for v are based ultimately on equations
for specific refraction, of which a large number have

* Part of this work was carried out while on sabbatical leave at
Dept. of Chemistry, University of Southampton, Southampton
SO9 5NH, UK.
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been proposed. The most widely used 7» 12-15 are those of
Gladstone and Dale, Eykman, and Lorenz and Lorentz.
Although the Gladstone-Dale equation is a special case
of Lorenz-Lorentz equation!3.15, and the Eykman
equation is empiricall3- 14, these two equations frequently
give surprisingly good agreement with experimental data,
as shown, for example, by the recent precise measure-
ments of Bodmann!2. Most equations proposed for v do
not take lack of volume additivity of polymer and solvent
into account, although Heller? has proposed an approxi-
mate way of doing this, and Bodmann!?2 has approached
the problem through partial specific refractions. Bod-
mann’s work has also indicated that the Lorenz-Lorentz
equation is not completely satisfactory, a feature that
has been recognized in other areas!3.16.17 and on
theoretical grounds!3: 18,

In this paper, we first discuss the general problem of
calculating refractive index increments from the proper-
ties of the pure polymer and solvent. Effects due to excess
volumes and polydispersity and relation of the theory to
partial specific refractions!?: 19 will be treated rigorously.
Finally, new equations for the refractive index increment
will be deduced from the polarizability theory of
Onsageri® and Bottcher!d and will be applied to experi-
mental data. In Part 2, the dependence of v on molecular
weight, and the necessary modification of the light-
scattering equations will be discussed8. A subsequent
paper? will deal with the application of the general
theory to a complex case, the solution properties of the
polymeric titanium oxide trimethylsilyloxides.



REFRACTIVE INDICES OF MIXTURES

General equations for specific refractive index increments
will be derived from equations for the refractive index
of mixtures, which have been reviewed extensively4, 13-15,
Two general approaches have been used in deducing
these equations, which we shall call the specific refraction
and immersed particle methods.

The first method defines a specific refraction as some
function

Ri=f(m)vi= Kigi(ns, u;) (1)

of the refractive index n;, specific volume v; and molecular
parameter u; for each component 7, where K; is assumed
to be independent of temperature and pressure. The
many functions f(n;) that have been proposed¢ 13-15,17
may be classified as empirical, with g;=1, or as arising
from the polarizability theories of Lorenz and Lorentz!3
(for which g;=1 as well) or of Onsager!® and Béttcher!3
(for which g;#1). The only exception is the empirical
function of Rosenl?> 29 which has the form R=f(n)v=
Kg(v,u). We shall emphasize those functions that result
from theories of polarizability, although equations based
on any function of the form (1) can be derived easily by
the methods given below.

Both the Lorenz-Lorentz and Onsager-Bottcher
equations are derived by calculating, from electrostatic
theory, the local electric field at a polarizable molecule in
a continuous dielectric, and are expected to apply to
systems containing small molecules and ions!3, and to
polymers in which the refractive index is determined by
the properties of the chain segments, and not by overall
configuration. Nose?! has shown that this is a good
approximation, by calculating the refractive index of
polymers from assigned segment refractions.

The Lorenz-Lorentz specific refraction ist3

Ri= (3= Doy/(ni+2) =47 Nz /3M; (2)

where «; is the molecular polarizability and M; the
molecular weight of component i and N4 Avogadro’s
constant. The Onsager-Béttcher correction to equation (2)
iSl3

gilmi ) =977 + 2) [203(1 — ) + 1 + 2u] 3)
so that

Ri=(n3= Dui/(13 + 2) =4 Naocugi(mi, ui)[3M;  (4)

The quantity u; = «;/a? can be used to define a refractive
index n;:

up=(m2= D2 +2), n2=1+2u)/(1—u) (5

This is the maximum allowed value of n; sincel3 u; is
the molecular polarization of a uniform dielectric sphere
of radius a;. Values of a; correspond closely, in the few
cases investigated13, to radii of freely-rotating molecules
at OK. We assume that u; is a characteristic parameter,
independent of molecular weight, for a given polymer,
i.e., u; is determined by the nature of the repeating unit,
and any effects due to overall chain configuration alter
a; and a? by the same factor.

The superiority of equation (4) has been demonstrated
in several areas!3, although it is undoubtedly an approxi-
mate answer to the complex problem of polarizability in
liquids22. The Onsager-Bottcher equation does not seem
to have been used previously for polymers, except in one
case. Oster2? attributed the equation
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(=1 Q2n2+ 1)/ =K

to Onsager, where K depends only on the nature of the
molecule, and suggested its use in light scattering.
Equations (3) and (4) show that Oster's equation is the
special case u;=0, or n; =1, so that it cannot be valid
except for the trivial case n;=1, where g;=1.

For the simple case g;= |, mixture rules are constructed
from equation (1) by taking, for a mixture of ¢ compon-
ents,

q
R= Z wiRi (6)
=1
where w;=m;/m 1s the mass fraction and m; the mass of
component /, and
q
m= > m.
=1
Equation (2) shows that equation (6) assumes that the
polarizabilities of the pure components are unchanged on
mixing?: 13, Since wyvi/v=V;/V =¢i, the volume fraction
of component i calculated as the ratio of the volume V;

of the pure component to the volume V of the mixture,
equations (1) and (6) give

f(m)= élqsif(n» ™

The specific form of equation (7) for the Lorenz-
Lorentz equation is the well-known expression:

=1+ = ¥ g — D42 (8)
i=1

For the Onsager—Bottcher theory, the equation for the
mixture is more complex, since the local field at a mole-
cule depends on #; and u;, and on the refractive index n
of the mixture as well. 1t is found that!?

(2=1)/n2=(12aNa/V) %
q
3 ogmy/ M [2nX(1 — )+ 1+ 2u;]  (9)
i=1
Substitute from equation (4) for 7 N4oy/M; to obtain

q
R="3 wiRG; (10)
i=1
where

Gi=(n/n )2 (n?+2)2n3 + n2) /(2 + )22+ r7%)  (11)
or, on introduction of volume fractions,

S = é‘.l% F(n)G; (12)
or
(n*=Dn*= i bi(n? = D2n?+n3)nF2n2 + 0% (13)
i=

None of the above equations assumes that the volume
of the mixture is equal to the sum of the volumes of the
pure components; i.e.

i L.

The second method of deducing a refractive index rule
for a mixture is to calculate the dielectric constant e
{(and hence the refractive index through e=n2) for a
medium in which a small number of spheres of slightly
different dielectric constant is immersed. The equation
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for the mixture is thus found directly, and volume
additivity is assumed. The original calculation is due to
Rayleigh (see 24), with subsequent versions by Wiener?3,
Heller25, Debye?3, Onsager'® and Bottcher?d. Wiener
also introduced a shape factor, but his equation for
spherical particles and all the other equations become
identical for small differences between the refractive
indices of particles and medium. These equations are
applicable to suspensions of colloidal spheres, so that
their application to polymer solutions is probably
unwarranted unless the molecular weight is very high or
the solvent is very poor. Refractive index increments
derived by this method have been discussed by Heller2’,
and will not be considered further here.

SPECIFIC REFRACTIVE INDEX INCREMENTS

The specific refractive index increment of component i is
'dn/dcl where ¢; =m;/V is the concentration of component
i in mass per unit volume. If component 1 is the solvent,
and the solute is polydisperse, the total solute concentra-
tion is
Cs= Z mi|V= Z ci= 20,8163 (14)
iz =,
where B; is the relative mass fraction of component i in
the solute, and is a constant for a given component in a
given distribution of solute components. Thus, the
overall specific refractive increment is

dn/des= Z (dn/dcl)(dcz/dcs)~ Z Bidnfde;  (15)

=2

and the overall partial specific volume of the solute is

q q
bs=(0V/Omsym,= 3, (OV/0m;)(Omi/oms)= X Bivi  (16)
1=2 =2
where §;=(0V/0m;)n; is the partial specific volume of
component i.

If v; is the specific volume of pure component 7, then
¢1=civs, and 0¢;/dc; =v;. For the solvent,

dd1/0cs= —(V1/V 2V |dcs= —(b1/V)aV/des (17)

But,
OV [9cs=(0V0ms)(Omsdcs) = 0s0(csV )/ Ocs
=05(V +cs0V/dcs)
Solve for 8¥/dcs and substitute in equation (17) to obtain
0b1/0cs= —15s/(1 —cs0s) (18)

The general equation (12) can now be differentiated
with respect to ¢s to give. using equations (15) and (18),

@f1am)nfae) = 3 Brouf ()Ge— ool ()Gr/(1 = s +

iﬁi(ﬁi £ (ni)(0G/on)@n/dc) +

$1/(n1)(9G1/0n)(nfocs)  (19)

This equation may be simplified greatly by taking an
infinitely dilute solution, where ¢;=0, i=2,...¢q, ¢1=1,
G1=1, n=n;. This is the state to which most experimental
measurements correspond, and will be adopted through-
out the remainder of this paper. With v the limiting
refractive index increment at infinite dilution, equation
(19) becomes
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v[9f]on —f(n1)3G1/0n}n, +ef (1) = Z Buwif (n)Gi

,8 R;iG; 20)

itas :g

i

The term on the right hand side is, by equation (10), the
number average of the product R;G; for the solute. If
v; and n; are independent of molecular weight and equal
to vs and n; respectively, this quantity is simply R,Gs.

If G;=1, i=1,...q, equation (20) is further simplified
to

KO3+ 5f (1) = 3 BiR @n

If R; is the same for all species, equation (21) i1s
equivalent to an equation deduced by Michtle and
Fischer8. Their deduction is restricted to infinite dilution,
and does not include the terms for finite concentrations
given in equations (17) to (19) above.

The explicit equations for the refractive index incre-
ment at infinite dilution are found by substituting
S(n)=(n2—1)/(n2+2) and G; from (11) into equations (20)
and (21). This gives

_n 2n} 41} ni— 1\ (2nF +n}? n—1
(2n1+n1 ){Z B l( n; )<2n1+n —0s n3
(22)
for the Onsager-Bottcher equation, and

=10+ 2fom]{ 3 B = 1) +2)~
A= 1) +2)| - 23)

for the Lorenz-Lorentz equation. These equations may
be written in several different forms. One useful form is
obtained by rearrangement:

Qv /nl)(2”1+n )(2111+n 2) 4 (224 125 — 1)

= l'g(q‘;’—;——l—\’(an +m3) (24)

for the Onsager-Bottcher case, and
6n1v/(n3 +2)2 + i5(m} — D)/(n3 +2)
=vs(n2—1)/(n%+2)=Rs (25)

for the Lorenz-Lorentz case. The left hand side of
equation (24) or (25) contains only properties of the
solvent and the measurable quantities v and &5 while the
right hand side contains the measurable quantities
vs, ns and n, which are characteristic of the pure polymer
only. In these equations, it has been assumed that »; (but
not necessarily v;) is independent of molecular weight,
although in fact the dependence of both these quantities
on molecular weight is usually of the same order of
magnitude. Bodmann!2 has derived equation (25) in an
apparently different way (see below), and used it to test
the validity of the Lorenz-Lorentz equation. The left hand
side of equation (25) showed a small but significant
variation with »#y for both poly(methyl methacrylate)
(PMMA) and polystyrene in a number of solvents. Since
the differences between equations (24) and (25) are small,
it is convenient to calculate corrections to the Lorenz-
Lorentz equation. To do this, define 8 as the difference
between the right and left sides of equation (25), and
assume that equation (24) agrees exactly with experiment.



From equations (20) and (21), with »; independent of
molecular weight, we find readily that

3=Rs(1 —=Gs)—vf(m)(0G1/on)n1 (26)
The explicit correction terms are

2Ry(n— niY(ny— n3n3)

R(1—Gy)= 020 + 2)(2n3 + n'2)

(27)
and
- uf (m)(0G1/0n)n, =4v(ng—1) x

(nt=n/ni(nf + 2227 +172)  (28)

Methods for estimating #} and n; and calculating these
correction terms will be discussed below. Note that the
corrections disappear only if ni=ns=1, which is, of
course, the conditions under which equations (22) and (23)
are identical, if n1; is independent of molecular weight. If
ny=ns, the correction equation (27) is zero, but both
equations (22) and (23) give a finite value of v which is
proportional to the difference vs— &5 between the specific
volume of the pure polymer and the partial specific
volume at infinite dilution. In general, if #3n3 > n;2, and if
v>0. the correction term equation (27) is negative if
ns>ny, positive if ng<ni, positive if ns<ni. Also,
ni><ni, in general, so that the correction term equation
(28) is always positive in practice.

ADDITIVITY OF VOLUMES

If additivity of volumes of polymer and solvent holds
strictly then »;=5; and equations (22) and (23) become,
with n; independent of molecular weight,

oo on {20702\ (202 2
v:(1,~Sm/2n;)(n;—/1f)( e )( AL+ 1y

203 + 2 )\ 20t +n}2

) (29)

and
v=us(nz —n3)ni+2)/2n1(nZ+2) (30)

Equation (30) has been deduced by Heller?, who
assumed volume additivity. He then replaced vs by 7,
and n; by 715, and assumed that the specific refractions for
the pure polymer and for the solute at infinite dilution
were equal:

Ry=uvs(ni = D) +2)=5(A3 = /(7 +2)  (31)

Here, i1 is a refractive index (called n3 by Heller) chosen
so that equations (30) and (31) are satisfied simultaneously.
From measured values of vs, ns and », Heller used
equations (30) and (31) to evaluate #; and 715 by successive
approximations. However, since there are two equations
in the two unknowns, explicit equations may be found by
direct solution. The result for the partial specific volume
is

fs= Rn}+2)/(ni— D —6nv/(ni—Dni+2) (32)

This equation is much easier to use than Heller’s method
and gives values identical to those? derived by successive
approximations. However, it is found by comparison that
equation (32) is just equation (25), i.e. Heller's two
assumptions are equivalent to a rigorous treatment
which allows for non-additivity of volume. It will be
noted that there is no need for the quantity /i, which has
no physical significance.

The accuracy of equation (32) is limited by the accuracy
of the Lorenz-Lorentz equation. In fact, data given by
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Heller” and by Rietveld26 agree with thc conclusions of
Bodmann!?, that the Lorenz-Lorentz equation gives
results accurate to | or 29 only, in general. Equation (24)
should provide a more accurate method of determining
partial specific volumes from measured values of v, 5,
ns and vs if n] and »; can be estimated.

PARTIAL SPECIFIC REFRACTIONS

Bodmann!? has introduced the concept of partial specific
refractions R; through the equation

R=Y wiR; (33)

and has deduced, by a complicated procedure, a practical
equation for the calculation of R; for a solute from a
given theoretical equation for R and experimental values
of v, ny and ;. Partial molar refractions seem to have been
introduced first by Guggenheim!9, whose treatment is
simpler than Bodmann’s. We note that mR is an extensive
quantity (homogeneous of degree one in the masses of the
components). Euler’s theorem on homogeneous functions
then gives at once
q _
mR="Y m;R; (34)
i=1
with
R;=[0(mR)[0m;]m; (35)

Equations (33) and (34) are identical. For a polydisperse
solute,

G

o

Ro= 3 [00nR)/3m:@myfomy)m, (36)

t

S BiR:

_ i
b=

N

t

it
t

For a mixture. equation (10) gives

9q
mR=f(mV="713 n;:R;G;

i=1
Differentiation of the first part of this equation gives
Ri=/f(n); +(f]on)(9n/dc: (1 - c:6:) 37

Differentiation of the second part gives
_ q
Ri=RiGi+ X dif (niX0G:/on)(0n/0c)(1 — ¢ib;) (38)
i=1

Now pass to infinite dilution, where ¢;=c¢;=0,i=2, .. .q,
¢1=1, n=ni, equate equations (37) and (38) and use
equation (36) to obtain

Re=v(0f]0n)n, + bsf (n1)
= ‘IZ BiR:Gi + yf'(n 1)(6G1/8n)nl (39)

=2
which is equation (20). Partial molar refractions, there-
fore, yield no new results, but provide a convenient
notation and nomenclature, and an alternative way of
deducing rigorous equations for the refractive increment.
Thus, equations (25) and (39) show that Rs=R; for the
Lorenz-Lorentz equation, as shown by Bodmann!2, For
the Onsager—Bottcher equation, the partial specific
refraction is not independent of the solvent, and is given
by a complicated expression which can be rearranged to
give equation (22).
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DISCUSSION OF EXPERIMENTAL DATA

The parameter a; for the solvent can be estimated from
the variation of refractive index and density p1(=1/v1)
with temperature, at constant pressure. Differentiation
of equation (4) for component 1 gives, if «; and u; are
independent of density the result

ny?=2n3[2n1p10n1/0p1 — (n — 1)}/ [na(ni— 1) —
2p10m1/0p1]  (40)

after algebraic rearrangement. Bottcher2? has deduced a
similar equation, but in a form suitable for calculating the
parameter a;.

In practice, very precise data are required to evaluate
p10n1/p1, and calculation shows that the error in n'% is
about 7 times that in p10n1/0p1, and that the resulting
error in equation (24) is about half that in % No data
of sufficient precision are available for polymers or for
tetrahydrofuran. Of the other solvents used by
Bodmann!2, benzene, toluene, chloroform and cyclo-
hexane give reasonable values of n] from experimental
data®8. 29 but data for other solvents used by him give
values of n] less than unity. One reason for this is
apparentfrom data for water, where p10n1/0p1 is strongly
dependent on temperature. Precise data for other liquids
at more than two temperatures are not available, in
general. Furthermore, n] should exhibit dispersion. As an
approximate solution to this problem, we assume that the
ratio ni/n1 is independent of wavelength, and derive the
values nj/n1=1-1126 for benzene, 1-1021 for toluene,
1:2747 for chloroform and 1:2710 for cyclohexane. The
average of these is 1-1901, and we use this value for the
other solvents, although it is somewhat lower than the
few values that have been reported (1578 for water, by
the above method??; 1-545 for CSs and 1:546 for CCly
from dielectric data3?),

To test the Onsager-Bottcher equation for specific
refractive index increments, we use the precise data of
Bodmann!?, and calculate the difference 8 between the
Lorenz-Lorentz partial specific refractivities for the pure

polymer and the polymer in solution. The correction
equation (28) is then calculated, and subtracted from §
to give the correction equation (27). Equation (27) is then
used to calculate n; for the polymer. These values are
all given in Table I for PMMA and polystyrene at 25°C,
two different wavelengths, and in a number of solvents,
The original datal? are not repeated here.

The calculated values of n; are constant to within the
error expected from the error in & (at leastl2 +0-0003)
for each of the four cases in Table /, except for two cases
for PMMA in benzene and toluene, which give values
less than unity. In these two cases, nj==n3, and errors in
the calculated value of n; are very large. In general,
Table 1 shows that the correction equations (27) and (28)
can account for the deviations of the Lorenz-Lorentz
equation (25) from experiment. Accurate, direct calcula-
tion of the correction & is not possible, since the two
terms which make up & are of the same order of magni-
tude and frequently of opposite sign, and the magnitude
of each term is sensitive to the value of the parameters n*,
which are known only approximately. The average value
of n/ns in Table I is 1-19, standard error 0-05. This
suggests that the general approximation n}/n;=y, with
y=1-2, can be used if no other data are available. With
this approximation, each side of equation (24) can be
calculated, and the results for the cases listed in Zable I
are given in Table 2. The greatest difference in the values
for the left hand side of equation (24) is 0-6 %, for PMMA
and 0-89 for polystyrene, compared with the Lorenz-
Lorentz values!2 0-9 and 1-39/, respectively. The standard
errors for the left side of equation (24) are estimated to be
0-008 for PMMA and 0-006 for polystyrene; for the right
side, the errors listed in Table 2 correspond to errors in
vs of 0-005 for PMMA and 0-003 cm3/g for polystyrene.
Error calculations were based on these errors in vs,
assumed errors in ns of 0-005 for PMMA and 0-001 for
polystyrene, and error estimates of Bodmann!? for v and
s. The two sides of equation (24) agree to within experi-
mental error, but variations in the value of the left side
appear to lie outside the expected error. In view of the

Table 1 Corrections to the Lorenz-Lorentz equation for refractive index increments

436 nm 546 nm
System n 5103 —103v»foG/on 10°Rs(1— Gs) n, m 3103 —103yfoG/on 103Rs(1— Gs) n3
(cm3/g) eq. (28) by dift. eq. (27) (cm3/g)
PMMA in:
acetone 1-3645 0-6 2-9 —2-3 1-86 1-3577 —0'6 2-7 -3-3 1-66
ethyl acetate 1-3778 1-2 2-9 —1-7 1-81 1-3714 —-0-2 2-7 ~-2-9 177
n-butyl acetate 1-4007 1-0 2-8 —-1-8 1-90 1-3936 —0-3 2-6 ~2-9 1-74
THF 1-4138 1-0 2-7 -1-7 1-89 1-4068 —0-3 2:5 -2-8 1-72
dioxan 1-4290 1-3 24 —1-1 1-96 1-4216 00 2:2 -2-2 1-75
chloroform 1-4527 2-9 1-5 1-4 1-83 1-4436 1-5 1-4 01 2:12
toluene 1-5133 2-7 0-6 241 — 1-4962 13 0-9 0-4 1-48
benzene 1-56195 2-9 0-2 2-7 — 1-5016 1-5 06 0-9 1-74
Average and std. error 1-88+0:05 1-75+0-18
n3ns 1-25 117
Polystyrene in:
MEK 1-3848 —4-0 5-8 —-9-8 1-86 1-37719 -2-5 5-3 —-7-8 1-88
dioxan 14290 —3-2 6-1 —-9-3 1-86 1-4216 —1-7 5-4 —71 1-90
cyclohexane 1-4333 —3'3 3-9 —7-2 1-95 1-4257 —2-1 2-9 ~5-0 1-98
toluene 1-5133 0-6 7-1 —6-5 1-85 1-4962 16 6-5 —4-9 1-92
benzene 1-5195 0-6 6-7 -7-3 1-75 1-5016 0-4 6-2 —5-8 1-83
Average and std. error 1-85+0-07 1-90+0-04
nins 1-14 1-19
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Table 2 Test of equation (24) with n}/ni=1-2 (units: cm3/g)

436 nm 546 nm

System Left side Right side Left side Right side
PMMA in:

acetone 3-642 3-655 3-562 3-568

ethyl acetate 3-635 3-558

n-butyl acetate 3-640 3-561

THF 3-642 3-564

dioxan 3-638 3-560

chloroform 3-622 3-544

toluene 3-630 3-551

benzene 3-626 3-548
Average and
standard error 3634 3-556

+0-008 +0-02 +0-007 +0-02

Polystyrene in:

MEK 5-332 5-308 5-116 5-108
dioxan 5-325 5-109
cyclohexane 5-329 5-116
toluene 5291 5-078
benzene 5-292 5-079

Average and

standard error 5-314 5-100

+0:021  +0-01 +0-020 +0-01

approximation for nj, such variations are hardly sur-
prising. Even with the approximation, equation (24) is
superior to the Lorenz-Lorentz equation.

Other assumed values of y can be used, but calculations
show that it is not satisfactory to take »} as a constant for
all components. 1n general, y > 1-2 gives poorer constancy
of the left side of equation (24), while y<1-2 gives
greater constancy, but greater differences between the two
sides of the equation. The value y=1-2 appears to be a
reasonable compromise. For estimation of &, and v,
errors of about 19 and several ¥, respectively, are to be
expected in the worst cases, and it is important to use the
most reliable value of #] that is available.
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Refractive index increments of
polymers in solution:

2. Refractive index increments and
light-scattering in polydisperse
systems of low molecular weight’
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Theoretical equations are deduced which predict that the specific refractive
index of a polymer in solution is v=v,+ vo/M,, where M, is the number average
molecular weight, and v, and v, depend on the refractive index, ni, of the solvent,
on the specific refractivity of the pure polymer, and on the specific volume of
the polymer in solution. These equations are used to show that the true weight
average molecular weight and second virial coefficient, as obtained from light
scattering, can be obtained from the observed values of these quantities only
if M, and the dependence of v on M, are known, The difference between the
true and observed values can be very pronounced for values of M, less than
about 103,

Mixtures of two polymers whose refractive increments depend on molecular
weight are also considered. Methods of distinguishing the effects of polydis-
persity of composition from effects due to the dependence of the average v on
the average molecular weight are discussed for mixtures of components whose

individual properties are unknown.

INTRODUCTION

Light-scattering measurements are used widely to obtain
weight-average molecular weights and second virial
coefficients of polymers in solution, and general treat-
ments, based on fluctuation theory, have been pro-
posed!» 2 which can be used for the interpretation of
experimental measurements. In all applications of these
general treatments, it is assumed that the refractive
index increment which occurs therein is independent of
molecular weight. This assumption is not valid in systems
of sufficiently low degree of polymerization.

To deduce correct equations for light-scattering in
polydisperse systems of low molecular weight, a general
theory of the dependence of both refractive index and
specific volume becomes necessary, since these quantities,
along with the refractive index of the solvent, determine
the magnitude of the refractive index increment in

* An abstract of this work was presented at the IUPAC
Symposium on Macromolecules, Leiden, The Netherlands, 31
Aug.—4 Sept. 1970.

1 Part of this work was carried out while on sabbatical leave at
Dept. of Chemistry, University of Southampton, Southampton
SO9 SNH, UK.

1 Present address: Department of Chemistry, University of
Otago, Dunedin, New Zealand.
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solution. General equations for the refractive index
increment have been deduced3 in Part 1, and in this
paper, their specific forms for polymers and mixtures
of polymers of low molecular weight are deduced. A
subsequent paper? describes the application of these
equations to a complex case.

REFRACTIVE INDEX AND MOLECULAR WEIGHT
IN A HOMOLOGOUS SERIES

We assume that a polymeric solute molecule i has a
molecular optical polarizability «; that is a linear function
of the degree of polymerization r:

47N qg0;/3=Po+ 1Py, r=0,1,2... )

where N4 is Avogadro’s constant and Py, P, are the
molar polarizabilities of the two end-groups and the
repeating unit, respectively, each multiplied by 3/4m.
The molecular weight of molecule 7 is

M= Mo+ M,r, r=0,1,2... (2)

where My, M, are the formula weights of the two end-
groups and the repeating unit, respectively. Equations
(1) and (2) give

47rNAoci/3=a0+PooM7; (3)
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where
a():M()(Po/Mo_Pr/Mr) (4)

Po=P, M, (5)

If the Lorenz-Lorentz equation holds, the molar
polarization is®, for component 7,

[Rli=(n?— DosMif(n}+2)=4nN aoi/3 (6)

where #; is the refractive index and v; the specific volume
of component /. The Onsager—Bottcher correction to this
equation is®
[R]s = (47N 40/3)g: (7
where
gi=93 (3 + 2207 (1 — ) + 1 + 2u4] (8)

with u; a molecular parameter which has been discussed?
in Part 1. Equation (1), with the polarizability expressed
in the Lorenz-Lorentz form, equation (6), has been
used to correlate the molar refractions of a number of
homologous series® 7, while equation (3) with equation
(6) has been used by Bodmann8, who attributes de-
partures from linearity in M; to departures from a true
homologous series. For the Lorenz-Lorentz case, the
specific refraction of component / is

Ri=(n}— Doi/(n}+2)=ao/M;+ Reo 9)

Clearly, Rw=Pw, in this case, is the specific refraction
for the infinite polymer. For the Onsager-Bottcher case,
equations (3), (6)-(8) give

(n2— DoiMi=9Hao+ RoM)|(1 —u)(2n2+n}2)  (10)

where?
=14 2u)/(1 —u;) (11)

SPECIFIC VOLUME AND MOLECULAR WEIGHT
IN A HOMOLOGOUS SERIES

In analogous manner, we assume that the molar volume
is a linear function of the degree of polymerization:

viMi=Vo+ V,r, r=0,12... (12)

where VY, V; are the molar volumes of the end-groups
and of a repeating unit. For many homologous series?,
further terms in the degree of polymerization must be
added, but except for the first few members of series
with small repeating units, equation (12) is a good
approximation. Combination of equations (2) and (12)
gives

vi=bo/M;+ v (13)

where
bo=Mo(Vo/Mo—Vr/M;) (14)
vor= V4 My (15)

Clearly, vy is the specific volume of the infinite polymer.

If Bi=ny/m, is the relative mass fraction of com-
ponent / in a polydisperse component of mass myg, the
specific volume of this component is

vs=bo/ M p+ v (16)
where

M= Bi/M; (17)

is the number-average molecular weight of the com-
ponent. It is to be noted that two samples of a poly-
disperse component made up of members of a homo-
logous series can, in general, have different number-
and weight-average molecular weights, but the specific
volume is determined by the number-average molecular
weight alone. Equation (16) has been deduced for
polymer melts by Fox and Loshaek? (see also ref. 10),
who also showed that it agreed well with experimental
data for a number of polymers. It is also clear from
their treatment that the number-average molecular
weight is appropriate, although they did not specify
which average was to be used.

It is assumed that equation (16) is valid for the partial
specific volume &, of a polydisperse solute as well as for
the specific volume vs of the molten solute. In general,
these two values differ, and it is to be expected that bg
and v, are functions of the nature of the solvent, for
a given polymer. To emphasize this, we write for the
partial specific volume

Equation (18) has also been proposed empirically!!
from data on poly(methyl methacrylate) and poly-
styrene, again without specifying which average molecular
weight is involved. Statistical mechanical calculations!?
also support equation (18), but add a small term «RT
to by, where « is the isothermal compressibility of the
solvent at temperature 7, and R is the gas constant.

SPECIFIC REFRACTIVE INDEX INCREMENTS

Substitution of equations (9), (10) and (18) in equations
(22) and (23) of Part 13 give equations for v, the specific
refractive increment at infinite dilution. The resulting
equations are

Qv/n)2ni+ni)/2nt +ni?) =
[Roo/(1 — us)(2n§ + %) ~ Fonlmni — 1)/nf] +
[ao/(1 — us)(2n2 + 132) — bo(ni — 1)/n3] M (19)
for the Onsager—Bottcher case, and
6n1v/(nf+2)? = [Rew—Be(ni — D/(nf+2)]+
[ao—bo(ni = )/(ni+2))/Mu  (20)

for the Lorenz-Lorentz case. In equation (19), n;, and
hence u;, have been assumed to be independent of
molecular weight3, and become the solute parameters
n; and us.

Both equations (19) and (20) are of the form

V:Vw+VO/M7L (2])
for the solute, and
vi=ve+ vo/M; (22)

for each component, where vy is the value of v; at
infinite molecular weight, and v is related to ap of
equation (3) and to by of equation (18). Both v and
vo are functions of the nature of the solvent and the
nature of the homologous series.

The methods used to deduce equation (20) have also
been used to estimate the effect of molecular weight
on v»13-15 but direct confirmation from experimental
data has been limited to poly(ethylene glycol) and
p-oligophenylenes (see ref. 16 for data) and to poly-
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(propylene glycol)17. It is doubtful that the p-oligopheny-
lenes constitute a true homologous series, but equation
(21)isinreasonable agreement with experiment even in this
case. In general, calculation13-15 and experiment!® show
that the term in M, is usually not important for values
of M, greater than 5-10x 103, Dependence of v on
molecular weight will be greater for polymers with
large values of ao and by, i.e. polymers with end-groups
and repeating units that differ greatly in molar refraction
and in molar volume. Larger effects can be expected,
therefore, in condensation polymers compared to
addition polymers with roughly the same repeating
units.

According to equation (20), 6mv/(hi+2)? is ap-
proximately linear in (n7— 1)/(n7+2) for a given polymer
with a given My, since o and b vary only a few % in
different solvents, in several cases!l: 15, Rearrangement
of equation (20) shows that » is also approximately
linear in ni, since the factor 6mi/(ni+2) varies only
about 2% over the range n =13 to 1-7, which covers
most common solvents. In fact, this range of n; is so
small that plots of v against n1 or against ni are both
linear. This observation has been considered to be a
consequence of the Gladstone-Dale equationl3. 16, 18,19
but obviously has a much more general basis. The
dependence of v on refractive index of the solvent is
more complex for the Onsager—Bottcher equation
(19), but can be calculated if #{ is known with sufficient
accuracy3.

THE LIGHT-SCATTERING EQUATION

The turbidity = for a polydisperse non-electrolyte in a
single solvent is given byl:2

q
7/H' = Z xiMi(0n/dx;)2—

3% Bylonfox)@nfoxvey  (23)

by

<.

where
H' =3273n}/3N ac1A* (24)

with N4 Avogadro’s constant, A the wavelength of light
in vacuum, c; the concentration of solvent in mass per
unit volume. The molecular weight of solute component
i is M;, and its concentration is x;=my/n, where m
is the mass of the solvent. The quantity

Biy= M;(0 In v:/0x;)z;,

where y; is the activity coefficient of component i, is
the first term in a Taylor expansion of In y; in the con-
centration. In terms of the concentrations c;=m;/V
in mass per unit volume, x;=c;/c1, and

x:0n]0x;=civi(1 — ci¥s) (25)

The terms in equation (23) are correct to quadratic
terms in x; so that ¢i#; in equation (25) may be dropped.
This is equivalent to evaluating the terms in equation
(23) at infinite dilution of solute.

Equation (23), for the case in which v; is independent
of molecular weight, becomes, using equation (25),

c1H'vics/t=1]My+2Az2cs (26)

where the weight-average molecular weight is

_ q
My= 3 ciMifcs 27
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q
with ¢s= Y, ¢; the total solute concentration, and the

=2
seeond virial coefficient is
A2= % E ,31;'(‘;'(‘;//\7%,6‘%01 (28)
¥
We therefore rewrite equation (23), using equation (25),
in the form
c1H 'vics/r=
(l/Mobs)[l —(FMonsvicics) X Bijvi Vjclfj]_l (29
2¥
where
g
MObS: Z CiVizMi/CsV2 (30)
=2

Expansion of equation (29), with retention of the first
two terms only, gives

c1H veeg/T=1/Mops+2AonsCs (31)
where
Aobs= (%Mzobsvzcgc 1) Z Bijvivicic; (32)
ij

Equations (30) and (31) must now be combined with
equation (22) so that the observed molecular weight,
equation (30), and second virial coefficient, equation
(32), may be used to obtain correct values of M, and
A2. Substitution of equation (22) in equation (30) gives,
using equations (21) and (27),

Mobs=(V00/V)2[Mw+2VO/V00+(V0/V00)2/M7L]
=M+ (veo| V)Y M— My) (33)

The observed molecular weight is equal to the weight-
average molecular weight only when v=ve. In general,
both the number-average molecular weight and the
dependence of v on molecular weight must be known
in order to obtain M, from Mgns, and Mops can be
larger or smaller than M,, depending on whether v
increases or decreases with molecular weight.

Substitution of equation (22) into equation (32)
gives:

Aobs= (M gnsvicicy) E Bij(vao+ vo/ Mi)(veo + vo/ Mj)cic
Y
=(A2v2 M3 /v2M3nsc1) %
[1+BSBijcici(1/Mi+ 1M+ volvae MiM})]  (34)

where _
4B = V0/Voo(’?MwA2.

The main difference between Aqns and 4. is contained
in the term in front of the term in square brackets.
The sums inside the square brackets can only be evalu-
ated approximately. To do this, we use the expression
of Flory and Krigbaum?2? for the second virial coefficient
of a random polymer chain:

Ax=(JIN4ci M%) X F(JEciciMiM; (35)
i

where
J=( —x)v§[ V1 (36)

with 1, «1 enthalpy and entropy parameters charac-
teristic of the polymer, vs the specific volume of the
polymer, and V; the molar volume of the solvent.
The function F(J£}) contains the quantities & in its
argument, which are related to the excluded volume
of an ij pair. In the present case, vs is an increasing
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function of molecular weight, and calculations show?2¢
that F(J¢}) is a decreasing function of molecular
weight. A reasonable approximation for the range of
molecular weights over which »; is not constant is
thus to take JF(J£}) constant. According to equations
(35) and (28), this means that 8;;=4A42M;M;c1, and equa-
tion (34) becomes

Aobs/AZ =(V90Mw/VMobs)2 X
[1+Q2vo/vl )1+ vo/2vMy)]  (37)

Once My, is known, A2 can be obtained from Agns and
equation (36).

Figure 1 shows the dependence of Mops and Agns On
the refractive index of the solvent for a polymer with
M=2M,=2000, v =i =0-9cm3/g, nZ =160, ag= 10,
bo=100cm3/mol. The values of v and v« become zero,
in general, at different values of the refractive index of
the solvent, resulting in a marked dependence of both
Mons and Agns on 1.

MIXTURES OF POLYMERS

The dependence of the observed molecular weight on
the refractive index of the solvent, as deduced above,
resembles the dependence of the observed molecular
weight of a homopolymer mixture or of a copolymer
on the refractive index of the solvent, as deduced by
Bushuk and Benoit?!. It is of interest to extend the
theory to include mixtures with refractive index incre-
ments that depend on molecular weight.

Consider a mixture of polydisperse solutes of types
A and B, with relative mass fractions wa, wp=1—wa.
For each of the ¢’ —1 members of type A (component 1
is the solvent),

:Vi+V3/Mi’ i=2,...,q (38)

and a similar equation holds for the remaining g—¢q’
members of type B. The observed refractive index
increment is then

a:immm}wn z L+ M)

=2 i=q’ -

=Vt V()/Mn (39)
where
ﬁ():.\'Av"\ +.\‘Bv” (40)
Po=1wavt +wgrl “4n
M‘*nA/\ Bi M, (42)

(=2

and xa, xp are the mole frac_tlons of A and B, and a
similar equation holds for M. From equations (30),
(38) and (39), the observed molecular weight is given
by:

g
- Al 3
PEMons= X viciMifes

(=2

= () 2w a(F A — 7T 3) 4+ (v8) 2p(M B — ST B) +
(vA)2waM )+ (vB)2wpM ) (43)

where ¢s=ca+cp is the total solute concentration, and
the weight-average molecular weight of 4 is

_ a
MA=Y eiMifca (44)

MB is defined in the same manner. Equation (43) may
be expressed in a form analogous to equation (33):
PZMops = 172/\7;—1— (M -M )+2(P R)(v —VB)V
(O~ SHvd — vli)2+2R(V —vB)p+
S (vA—pB)2 (45)
where
M =waMi+wpM )} (46)
and M, and 5 are defined similarly. The form of equation
(45) follows by noting that equation (43) is a quadratic
function of the refractive index increments. The para-
meters are found by substituting for 7, vw and M, in
equation (45), equating the resulting equation to equa-
tion (43), and comparing coeflicients of like powers
of the various refractive index increments. These para-
meters are measures of the heterogeneity of the mixture,
and are given by:
P= )1‘AWB(1\-/7;}. -M },’
Q=wawp(wsM+waM b)
R=wawp(M2— MY
S=waws(weM 2 +waM P

(47

Equation (45) contains M, which is not directly
measurable from the properties of the mixture alone.
If waM;} and wpM P are not widely different, M is
much closer to M, than to M. For v} =v8=0, equation
(45) reduces to the equation of Bushuk and Benoit.
The factor of 2 in this equation conforms to their usage.
Comparison of equation (45) with equation (33) shows
that the simplest mixture gives additional terms in the
expression for Mons. Since the total refractive index
7 can approach zero while 7y, #} - 5" and 74— 9B
remain finite, these terms alone can cause the observed
molecular weight to become very large in an appropriate
solvent21,

If the properties of each component of the mixture
are known, the behaviour of equation (45%) as a function
of the refractive index of the solvent can be found.
As an example, take M3 =15000, ¥ "= 2000,

MAMMN~= MY/ ME=2.

!

For polymer A, v/ =7 =08cm3/g, n/ =150, ay=20,
bo=200cm3/mol. For polymer B, the parameters are
those used to derive Figure [. For a mixture with,
wa=wp=05, 2P=R=1500, Q=5/2=875,

M =28 " =3500,

M, =1429, M,/M,=2-35. In Figure 2, the observed
molecular weight, calculated from equations (45) and
(19), 1s plotted as a function of iy, the refractive index
of the solvent. As in Figure I, it is apparent that the
mixture terms become less important as the value of
m differs more from the refractive index of either solute
component. If the assumption M, =M is made, the
correct M, can be estimated from measurements of
Mops as a function of ny.

Comparison of Figures [ and 2 shows the striking
difference in the dependence of Mons on ny, especially
near the value of s for which # becomes zero. In principle,
this dependence can be used to detect the presence of
two components with different refractive index incre-
ments. A simple mixture and a copolymer cannot be
distinguished however, since equations of the same form
hold for a copolymer?1.
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2:0

Figure 1 Mobs/Mw as a function of refractive index of solvent,
m, —=---; Aobs/Az as a function of n,, . The polymer has
Mw=2Mp=2000, and other parameters as given in the text

Mobs X |O-3

1 I\ 1 1 j - i 1 1 1
K] 12 -4 " 6 1-8 20
i
-50 o} 50
em3q v

Figure2 Observed molecular weight of a mixture with parameters
as given in the text as a function of a refractive index of solvent,
ni, ; and as a function of average refractive index increment,
», —---. The dashed curve is parabolic. The correct weight
average molecular weight is My, =3500

If the properties of the individual components of the
mixture (or copolymer) are unknown, treatment of
experimental data using equation (45) to find the para-
meters (47) is difficult, since the roughest approximation
gives »2Mons as a quadratic function of the refractive
index of the solvent. A useful approximation is to
assume that ve/v, vA—vB and v} — 8 vary much less
than 7 or 7« over the range of values of ny that is en-
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countered in practice. For the example given above,
vB—vA and v8 —v4 vary from 0:07 to 0-09 and ieo/5
varies from 0-06 to 1-0 over the range n1=1-8 to 1-3,
while 7 varies from 0-2 to —0-3. According to equation
(45), Mops is then a quadratic function of 1/#, of the
form:

Mons=A+B/v+C/p2 (48)

For the example given above, A=2-87 x 103 g/mol, and
the average values of B and C are —48-0x 103cm3/mol
and 5-6x103cm8g-1mol-1, respectively. If the data
for the example are fitted by quadratic least squares22
to equation (48), the values

A=321x103, B=-49-0x103, C=7-0x103

are found, in reasonable agreement. Figure 2 also shows
Mons as a function of 1/5. The least squares curve is
indistinguishable from the plotted points on the scale
of the Figure. A similar approximation should also
hold for the simpler case v} =} =0, but if the data of
Bushuk and Benoit2! are fitted to equation (48) by
least squares, the values of the coefficients A, B and C
differ considerably from their estimates. The standard
error of estimate is also large, and emphasizes that
highly precise scattering data are necessary if a mixture
is to be analysed by any of the above methods.

ACKNOWLEDGEMENTS

The research for this paper was supported, in part, by
the Defence Research Board of Canada and the National
Research Council of Canada. We wish to thank the
Government of Ontario for a graduate fellowship to
D. E. G. J., and the British Council for a travel grant
toJ. W. L.

REFERENCES

| Kirkwood, J. G. and Goldberg, R. J. J. Chem. Phys. 1950,

18, 54

Stockmayer, W. J. J.. Chem. Phys. 1950, 18, 58

Lorimer, J. W. Polymer 1972, 13, 46

Jones, D. E. G. and Lorimer, J. W. Polymer (in the press)

Bottcher, C. J. F. ‘Theory of Electric Polarisation’, Elsevier

Publishing Co., Amsterdam, 1952, sections 40, 44

Partington, J. R. ‘An Advanced Treatise on Physical Chemistry.

Vol. IV. Physico-chemical Optics’, Longmans, Green and Co.,

London, 1963, section 10

7 Li, K., Arnett, R. L., Epstein, M. B., Ries, R. B., Bitler, L. P.,
Lynch, J. M. and Rossini, F. D. J. Phys. Chem. 1956, 60, 1400

8 Bodmann, O. Makromol. Chem. 1969, 122, 210

9 Fox, T. G. and Loshaek, S. J. Polym. Sci. 1955, 15, 371

10 Fox, T. G. and Flory, P. J. J. Appl. Phys. 1950, 21, 581

11 Schulz, G. V. and Hoffmann, M. Makromol. Chem. 1957,
23, 220

12 Kobataka, Y. and Inagaki, H. Makromol. Chem. 1960, 40, 118

13 Stacy, C. J. and Arnett, R. L. J. Polym. Sci. (4-2) 1964, 2, 167

14 Heller, W. J. Polym. Sci. (A-2) 1966, 4, 209

15 Huglin, M. B. J. Appl. Polym. Sci. 1965, 9, 4003

16 Huglin, M. B. J. Appl. Polym. Sci. 1965, 9, 3963

17 Meyerhoff, G. and Moritz, U. Makromol. Chem. 1967, 109,
143

18 Bodmann, O. Makromol. Chem. 1969, 122, 196

19 Wigand, G. and Veith, H-I. Plaste Kaut. 1969, 9, 671

20 Flory, P. J. and Krigbaum, W. R. J. Chem. Phys. 1950, 18,
1086

21 Bushuk, W. and Benoit, H. Can. J. Chen. 1958, 36, 1616

22 Hamilton, W. C. ‘Statistics in Physical Science’, Ronald Press
Co., New York, 1964, section 5-6

wh N

[=)



Preparation and properties of
networks containing chloroprene
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The free-radical solution polymerization of chloroprene (CP) photoinitiated by
manganese carbonyl [Mn2(CO)1s] in the presence of organic halides has been
studied and found to obey conventional steady-state kinetics with kpk;1/2=0-012
mol-1/2 |1/2 g-1/2, UUse of a preformed polymer, poly(vinyl trichloroacetate)
(PVTCA), as the halide component of the initiator enabled the nature of the
termination reaction to be deduced from measurements of gel times; it appears
that termination occurs predominantly by combination at 25°C. Autoacceleration,
which accompanies gelation, sets in before the gel pointis reached, and becomes
more pronounced with increasing crosslink density.

With the aid of the above kinetic data it was possible to prepare crosslinked
systems of known constitution based on PCP and PVTCA. Electron microscope
studies showed the existence of two-phase systems in which the domains of
polychloroprene are much smaller and far more uniform than in a comparable
blend of the component polymers. The structure of these materials is discussed.

INTRODUCTION

We have already described!-4 a synthetic route to block
and graft copolymers and networks based on initiating
systems typically composed of an organic halide and an
organometallic derivative of a transition metal in a low
oxidation state. This technique is of rather wide applica-
bility and allows statistical control of the mean crosslink
density and length, the ratio of branches to crosslinks
in networks, and related relevant quantities in graft and
block copolymers.

As part of a study of the properties of materials
prepared in this way we have examined® the networks
poly(vinyl trichloroacetate) (PVTCA) + poly(methyl
methacrylate) (PMMA) and poly(vinyl trichloroacetate)
+polystyrene (PS). Dilatometric observations showed
the existence of two glass-transition temperatures,
indicating the presence of two separate phases. In the
case of the systems containing polystyrene, the coefficients
of cubical expansion were consistent with almost complete
separation of the two polymer species. However, with the
poly(methyl methacrylate) systems the slope of the
volume-temperature plot between the two transition
temperatures was larger than anticipated on this basis
and it was proposed that the two phases consist of
poly(methyl methacrylate) and a mixture of this polymer
and poly(vinyl trichloroacetate), respectively. The latter
phase was considered to exhibit a single glass transition.
Geometrical constraints imposed by the network structure
must be one important factor determining the morphology
of such systems.

Direct ultramicroscopic investigations of the mor-
phology of the networks was not possible since no
suitable staining technique could be devised. It was
therefore thought desirable to use a diene as crosslinking
monomer to enable the osmium tetroxide fixation
technique described by Kato® to be employed. Further,
systems of this type might provide information in the
fields of thermoplastic elastomers and high impact
plastics.

Chloroprene (CP) appeared to be the most suitable
monomer. Both butadiene and isoprene polymerize very
slowly in solution, on account of high termination and
low propagation velocity coefficients?. They have the
additional disadvantage of being non-solvents for
PVTCA. Little quantitative information on the kinetics
of free-radical solution polymerization of chloroprene
is available in the literature so that it was necessary to
determine the kinetic parameter kpk; /2 (kp, k¢ are the
velocity coefficients of propagation and termination,
respectively) and also the incidence of combination in the
termination reaction. For these purposes photoinitiation
by manganese carbonyl in the presence of a suitable
organic halide was used*: 8. (Chloroprene itself does not
behave as an active halide in the reaction.) Reasons
have been advanced in an earlier publication? for believing
that the rate of initiation by this system is independent of
the nature of the monomer; consequently comparison
of the rates of polymerization of chloroprene and methyl
methacrylate (kpk; 1/2=0-055mol-1/2 11/2 ¢-1/2 3t 25°C)
allowed kpk,;~1/2 for chloroprene to be estimated. The
nature of the termination reaction was investigated by
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using PVTCA as the halide, and comparing the gel time
with that for methyl methacrylate (for which the fraction
of combination in termination is known* to be 0-34
at 25°C).

The work on chloroprene polymerization and the
ultramicroscopic examination of PVTCA + PCP networks
are the subjects of the present paper.

EXPERIMENTAL

Materials

Manganese carbonyl [Mnz(CO)i0] was purified by
sublimation in vacuum and was stored in the dark.

Chloroprene is extremely reactive towards oxygen,
forming unstable peroxides which subsequently dissociate
and initiate polymerization. To obtain kinetically pure
material it was necessary to ensure the absence of oxygen
at all stages of purification.

The stabilizer (t-butyl catechol) was removed by
several washings with dilute sodium hydroxide, followed
by distilled water. After standing over molecular sieves
for several hours the chloroprene was transferred to a
vessel fitted with a break-seal. These processes were
carried out in a glove-box purged with nitrogen. The
vessel containing the monomer was evacuated and
sealed off, and any perexides present were decomposed
by irradiating the liquid with light of wavelength 365 nm.
Finally, the container was attached to the vacuum line,
and the desired amount of chloroprene was distilled
directly into the reaction vessels through the break-seal.

The purification of methy! methacrylate and the
preparation of poly(vinyl trichloroacetate) have been
described in an earlier paper®. Analar ethyl trichloro-
acetate, required for the determination of kpk;~1/2 for
chloroprene, was used without further purification.

Apparatus and techniques

Polymerizations were carried out in a laboratory illumi-
nated by inactive (sodium) light.

Photo-initiation was effected by a parallel beam of
light, with wavelength predominantly 435-8nm. The
optical apparatus, and the dilatometric technique used
for following polymerization have been described in
detail elsewherel. In experiments involving gelation a
portion of the capillary of the dilatometer adjacent to the
light beam was blackened to prevent destruction of the
meniscus by gelation.

Gel times were measured in Pyrex vacuum viscometers
of the type described by Bamford and Dewar!0,

A JEM?7 electron microscope, operating with an
accelerator voltage of 80kV, was used to obtain electron
micrographs of thin films and sections.

Thin films. Cast films of suitable thickness for direct
examination by electron microscopy were prepared by
two methods.

In the first method, a drop of a solution of polymer
in benzene (0-4% w/v) was placed on a microscope grid
and allowed to dry. The film formed had a somewhat
irregular thickness of the order of 2 pm.

Alternatively, freshly cleaved mica sheet was coated
with a fine carbon deposit by means of a vacuum
evaporator. It was then covered with a solution of the
polymer in benzene (0-049 w/v), and the solvent was
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evaporated. The polymer film was carefully floated off
the mica by bringing the edge into contact with a clean
water surface. The floating film was separated into
convenient portions and lifted on to grids; observation
of the films was greatly facilitated by the carbon support.
Fifm thicknesses obtained by this technique were
calculated to be of the order of 100 nm.

Thin films of the PVTCA/PCP network (I} (Table I)
were prepared by both methods. A film of a blend of
PVTCA+PCP (100:16 w/w) was obtained by the
first method.

Specimens were stained for periods of 1 and 4h by
exposure to the vapour of a 19 aqueous solution of
osmium tetroxide contained in a closed vessel. The
longer period produced a considerable improvement
in contrast.

In order to check that the casting procedure did not
introduce artifacts which might have been interpreted as
structural details a film of PVTCA was prepared by the
first method. No structure was discernible after prolonged
exposure to osmium tetroxide vapour.

Ultra-thin sections. A small piece of the PVTCA/PCP
network II (7Table I) from which excess monomer and
solvent had been removed in vacuum, was stained in a
19 aqueous osmium tetroxide solution for 24 h then
stuck to a block of Araldite resin. The specimen was
trimmed to a small area and faced in an LKB ultra-
microtome. After restaining the face, sections 80nm
in thickness were cut.

RESULTS AND DISCUSSION

Determination of kpk¢1 for chloroprene

The polymerization of chloroprene(80 %, v/v in benzene)
at 25°C was photo-initiated (A=435-8 nm) by manganese
carbonyl in the presence of ethyl trichloroacetate. Rates
of initiation # were determined by comparable experi-
ments with methyl methacrylate. Figure I shows that the

40}
o
— 30F
‘l/l
2 20
3 O
'3}
o
|4O_
1 4 i i
o) O 2.0 30 40

IOA\gV2 (moII/2 I-Vz S—‘/z)

Figure1 Proportionality between rate of polymerization of chloro-
prene w and square root of rate of photo-initiation #'/2 at 25°C.
[Chloroprene]=8-16mol I-1; solvent=benzene. 10 [Mnz(CO)10]
(mot I71): O 5-14, @ 10-28. [Ethyl trichloroacetate]=0-032mol 171,
A=435-8nm
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Figure 2 Proportionality between rate of polymerization of
chloroprene and chloroprene concentration at 25°C. Solvent=
benzene. 10¢[Mn2(CO}10]=10-28mol I-1, A=435-8nm. [Ethyl tri-
chloroacetate]=0-032mol [-1

rate of polymerization w is proportional to the square
root of the rate of initiation over the range studied.
At constant rate of initiation the rate of polymerization
is proportional to the monomer concentration [M]
(Figure 2). The reaction therefore appears to follow
conventional free-radical kinetics expressed by:

w=kpk12[M] F172 (1

./ being independent of the monomer concentration
under our conditions. From the data in Figure 1 we
find that

kpki12=0-012+0-001 mol 112 [V2 g-12 (2

Termination reaction in chloroprene polymerization

Use of a polymeric halide such as PVTCA in association
with an organometallic derivative (e.g. Mn2(CO)1p) leads
ultimately to gelation if termination occurs at least
partly by radical combination. Under the simplest
conditions, application of gel theory leads to the follow-
ing expression for the gel time ¢

ln: P 'I\’t’c'" (3)
ty ¢ kietku

in which P,. ¢ represent the weight-average degree of
polymerization and base-molar concentration of the
prepolymer and k¢, ki are the velocity coefficients for
termination by combination and disproportionation,
respectively. In practice, 10 may differ from the observed
gel time f, on account of the occurrence of transfer
processes, initiator consumption, and radical wastage
arising from ring-formation!-2. Methods for calculating
1Y from 1, have been described in an earlier publication?.
In correcting for initiator consumption it was assumed
that the rate of free-radical generation is twice the rate of

consumptionof Mng(CO)o!t. Chain-transfer was supposed
to be negligible in the chloroprene system; for methyl
methacrylate the transfer constant to monomer was
taken as 2 x 10-% at 25°C. According to equation (3) a plot
of 1/t) against # for constant ¢ should be linear with
slope

Pw Kee

¢ /\'tc+/\'td

Thus if Pu/c is known, ke/(kee+ kiq) may be calculated.
Alternatively, if ¢) is determined for a monomer for
which the nature of the termination reaction is known,
application of equation (3) gives P,/c and hence leads to
a value of kyo/(kta+k¢a) for the monomer under investi-
gation. We have adopted the latter procedure, with
methyl methacrylate as the reference monomer. From a
plot of 1/t) against ¢ for methyl methacrylate we find
that

Puje=(5-56+0-72) x 104 mol 11 (4)

A plot of 1/t) against 7 for chloroprene in benzene
solution (809, v/v) is shown in Figure 3 for a value of
¢ (0-046 bmol 1-1)equal to that in the methyl methacrylate
experiments. From equations (3) and (4) we find that
for chloroprene at 25°C

ke .
}E;c+k7d“100i0'3 &)

Thus the termination reaction in chloroprene polymeri-
zation is effectively a combination process, and networks
prepared as described earlier will contain few branches.

Autoacceleration in the formation of networks contain-
ing chloroprene

During the preparation of these networks it was found
that for reactions taken beyond the gel time the con-

i A 1 L 1

@] 2 4 6 8
1089 (mol 1" s

Figure 3 Dependence of corrected gel time ¢§ on # at 25°C.
[Chloroprene]=8-16mol I-1; solvent=benezene; 10[Mn2(CO)1y]
(mol I71): x,2:57; G, 5-14; @, 10-28. [PVTCA]=0-046bmol I-!
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versions were much higher than predicted by equation (1).
From the dilatometric plots shown in Figure 4 it will be
seen that autoacceleration sets in before the gel point
is reached. On the other hand, with methyl methacrylate
as monomer, there is no detectable autoacceleration until
reaction has proceeded for considerably longer than 74, and
the effect is much less marked than with chloroprene
(see Figure 5). It has previously been reported® that
styrene also shows considerable autoacceleration under
similar conditions. The autoacceleration is clearly a
manifestation of the Trommsdorf-Norrish effect, arising

N

Conversion (%/o)

Reaction time (min)

Figure 4 Autoaccelerauon during network formation with chloro-
prene at 25°C. [Chloroprene]=8-16mol I-!; solvent=benzene;
[PVTCA]=0-046 bmol 1-1.10° # (mol |-t s~1): [1,76; O,15; A, 7°5.
Measured gel times (min): J, 4; O, 20; A, 44. 10°[Mn2(CO)10]
{(mol I-1):[J,10-28; O, 5:14; A, 2-57. - - - - represents calculated
initial rates of conversion

Conversion (/o)
o
T

1 L
0 100 200 300
Reaction time (min)

Figure 5 Autoacceleration during network formation with methyl
methacrylate at 25°C. [MMA]=7-5mol I-1; solvent=benzene.
[PVTCA]=0:092bmol i~1.108_#=3-8mol I-1 s~1, 104{Mn2(CO)o]=
5-14mol I-1. Measured gel time=55min

60 POLYMER, 1972, Vol 13, February

from a reduced velocity coefficient of chain termination.
The results obtained with the three monomers suggest
that a low value of kpk;~1/2, which would lead to shorter
crosslinks under comparable conditions and so give
‘tighter’ gels, might favour autoacceleration.

The occurrence of autoacceleration is useful in systems
of this type in which monomers with low values of
kpk:s1/2 are polymerized, since it allows appreciable
conversions to be obtained in Trelatively short times.
If most of the autoacceleration takes place in the early
stages of reaction, as appears to be the case in the
polymerization represented by [] in Figure 4, its
broadening effect on the molecular weight distribution
might be less than would appear at first sight.

In view of the uncertainties introduced by the pro-
nounced autoacceleration in systems containing chloro-
prene, the mean crosslink length in network II was
calculated from the consumption of chloroprene and the
number of chains started (i.e. # x reaction time), rather
than from kpk;1/2,

Electron microscopy

Specimens suitable for examination by electron micro-
scopy were obtained both by thin-film casting from
benzene solution and by cutting ultrathin sections by
microtomy as described above.

The preparative experimental details for the networks
are summarized in Table 1, together with compositions
and structural parameters derived as already explained.
A blend of PVTCA and PCP was also examined; a
mixture of the homopolymers was cast on a grid as a
film from benzene solution.

Table 1 Network preparation and parameters
Polymerization temperature: 25°C. Diluent : benzene

Polymerization | 1

Initial [Mn2(CO)10] (mol I-1) 5-14x 104 6-4x 102
[PVTCA](g/N) 10 12-5
[M] (mol I7Y) 8:16 7-65
Observed gel time (min) 44 34
Reaction time (min) 25 35
10¢ #o (mol I-1 s-1) 75 110

102 [AM] (mol 1-1) 1-29 (calc) 43

% Chloroprene in network (w/w) 10-4 755
Mean no. of crosslinked units per

weight-average prepolymer chain 0-57 1-7-8-8
Pn crosslinks 2290 3720

Figures 6 and 7 show typical electron micrographs of
two films of polymer I (Table 1) cast on a mica surface
and a grid respectively, as already described. Both
specimens exhibit phase separation, the dark areas in the
Figures corresponding to regions rich in chloroprene.
The thinner film (Figure 6) shows a relatively regular
distribution of rubber domains; the thickness of the
film is probably of the order of the domain size and less
than the average inter-domain separation so that
Figure 6 is likely to represent a single layer of domains.
Figure 7, which refers to a thicker specimen, presumably
corresponds to a superposition of structures such as
those in Figure 6. Figure 8 was obtained from a section
of network Il (7Table I), containing a much higher
proportion of polychloroprene. The distribution is
much less regular than that in Figure 6; this may, in
part, be the result of damage during sectioning. Dis-
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Figure 6 Electron micrograph of film prepared by the second
method, thickness ~100nm; network | (Table 1)

500nm

Figure7 Electron micrograph of film prepared by the first method;
thickness ~2um; network | (Table 1)

tortion on drying may also be important, since the
specimen has a comparatively high crosslink density.

Figure 9 shows the structure of the film cast from the
blend under comparable conditions and resembles
electron micrographs obtainable from many other
polymer blendsi2. Comparison of Figures 6, 7 and 9
shows that only in the blend are large rubber domains
(~2000nm) in evidence. The networks appear to have
domains which are much smaller (~150nm) and more
nearly uniform in size and shape.

We now consider the separation of the domains in
Figure 6. This appears to have an average value of
approximately 200 nm; since it is greater than even the
fully extended length of an average PVTCA chain, the
rubber domains cannot be connected by single PVTCA

Figure 8 Electron micrograph of section of network |l (Table 1),
thickness ~80nm

Figure 9 Electron micrograph of film of blend of PVTCA and
PCP (100 : 16 w/w) cast as in the first method; thickness ~2pum

molecules. The degree of crosslinking in the polymer of
Figure 6 is low, and the material must therefore contain
a high proportion of unreacted PVTCA. We propose
that domains of polychloroprene are formed by agglom-
eration of crosslinks of this polymer, with a large
degree of exclusion of the attached PVTCA, which
therefore assumes the form of external branches and
loops. The result is effectively a rubber particle with
attached PVTCA chains which can act as stabilizers
when the material is suspended in a matrix of PVTCA.

From Figure 6 we see that the average diameter of the
domain is of the order 150nm. If the domains are
spherical with this diameter, each will contain approxi-
mately 7000 polychloroprene molecules (2, =2290) if no
PVTCA is incorporated. Further, the domain diameter
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Figure 70a Schematic representation of specimen | (Table 7).
~ 4 PCP chain; , PVTCA chain

&y

b

Figure 10b Schematic representation of specimen |l (Table 7).
X and Y represent PCP and PVTCA chains trapped in the ‘wrong’
phases. ~— , PCP chain; , PVTCA chain

is similar in magnitude to the unperturbed mean end-
to-end distance of a polychloroprene molecule with
B,=2290, so that most molecules could have their
terminal groups on the surface of a domain. From
Table 1 it follows that the total concentration of PVTCA
units reacting (in 25min) is 7-5x1072x1500=1-12x
10-5bmol 171, and since the concentration of PVTCA
is 46x10~2bmol I-t the probability of a given unit
entering into reaction is only 2-43 x 10-4. Consequently
the majority of the copolymer molecules produced will
be H-shaped, with only a minor amount of more complex
copolymers. These considerations lead us to believe that
the picture of domain formation already proposed is
quantitatively satisfactory; a schematic drawing of the
morphology is given in Figure 10a.
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Growth of a domain to greater sizes would appear to
necessitate incorporation of PVTCA. The behaviour of
the blend of the two polymers (Figure 9) shows that they
are incompatible, so that continued growth, beyond that
illustrated in Figure 10a would be thermodynamically
unfavourable.

The situation is naturally more complicated with
specimen IT (Table 1), which was prepared with a much
higher degree of crosslinking. According to Figure 8
the domains are more irregular and somewhat smaller,
but the inter-domain separation is greatly reduced.
We therefore believe that the basic domain structure is
similar to that in Figure 10a, but that the domains must
now be linked together, predominantly by PVTCA
(Figure 10b), but perhaps also by some polychloroprene
(X, Figure 10b). Geometrical constraints may necessitate
the trapping of some PVTCA in rubber domains (Y,
Figure 10b).

If the suggestions advanced above are correct, it
follows that in these systems the domain size should be
mainly determined by the mean crosslink fength, while
the domain separation should depend on the degree of
crosslinking. We intend to discuss these matters in
future publications, together with the properties of these
two-phase systems.
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Low-angle X-ray diffraction studies
of reduced and silver-stained
a-keratin
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When the cystine in Lincoln wool fibres is reduced and the fibres subsequently
‘stained’ with silver nitrate, the low-angle X-ray diffraction pattern becomes
considerably enhanced, and to a good approximation represents the regular
distribution of silver atoms throughout the fibre. This regular distribution of
silver atoms is equivalent to the distribution of cystine, since if the reduced
cystine is blocked by alkylation before staining, the silver uptake is low and the
only enhancement which occurs is a very small intensification of the low-angle
equatorial reflections. The precise nature of the enhanced diffraction patterns
varies considerably with the prior reduction treatment and it is possible to
distinguish between matrix and microfibril fractions of cystine. When the
microfibril cystine is labelled the low-angle meridional reflections contract in
spacing and this is accompanied by a similar change in fibre length. There is
no apparent change in the high-angle, helical pattern, however, which leads to
the conclusion that the ordered keratin protein chains are made up of alternating
helical and non-helical sections. A model for the matrix is also proposed,
consisting of short, randomly orientated a-helical segments, which become
orientated about the fibre axis where they form the surfaces of the microfibrils.
A possible mode of interaction between the matrix and microfibrils is aiso

suggested.

INTRODUCTION

The low-angle X-ray diffraction of «-keratin impregnated
with heavy metals after reduction of the disulphide bonds
has been reported by several workers!~% Both the
equatorial reflections (at approximate Bragg spacings of
80A (e1), 45A (e2) and 27A (e3)) and the meridional
reflections (as orders of a macroperiod of 198 A) have
been shown to be enhanced.

The equatorial patterns of wool fibres obtained using
silver nitrate and phenyl mercuric hydroxide as the
heavy metal reagents have been related to the histological
distribution of the stains throughout the fibred. The
matrix-microfibril contrast observed in the transmission
electron microscope3. ¢ has suggested a fine structure of
‘holes’ arranged in an electron-dense medium? and this
structure has been related to the spacings and intensities
of e1, e2 and e3. The ‘holes’ have been equated with the

* Present address: School of Biological Sciences, The University,
Bradford 7, Yorkshire, UK.

microfibrils, and hence it has been concluded that the
stain is entering, preferentially, the matrix. The fact that
the observed effects take place after prior reduction of the
disulphide bonds to thiol groups suggests that the binding
site for the heavy atom is at a sulphur atom, and thus a
cystine-rich matrix is implied.

The interpretation of the changes in the meridional
X-ray diffraction patterns produced by heavy atoms has
been made difficult by the fact that previous workers
have not only used different metals but also different
redaction treatments prior to staining. This paper
examines the effect of different prior reduction treatments
on the X-ray diffraction of silver-stained keratin.

EXPERIMENTAL
Lincoln wool samples were prepared in which (1) 409

of the wool cystine was reduced with thioglycollic acid
(termed ‘most reactive’ cystine); (ii) the ‘most reactive’
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cystine was reduced as above, alkylated with ethylene
dibromide, and the remaining ‘least reactive’ cystine
reduced with tetra(hydroxy methyl) phosphonium
chloride (THPC); (iii) 809, of the cystine was reduced
with THPC; and (iv) all the cystine was reduced and
alkylated with ethylene dibromide by two reduction-
alkylation cycles (using thioglycollic acid and THPC
as the two respective reducing agents).

The samples were all stained in solutions of silver
nitrate, and X-ray photographs were taken of the
washed and dried samples.

Parallel experiments were carried out on single fibres
and tests were made for fibre contraction at each stage
of the reaction sequence.

Lincoln wool was prepared for analysis by Soxhlet
extraction followed by a dilute (6 x 10-4N) hydrochloric
acid wash to remove any metal ions and reduce the ash
content of the wool?, and finally washing in conductivity
water to the isoelectric point of wool (pH =5-1).

Low-angle X-ray photographs were taken using a
‘pin-hole’ camera designed in this laboratory8. Nickel
filtered CuKa (A=1-54A) radiation was used and was
generated from a Hilger Y-25 100 um microfocus tube
operating at about 35kV and 2-5mA.

High-angle photographs using CuKo radiation were
taken on simple glass-capillary collimated cameras, also
designed in this laboratory®. The source of X-rays was a
Hilger and Watts Y-90 X-ray generator, working at
34kV and 14 mA. A nickel filter was employed as before,
and silver foil was inserted in the centre of each sample
in order to measure the exact reflection spacings.

The X-ray photographs were analysed on a Joyce
Loebl Automatic Recording Microdensitometer Model
Mk IIIC. All traces were corrected for background
scatter by comparison with a trace at an angle of 45°
to the equator.

The reduction procedure with 0-45M thioglycollic
acid followed by a standard wash to yield samples of
known constant thiol content (equivalent to 409
reduction), and the silver nitrate staining procedure at
pH 5-4, were both developed in this laboratory3. Uptakes
of silver were measured gravimetrically against blank
samples.

Reduction with 49 (w/v) THPC at pH 5-410 yielded a
sample with 809, of the cystine converted to thiols.
In the case where the sample had already been reduced
by thioglycollic acid and subsequently alkylated, all the
remaining cystine was reduced. Before further reaction
THPC reduced samples were quickly washed in successive
changes of conductivity water for 10 min.

The alkylation procedure with 0-05M ethylene di-
bromide at pH 8 has been described elsewherell.

The thiol contents of all the samples were measured
by gravimetric uptake of phenyl mercuric hydroxide3,
and by measurement of the remaining cystine after
alkylation of the thiols, by the Shin O’Hara method!2.
This was compared with the cystine content of untreated
wool, which was found to be 860 umol/g, in agreement
with the analyses of other workers3: 13,

RESULTS AND DISCUSSION
Specificity of silver nitrate for reduced cystine

The silver uptakes for all the samples considered are
shown in Table 1. It should be noted that the uptakes are
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Table 1 Uptakes of silver after reduction of cystine in Lincoln
wool

Thiol content  Silver uptake

Reduction treatment (pmol/g wool) (umol/g wool)

0-45M thioglycollic acid (pH 6) 340 1220
0:2M THPC (pH 5-4) 700 2120
0-45M thioglycollic acid (pH 6)

alkylation with (CH2)2Brs

further reduction with 0-2M

THPC (pH 5-4) 580 1470
Complete reduction and
alkylation 0 310

Table 2 Intensity distribution of the low-angle equatorial refiec-
tions e, es, e at approximate respective Bragg spacings 80 A,
42 A, 27 A in silver-stained Lincoln wool

Approximate

enhancement
Intensity ratio  (intensity ratio
Treatment les i lez s les  les: lo-gR)*

Untreated sample 10:0-75:1 0-4:1

‘Most reactive' cystine silver

stained 14:3-75 :1 50:1
‘Least reactive' cystine silver

stained 3:1:9:1 50 :1
809 of cystine silver stained 14-5:3:1 50:1

All of cystine reduced and

alkylated before silver staining 14 :1-2:1 1:1

* Intensity of e2 compared with that of the main equatorial high-
angle helical reflection at a Bragg spacing of 9-8 A

far too high to be accounted for by a stoichiometric 1 : 1
reaction with thiols. Most of the reaction appears to take
place with these groups, however, as the introduction
of an alkylation step between the reduction and staining
reactions considerably decreases the metal uptake.

The low-angle X-ray diffraction patterns of the
samples, with the exception of that of the reduced and
alkylated sample, become considerably intensified with
respect to the high-angle coiled coil diffraction after
staining ( Table 2). To a good approximation, therefore,
they describe the distributions of silver atoms in the
different samples. The low-angle diffraction pattern of
the reduced and alkylated sample, however, shows no
enhancement along the meridian after staining (dens-
itometer traces showed the meridional pattern to be
identical to that obtained from untreated Lincoln wool),
and very little along the equator (Table 2). Thus the
enhanced diffraction patterns may be assumed to be
due to silver atoms located at cystine residues, and hence
describe the distribution of cystine throughout Lincoln
wool fibres.

Low-angle X-ray diffraction of the reduced and stained
samples

The low-angle X-ray diffraction photograph of the
sample in which the ‘most reactive’ cystine has been
reduced and labelled with silver is shown in Figure I, and
that of the sample in which the ‘least reactive’ cystine
has been reduced and labelled is shown in Figure 2.



Figure 1 Low-angle X-ray diffraction photograph of Lincoln wool
that has been silver stained after reduction of the ‘most reactive’
cystine

Figure 2 Low-angle X-ray diffraction photograph of Lincoln wool
that has been silver stained after the ‘most reactive’ cystine has
been blocked and the ‘least reactive’ cystine reduced

Important differences are apparent, both along the
equator and the meridian. These are discussed in detail
below.

The equatorial diffraction. The intensities of the low-
angle equatorial reflections are summarized in Table 2.
The equatorial diffraction of the sample in which the
‘most reactive’ cystine has been reduced prior to staining
is identical to that found by other workers!-3. This type
of pattern, taken in conjunction with the observation in
such samples of matrix-microfibril contrast in the
transmission electron microscope, is generally interpreted
as being produced by scatter from a system of ‘holes’
(microfibrils) embedded in an electron dense (i.e. silver
dense) medium (the matrix). This type of scatter is
characterized by a high intensity of e; due to external
interference between microfibrils, and e2 and es repre-
senting the scatter from a single cylinder, radius 37-54,
having an inténsity ratio fes : Ie3~4 : 1. When, however,
the ‘least reactive’ cystine is labelled, the relative intensity
of ¢1 becomes much lower, and les : leg~2: 1.

These differences may be explained, qualitatively at
least, by postulating that when the ‘least reactive’ cystine
is reduced and stained, considerable quantities of silver
enter the microfibril. The effect of this will be to random-
ize the histological distribution of silver, and hence

X-ray diffraction studies of x-keratin: G. A, Wilson

lower the intensity of the external interference giving rise
to e;. By drawing an analogy with untreated Lincoln
wool, where [fez:les~1:1, the observed lowered
intensity ratio from 4:1 to 2:1 may be similarly
explained. The theory explaining the low-angle equatorial
diffraction of untreated Lincoln wool is based on the
scatter from regularly distributed protofibrils (3-strand
coiled coils) inside the microfibrili4. In the usual stained
specimens as typified by Figure I, the electron density
difference between the matrix and microfibrils is so large
that the arrangement of protofibrils inside the micro-
fibrils becomes unimportant and may be neglected.
However, if the stain enters the microfibrils in large
quantities, the density difference between the microfibrils
and matrix will become equalized, and essentially the
same diffraction conditions as those for untreated Lincoln
wool will occur, i.e. the low-angle equatorial diffraction
will be based largely on the arrangement of protofibrils.
The effect of this in the stained sample will presumably
be to lower the intensity ratio fes : /es.

['hese results suggest, theretore, that the ‘most reactive’
cystine is located mainly in the matrix, and the ‘least
reactive’ cystine in the microfibril.

The meridional diffraction. When the ‘most reactive’
cystine is labelled the 8th order meridional reflection
alone appears to be notably enhanced (Figure 1). When,
however, the ‘least reactive’ cystine is labelled the 3rd,
5th and- 8th orders are enhanced, with the 3rd order
particularly strong (Figure 2).

This last teature of the meridional diffraction confirms
the results of workers using mercury compounds as the
stains?- 4 and provides a simple explanation for the
non-correlation of their results with those of workers
using silver compounds. Evidently the prior reduction
treatment is extremely important in determining which
reflections are enhanced on staining. The 5th order
enhancement has also been reported previously, but this
has been associated with 4 lysine repeat!® 16 It is quite
possible that this repeat is present in addition to that
attributed to cystine in the present paper.

The intensity ratios of the meridional reflections of all
three enhanced diffraction patterns are shown in Table 3.
It will be noted that when enhanced, the intensity ratio
of the 3rd and 5th orders is constant, but the relative
intensity of the 8th order varies with the exact chemical
treatment, being strongest when the ‘most reactive’
cystine has been labelled, and weakest when the ‘least
reactive’ cystine has been labelled. It would appear that
the intensity of the 8th order is associated with ‘most
reactive’ (or matrix) cystine, and the 3rd and 5th orders
with ‘least reactive’ (or microfibril) cystine.

Table 3 Relative intensities of enhanced meridional reflections
in silver-stained Lincoln wool

Intensity ratio

Treatment Isra t I5tn @ fsen
‘Least reactive' cystine silver stained 10:2:1-5
809 cystine silver stained 10:2: 4
‘Most reactive’ cystine silver stained 10%: —:>10

*In this sample the 5th order is very weak and has not been
measured. Also there appears to be very little enhancement of
the 3rd order
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Table 4 Bragg spacings of the meridional reflections enhanced
when the ‘'least reactive' cystine in Lincoln wool is silver stained

Bragg spacing (A)

Untreated ‘Least reactive’
Order Lincoln wool cystine silver stained
3rd 65-8 61-65
5th 39* 36-80
8th 24-4 2320
Macroperiod (A) 198 185

* A very weak reflection which is only occasionally observed
in untreated specimens?®.26

The shapes of the 3rd and 5th order reflections are
different (Figure 2). The 3rd order, like the 8th, is a
sharp meridional arc, but the 5th order splits into three
distinct reflections which form a rudimentary layer line.
In the light of work on collagenl?, and more recently
on untreated a-keratin3, this would suggest that the
microfibril cystine itself is subdivided into cystine in two
different structural positions (although of similar
reactivity to reducing agents).

When only the 8th order retlection is enhanced, its
Bragg spacing is the same as in untreated specimens at
24-4 A. When the 3rd, 5th and 8th orders are enhanced,
however, the spacings all contract by 659, and the
macroperiod falls from 198 to 185 A ( Table 4).

This change in low-angle spacing is accompanied by a
contraction in fibre length of 6-3%; (average of five single
fibres) which occurs only at the final silver staining stage.
No contraction is observed for samples which do not
show spacing changes. Thus there is a direct correlation
between change in X-ray spacing and change in fibre
length.

As the contraction in length occurs at the final silver
staining reaction, it would suggest that the contraction
takes place in the parts of the protein chain where the
silver is being attached, rather than continuously along
its length. This contention is supported by a study of
the high-angle pattern. The high-angle X-ray diffraction
of keratin is generally accepted as being that given by a
2- or 3-strand coiled coill8. 19, (Recently, other a-helical
forms have been shown to be possibilities?0-23, but, this
is irrelevant to the following argument.) In particular,
the strong meridional teflection at 5-15A represents the
pitch of an «-helix which has been twisted to form one
strand of a coiled coil. A regular contraction would
presumably cause a decrease in the spacing of the
reflection (for example, compare the fact that when
wool is extended by 20%, the 5-15A reflection increases
in spacing by 29%,24) but accurate measurement showed
that the reaction sequence had caused no change.
However, further consideration of the high-angle
pattern, and this reflection in particular, suggests that
the implied irregular coiled coil contraction is not taking
place either. There is no sign of any disorder which
would arise from an irregular contraction of the coiled
coil. Although to establish the fact completely it would be
necessary to measure quantitatively intensity changes in
the 5-15A reflection which result from silver staining—
a very difficult task owing to the presence of the silver
swamping the natural diffraction pattern—the results
do suggest that there is no contraction in the coiled coil,
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helical regions of the fibre. This, in turn, leads to the
deduction that the contraction is taking place in non-
helical regions which alternate in series with the coiled
coil (or other a-helical regions). If this is so, it may
reasonably be assumed that the non-helical regions are
stabilized to a large extent by disulphide bonds, and the
cleavage of these bonds by reduction, and the subsequent
reaction with silver nitrate, cause these regions to
contract.

The very great intensity of the 3rd order reflection
suggests that the major repeat of one helical plus one
non-helical region is 66A. This agrees with analyses of
other workers studying the 3rd order reflection in
untreated keratin® 25, who suggest that it arises from a
major discontinuity at this spacing. This discontinuity
has been linked by these workers with the anti-helical
amino acids?® or, more specifically, cystine residues$.
The present results are in full accord with the latter
postulate.

The much weaker 5th order reflection (suggesting a
39-5A repeat) is not considered to be associated with
helical-non-helical discontinuities. However, as it always
has the same comparative intensity as the 3rd order,
it appears to .represent a repeat which is part of the
same chain.

It is difficult to envisage how regular contractions at
66 A intervals could bring about a regular contraction of
the 39-5A spacing. One possibility is that in untreated
specimens this repeat is slightly irregular. The reflection
is extremely weak and does not index satisfactorily on a
macroperiod of 1984, its actual Bragg spacing being
recorded as 39A8. 26, These characteristics would be
expected if the cystine residues giving rise to the repeat
were occasionally spaced at intervals shorter than the
theoretical 39-5SA. The contraction of non-helical regions
every 66 A could then be envisaged as making the spacing
more regular, as well as decreasing its overall value.
This explanation would also account for the fact that
other workers who have recorded intensification of the
3rd order after labelling cystine with mercury com-
pounds but no change in spacing have not reported any
intensification of the S5th order? 4.

CONCLUSIONS

The structure of the matrix

The broad halo (Bragg spacing=25A) observed in
X-ray diffraction studies of silver-stained fibres and the
sharp diffraction ring (Bragg spacing=21A) observed in
X-ray diffraction patterns of the silver-stained kerato-
genous zone of developing fibres have been interpreted as
indicating matrix order2?-28, In the latter studies?8
electron micrographs revealed the presence of silver
globules of the same order of size, between the micro-
fibrils, and it was also reported that after keratinization
but before dehydration the diffraction ring became
broader. These results were interpreted in terms of the
matrix originally being a globular entity which becomes
distorted on Kkeratinization owing to oxidation of
cysteine to cystine.

More recently, very wide angle studies have suggested
that the matrix consists of short, randomly orientated
a-helical segments3: 8, and the 25 A halo has been related
to the length of a segment8. A closer examination of this
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Figure 3 The molecular configuration of «-keratin. (a) Proposed
structure for the matrix, consisting of short units of helical plus
non-helical material, about 25 A tong. Cystine (half-cystine repre-
sented by O) is located in the non-helical segments and the
disulphide bonds between the units produce a ‘rigid’ structure.
The units are orientated randomly except where they form the
surface of the microfibril. Here they become orientated along the
fibre axis. (b) Shows one protofibril on the periphery of a micro-
fibril. It consists of a 3-strand coiled coil, interspersed at regular
intervals by non-helical sections. The basic unit of one helical
plus one non-helical segment is 66 A long. The non-helical
sections all contain cystine and there is a 66 A cystine (half-
cystine represented by O) repeat. The other cystine repeat
(half-cystine represented by x ) is shown as 39-5 A but may be
irregular. This cystine may be located either in the coiled coil or
non-helical segments. Possible disulphide links with the matrix
to form ‘rigid’ parts of the structure are shown

halo has revealed it to be more intense and of slightly
greater spacing along the meridian®, suggesting the
segments to be partly orientated about, and extended
along the fibre axis. These deductions are in full agree-
ment with a recently derived mechanical model for the
matrix29,

In this type of model (Figure 3a) it is easy to envisage
how the 25A meridional reflection, which has been
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associated in the present work with a regular matrix
repeat, could arise from complete orientation of the
matrix segments about the fibre axis. This would most
likely occur at the surfaces of the microfibrils (a possibility
suggested by early workers on the X-ray diffraction of
silver-stained keratin!), to enable maximum disulphide
crosslinking between the matrix and microfibrils.

The structure of the protofibrils

Correlation of the ‘least reactive’ cystine with micro-
fibril cystine and co-ordination of the data obtained
from the diffraction pattern of the sample in which this
fraction has been labelled with silver lead to a general
model for the microfibril sub-units or protofibrils
(Figure 3b). The helical regions in this Figure are shown
as 3-strand coiled coils, and the non-helical regions are
shown to have a finite length, so that they contain some
cystine residues which form part of the 39A repeat.
This has been done because it is well known that cystine
is not readily incorporated into a-helical structures.
It is possible that the non-helical regions form a fairly
large proportion of the protofibrils. Optical transform
results show that 60A lengths of coiled coil will yield
well-ordered helical reflections, although if the length is
reduced to 27 A they become diffuse25.

The idea of alternating helical and non-helical regions
has been the basis of various mechanical models29 30,
and also some recent models derived from chemical
studies31-33, It represents a significant departure,
however, from recent X-ray diffraction models such as
the segmented rope model, where the coiled coil is
continuous and the coiling takes place at specific
residues?3: 25, and the straight a«-helix models20-22,
These models have been derived because the experimental
data from diffraction patterns do not fit exactly the
theoretical continuous coiled coil diffraction. Models
similar to that presented in this paper may explain the
discrepancies equally well.

The unified structure

If the possible disulphide bonds are drawn between the
matrix and microfibril to give the unified model (Figure 3),
then it is immediately apparent that only a few may be
so formed. Presumably the other cystine residues of the
matrix and microfibrils are used for the internal cross-
linking and stabilization of their respective structures.
Thus some parts of the protofibrils are stiffened by
covalent crosslinks with the matrix, and others are not.
This type of model has also been deduced from a study
of the mechanical properties of reduced and methylated
fibres34.

The proposed structure is attractive in that it incor-
porates the features of three different mechanical models
mentioned above. It is also consistent with current
chemical evidence, and the previous apparently contra-
dictory reports from X-ray diffraction observations
concerning the regular distribution of cystine in a-keratin
are easily explained.
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Orientation of the methylene groups
in poly(ethylene terephthalate)

. H. Hall

Physics Department, University of Manchester Institute of Science and
Technology, Sackville Street, Manchester M60 1QD, UK

(Received 19 May 1971)

Diffraction studies have led to the conclusion that the molecular chains in
oriented, crystalline, poly(ethylene terephthalate) are highly extended and to
the expectation that the methylene groups are oriented so that their planes are
almost normal to the chain axis. Polarized infra-red studies contradict this expec-
tation. Calculations are presented which show that it is impossible to change
the chain conformation, whilst maintaining the chain repeat distance, in a way
which will tilt the methylene groups sufficiently to satisfy the infra-red data.
However, it has been assumed, both in these calculations and in the infra-red
studies, that the methylene group is unstrained. A published electron-diffraction
study indicates that it might be very highly strained, and this strain is considered

to be a possible cause of the discrepancy,

INTRODUCTION

The chain conformation and crystalline structure of
poly(ethylene terephthalate) (PET) was first determined
by Daubeny, Bunn and Brown! (DBB), using X-ray
diffraction techniques. It has also been determined by
Tomashpol’skii and Markova? (TM) using electron
diffraction techniques. The DBB structure has been
refined by Arnott and Wonacott3, Neither Daubeny
et al. nor Arnott and Wonacott located the hydrogen
atoms; Tomashpol'skii and Markova, however, have done
$0.

These three structures are all in close agreement,
showing that the PET molecule is in a fairly extended
conformation, and leading to the expectation that the
methylene groups would be nearly normal to the chain
axis of the molecule. (Information from the three
structures is summarized in Table 1.)

The results of certain infra-red studies?> ® have caused
this conclusion to be questioned. From the structure
determinations the infra-red absorption bands due to
both symmetric and antisymmetric vibrations of the
CH: bonds would be expected to be strong for radiation
plane-polarized perpendicular 1o the chain axis. The
opposite effect has been observed experimentally by
Liang* and Manley and Williams?, and the latter authors
postulate rotation around certain valence bonds addi-
tional to that in the structure determined by diffraction
methods, in order to give an inclination which satisfies
the infra-red results.

However, unless the repeat distance along the molecular
chain is to vary, compensating rotations must be applied
to other valence bonds. In this note it is shown that if

this repeat distance is maintained, then it is impossible
to alter the chain conformation to give the required
inclination. This is true even if severe strain is allowed in
bond lengths and angles along the chain, and if the
requirement of centro-symmetry in the chain conforma-
tion (assumed in both diffraction and infra-red studies)
is dropped. The repeat distance determined by Daubeny
et al. is assumed, but this is unlikely to be in serious error.
It is also shown, from an analysis of the TM structure
(the only one which attempts to locate the hydrogen
atoms), that the methylene groups are highly strained,
and this strain is considered to be a possible way of
reconciling the infra-red and diffraction data.

CALCULATION OF THE INCLINATION OF THE
METHYLENE GROUP TO THE CHAIN AXIS

A schematic diagram of the PET molecule is given in
Figure 1. The atoms in this diagram are numbered and,
for both brevity and clarity, will be referred to by these
numbers in the following text. The length PQ constitutes
one repeat unit, and in the subsequent calculations it will
be assumed that the DBB value (10-75 A) is the correct
value of this length. The evidence for the unit cell
determined by Daubeny er al. was very conclusive and
this cell has been confirmed by the independent investi-
gation of Tomashpol’skii and Markova. Thus this
assumption is very likely to be correct.

The maximum possible angle of inclination between
the methylene groups and chain axis that can be obtained
by rotation around valence bonds keeping PQ constant
1s calculated. The calculations are considered in three
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Figure 1 Molecule of poly(ethylene terephthalate)

Table 1 Values of bond length and bond angles

Bond Length (A)

description 1) (2) 3) 4)
11-1 1-40 1-41 1-31 1-28
12-2 1-40 1-41 1-3 1-28
1-3 1-40 1-41 1-45 1-41
2-3 1-40 1-34 1-35 1-38
3-4 1-49 1-48 1-45 1-46
4-5 1-36 1-36 1-53 1-38
5-6 1-43 1-45 1-42 1-44
6-7 1-54 1-48 1-53 1-52
6-16 1-07 1-13
6-15 1-07 1-16

Angle (degrees)

11-1-3 120 121 114 115
12-2-3 120 122 122 118
2-3-+1 120 17 123 126
1-3-4 120 118 107 110
3-4-5 114 110 110 121
4-5-6 111 114 116 121
5-6-7 110 104 101 114
7-6-16 110 107
7-6-~15 110 125
5-6-16 110 137
5-6-15 110 107

Bond description refers to Figure 1

(1) Normally assumed value for length and angle of this bond
(2) Calculated from coordinates of Daubeny et a/,

(3) Given by Arnott and Wonacott

(4) Calculated from coordinates of Tomashpol’'skii and Markova

parts. in the first part normal values of bond angles and
lengths (column (1) of Table 1) are assumed and it is
further assumed that the molecular conformation is
centro-symmetric (as was assumed in the diffraction
studies). The maximum possible inclination of the plane
of the methylene group to the chain axis 1s then calcu-
lated. In the second part the effect of strain in bond
lengths and angles along the molecular chain is con-
sidered, and in the third part the constraint of centro-
symmetry is removed, but that of normal bond lengths
and angles re-imposed.

In order to define the inclination of the methylene
group to the chain axis, three orthogonal directions were
chosen: a line through the centres of the hydrogen
atoms (15 and 16 in Figure 1), a line normal to the plane
containing the centres of the atoms in this group, and a
line in this plane perpendicular to the line joining 15
and 16. The angles between these lines and the chain axis
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are designated o, B and y respectively. The polatization
of the absorption band due to the symmetric vibration
will be controlled by y, and that due to the asymmetric
vibration by «. The results of the infra-red studies require
that each of these angles be less than 54° 44’

Normal bond lengths and angles and centro-symmetry

If bond lengths and angles are fixed, the molecule
can change conformation by rotation about bonds, and
the following rotations are available: (i) rotation of
4-5 about 3-4 as axis; (ii) rotation of 5-6 about 4-5 as
axis; (iii) rotation of 6-7 about 5-6 as axis. Assuming
centro-symmetry, there is no further freedom of rotation.

The coordinate system used is shown in Figure 2. The
centre of the benzene ring is taken as the origin of
coordinates, and its plane as the X~Z plane. The Z-axis
is co-linear with bond 3-4. The coordinates of 4 may
thus be determined.

Rotation of 4-5 about 3-4 is equivalent to a rotation
of axes about the Z-axis, and so cannot affect the confor-
mation. Thus a rotation angle is chosen so that 5 lies in
the X-Z plane, and its coordinates determined.

On rotation of 5-6 about 4-5, 6 will describe a circle,
and the location of 6 on this circle can be expressed in
terms of a suitably defined torsion angle 6. Thus the
coordinates of 6 may be expressed as a function of 6.
Similarly, rotation of 6-7 about 5-6 will cause the centre
of symmetry A to describe a circle, and A may be
located in terms of a torsion angle ¢. The coordinates of
A may therefore be expressed as a function of 6 and ¢,
and its distance from P calculated in terms of these
variables. Since PA=5-375A (half the repeat distance),
¢ may be expressed as a function of # and its value
determined for any value of 4.

For a given value of 6, the coordinates of 5, 6 and 7
can now be calculated. Since normal values of bond
lengths and angles are assumed, the plane containing the
CHa: bonds will bisect the angle between bonds 5-6 and
6-7 and the angles «, B, and y may be determined.

By repeating the calculation for different values of 8,
the smallest possible values of « and y can be found.

Strained bond lengths and angles and centro-symmetry

To study the effect of strain in bond angles and lengths,
the above calculation was repeated using values of angles
and lengths slightly different from those normally
assumed. Only bonds on the chain axis were strained;
the strain in pendant bonds was not considered.
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No centro-symmetry but normal bond lengths and
angles

The calculation is easily extended to take account of
the non-symmetrical case. As already described, the.
location of A can be expressed in terms of 6 and ¢,
although PA no longer equals 5:375 A. The conformation
of the remainder of the molecule is most easily determined
by proceeding along the chain from P in a left-hand
direction in Figure 1. The coordinates of 9 can be calcu-
lated directly. Rotation of 8-9 about 9~10 is no longer
equivalent to a rotation of coordinate axes and so the
coordinates of 8 must be expressed in terms of a torsion
angle. Two further torsion angles are required to locate
atom 7 and the equivalent point to A (A’) to the left of
P. The length of AA’ must equal 10-75A, and the direc-
tion cosines of the bond 6~A must be the same as those
of A’-7. Thus 5 torsion angles are required to specify
the chain conformation, and 3 conditions must be
satisfied, 1.e. only two torsion angles are independent.
An arbitrary pair of values was chosen for these, the
atomic coordinates determined as described above, and
the values of o, 8 and y calculated for each of the methyl-
ene groups. [t transpired that solutions to the various
equations existed only for a certain range of these torsion
angles (i.e. with angles outside this range there was no
conformation satisfying the imposed constraints), and
the minimum values of « and y occurring in this range
was determined.

RESULTS OF CALCULATIONS

Normal bond lengths and angles and centro-symmetry

The angles «, B and y defining the inclination of the
methylene groups to the chain axis are plotted in Figure 3
as a function of . It is seen that the minimum values of
« did not occur at the same value of the torsion angle 6
as the minimum in y, and that neither angle approaches
anywhere near the values required to explain the observed
dichroism.

Figure 2 Coordinate system
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Figure 3 Inclination of methylene group to chain axis. No
strain; . ... 109 strain in bond 3-4; @ 109, strain in bond angle
3-4-5; O 10% strain in 3-4 and 10° strain in 34-5

Strained bond lengths and angles and centro-symmetry

The angles «, 5 and y were most sensitive to strain in
the length of bond 3—4 and in the angle of the bond 3—4-5,
and are plotted as functions of & for both of these strains
in Figure 3. The Figure shows that even with a 109,
strain in 3-4, or a 10° strain in 3-4-5 « and y do not
simultaneously approach the values required to explain
the observed dichroism. The case in which the above
strains are applied simultaneously is also plotted in this
Figure. At small 6 the angle vy is seen to approach the
range of values required to explain the dichroism, but
« remains outside the range for all 8. Similar results are
obtained (though not plotted) if 3-4 is strained still
further whilst maintaining the strains in 3-4-5, or if 4-5
or 5-6 are strained by 5 or 109, whilst maintaining the
strain in 34 and 3-4-5. No combination of strains was
found which reduced the minimum in « below 55°.

Hence even if very severe strains are introduced into
the bond lengths and angles, the molecule still cannot
take up a conformation that will explain the observed
dichroism, provided the repeat length is maintained at
the crystallographically determined value.

No centro-symmetry but normal bond lengths and
angles

When the constraint of centro-symmetry was removed,
but no strain allowed in any bonds or angles, the minimum
value of « became 64-7°. However, the two methylene
groups now had different inclinations, and the value of
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« for the other was increased to 84-2° in this particular
conformation. The values of ¢ were 79-4° and 85-6° for
each of the groups. The conformation for which y was
a minimum was centro-symmetrical with y=69-0° and
o=75-5° It is therefore clear that a non-centro-symmetric
conformation will not allow the methylene groups to be
tilted sufficiently to satisfy the infra-red data. The two
sets of calculations also indicate that a combination of
strain and asymmetry is unlikely to be satisfactory.

Conclusions from calculations

It can therefore be concluded (if the long spacing from
the diffraction data is correct) that modifications to the
chain conformation will not tilt the methylene groups
sufficiently to satisfy the infra-red evidence. However, in
reaching this conclusion it has been explicitly assumed
that the methylene bonds are unstrained. This assumption
has also been made implicitly by the infra-red workers
in their interpretation of the diffraction data. Since such
strain is the only remaining means of reconciling the two
sets of data, evidence for its existence will now be
considered.

EVIDENCE OF STRAIN IN METHYLENE GROUPS

Since the TM structure is the only one to locate the H
atoms, this is the only one from which evidence of strain
can be sought. Tomashpol’skii and Markova consider the
positions established for the hydrogens in the methylene
group to be particularly reliable, but do not consider the
question of strain. However, it is possible to study this
from the atomic coordinates given by them.

From column (4) of Table I it is clear that the bond
angles 7-6-15 and 5-6-16 are highly strained, and these
angles control the orientation of the methylene group.
The angles o, 8 and y calculated from the atomic co-
ordinates are 52°, 46° and 69° respectively. If it is
assumed that the group is in the unstrained position, and
o, B and y calculated from the TM chain conformation,
their values become 80°, 21° and 72° respectively. Thus
the strain in the methylene group changes its inclination
to the chain axis considerably, and in a direction which
helps to reconcile the diffraction and infra-red data,
although the angles y and « are still too large to provide
a complete explanation of the disagreement.

The results therefore strongly suggest the possibility
of strain in the methylene group, but there is no readily
apparent cause of such strain. (If normal van der Waals
radii are assumed the hydrogen atoms will pack com-
fortably in their unstrained positions.) Another puzzling
feature is that the distance between the centres of the
protons is very small-—only about 1 A. The evidence of
strain is therefore indicative rather than conclusive and
further work to confirm the location of the protons is
necessary.

Such work should take account of the fact that these
protons are in an environment of oxygen atoms. Consider
two neighbouring chains (called 7 and J) along the b-axis
of the unit cell. On each chain the pair of hydrogen
atoms 15 and 16 (see Figure 1) has the oxygen atoms 17
and & as nearest neighbours, and the pair 19 and 20 has
18 and 5 as nearest neighbours (excepting, of course, the
carbons to which they are bonded). The chains pack so
that the hydrogen atoms 19 and 20 on J face 15 and 16
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on I, the four atoms being very nearly co-planar. Thus
oxygen atoms 18 on J and 8 on I are close below this
group of four hydrogens, and oxygen atoms 17 on / and
5 on J are close above.

The chain along the a-axis of the unit cell from I packs
so that the oxygen atom 5 is adjacent to the four hydro-
gens, and similarly the chain along the a-axis from J
packs with oxygen atom 17 adjacent to them.

The close proximity of these oxygen atoms might cause
strain; on the other hand they might confuse the inter-
pretation of either the electron diffraction or the infra-red
data.

TILT OF CHAIN AXIS TO FIBRE AXIS

It has been assumed in the discussion hitherto, that the
chain axis and fibre axis are coincident. Daubeny et al.
showed that if oriented PET is annealed at 210°C and
allowed to contract freely, then the chain axis becomes
tilted with respect to the fibre axis. The tilt was given as
5° in a direction such that the (230) plane remains vertical
and the inclination of the (001) plane to the fibre axis is
increased. Tomashpol’skii and Markova used a lower
annealing temperature (180°C) and found a tilt of 3° but
did not give its direction.

Manley and Williams subjected the PET to cold
drawing and then gave an unspecified heat treatment. It
is not possible therefore, to determine whether this tilting
occurred in their test-pieces, but it is unlikely to cause
sufficient change in the orientation of the methylene
groups to have a significant effect on the infra-red results.

CONCLUSIONS

There are three possible causes of the disagreement
between the results of X-ray and infra-red studies of the
chain conformation of poly(ethylene terephthalate):
(i) the X-ray structure is incorrect; (ii) the infra-red data
are misinterpreted; (i) the methylene groups are highly
strained.

It has been shown that provided the long spacing
determined by X-ray diffraction is correct (and this is
very unlikely to be incorrect), then chain conformations
which tilt the methylene groups sufficiently to satisfy
the infra-red data are impossible. Previously published
electron-diffraction studies have been analysed and these
indicate considerable strain in the methylene group.
However, the cause of this strain is puzzling; it is unlikely
to be due to the locations of the surrounding atoms.
Further work is therefore necessary to confirm the
locations of the protons if this disagreement is to be
resolved.
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Melting of low molecular weight
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The melting behaviour of fractions of poly(ethylene oxide) of narrow molecular
weight distribution and of molecular weight of 20 000 or less has been studied.
Fractions of molecular weight 4000 or less have one melting transition; those
with molecular weight of 6000 or greater may have two melting transitions.
Consideration of the influence of molecular weight and crystallization tempera-
ture on the melting transitions, of the low-angle scattering of X-rays, and of
calculations based upon Flory’s theory of melting enables us to ascribe the
transitions to the melting of extended-chain or of variously folded-chain lamellar
crystals. The end interfacial free energy (o) of extended-chain crystals of poly-
(ethylene oxide) is found to increase within the range 1 to 4 kcal/mol as the
molecular weight increases. It is suggested that this increase in o, is related to

an increase in polydispersity of molecular weights in the fractions.

INTRODUCTION

Poly(ethylene oxide) is particularty useful for a study of
the properties of crystalline polymers of low molecular
weight. A wide range of samples of narrow molecular
weight distribution are readily available. Their chain
structure is linear and high crystallinities can be achieved,
and their melting and crystallization temperatures are
in the convenient range of 30 to 70°C.

Several studies of the melting of very low molecular
weight poly(ethylene oxide) samples have been made!-3.
[t has also been reported® 3 that poly(ethylene oxide)
of molecular weight near 6000 has two melting transi-
tions. This observation is in keeping with the results
of low-angle X-ray scattering and density measure-
ments®: 7 which indicate a complex morphology in such
polymers.

Here we present an experimental and theoretical study
of the melting of well characterized fractions of low
molecular weight poly(ethylene oxide), with emphasis
placed upon the detection and interpretation of multiple
melting, and supplemented by low-angle X-ray scattering
studies of selected samples.

EXPERIMENTAL

Preparation and characterization
Samples of poly(ethylene oxide), from a variety of
commercial sources (see Table 1), were fractionated by

* Present address: Materials Science Unit, Turner Dental School,
University of Manchester.

T Present address: Donnan Laboratories, University of Liverpool,
PO Box 147, Liverpool L69 3BX, UK.

Table 1 Characteristics of the poly(ethylene oxide) fractions
Mn
[=]

Fraction Source Osmometry Analysis  (dl/jg) Mw/Mp
1000 A 1040 1070 — 1-06
1500 A 1580 — 0-062 1-05
2000 B 2030 1910 — 1-05
4000 A 4070 - 0-118 1-05
6000M C 6100 — 0-186 11
6000 A 6100 6040 — 1-23

10000 B — — 0-295 1-2

20000 C — —_ 0-374 1-2

A. Shell Chemical Co. Ltd, Shell Centre, London, SW1

B. Hoechst Chemicals Ltd, Hoechst House, Salisbury Road,
Hounslow, Middlesex

C. Union Carbide Ltd, Chemicals Division, 8 Grafton Street,
London W1

precipitation from dilute solution in benzene by addition
of iso-octane. Fractions, comprising about half the
original sample, were freeze-dried from benzene before
use.

Number-average molecular weights (M) were measur-
ed by means of a Mechrolab Vapour Pressure Osmometer
and by end-group analysis®. Intrinsic viscosities in
benzene at 25°C were measured as described earlier®.
Molecular weight distributions were investigated by
means of a Waters Gel Permeation Chromatograph.
Tetrahydrofuran at 45°C was a suitable solvent for
samples with M, <6000. Samples of higher molecular
weight were insufficiently soluble in tetrahydrofuran for
purposes of gel permeation chromatography, and either
2-ethoxyethanol at 90°C or dimethylacetamide at 90°C
was preferred. Four columns, ranging from 5x 108 A to
700 A nominal pore size, were used at a flow rate of
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1cm3/min. Correction for adventitious dispersion was
made by the method of Aldhouse and Stanfordl®.
In this method the variance of the observed chromato-
gram is taken to be the sum of the variances due to
the polydispersity of the sample and due to adventitious
dispersion. The adventitious dispersion is characterized
by the variance (o2) of a hypothetical monodisperse
polymer sample. For the set of columns used here we
found 6=10-5—0-047v where vis the elution volume in
cm3, Calibration was by plotting logio M, against the
observed peak maxima.

In Table 1 we list the molecu'ar characteristics of the
samples. It is convenient to denote samples by their
nominal molecular weights. Most fractions had hydroxyl
terminal groups; the exception was 6000M which was
prepared from a methoxide initiator and had some
methoxy terminal groups.

Dilatometry

Small samples (<200 mg), moulded in high vacuum,
were placed in glass dilatometers, outgassed and confined
with mercury. The dilatometers were immersed in
boiling water for 15 minutes and transferred to a bath
held (to +0-01°C) at the appropriate crystallization
temperature, 7. Thermal equilibrium was established
within 2 min. Various times were allowed for crystalliz-
ation and the melting behaviour of both completely and
partly crystallized samples was studied.

Crystallization was stopped and melting was effected
by transferring the dilatometer to a bath held not more
than 1°C below the lowest transition temperature to
be observed, and then raising the temperature by 2 to
6°C/h. The expansion was followed by means of a
cathetometer. The melting point, T, was taken to be
that temperature at which detectable crystallinity disap-
peared; a subsidiary melting transition was defined by

Meniscus height (arbitrary units)

1 1 1

1
6! 62 63 64 65
Temperature (°C)

Figure 1 Dilatometer meniscus height (arbitrary units) against
temperature (°C) for poly(ethylene oxide) fraction 6000M crystal-
lized at various temperatures (T¢). A: Tc=54-1°C; B: Tc=54-8°C;
C: Tc=55-5°C
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the appropriate point of inflexion in the melting curve
(see, for example, Figure I). The starting temperatures
were sufficiently close to the melting points that no
change in melting behaviour was observed if the sample
was held at the starting temperature for several days,
i.e. annealing and recrystallization were absent. The
heating rates were chosen to avoid superheating which
was detectable at 12°C/h. Similar melting curves to
those obtained here for 6000M have been recorded for
heating rates of 1°C/day>.

Low-angle X-ray scattering

A Rigaku-Denki slit collimated low angle camera
was used, with copper K, radiation supplied from a
Philips ‘Fine Focus’ tube (36kV, 20mA) via a nickel
filter. The diffraction pattern was recorded on film
mounted 25-5cm from the sample. The backstop strip,
visible in Figure 2, was 0-075cm wide.

Poly(ethylene oxide) samples (dimensions 2-:5 x [-0 x 0-1
cm) were prepared on Melinex polyester film by melting
and then recrystallizing on a microscope hot stagell.
The Melinex film was removed before the sample was
exposed.

RESULTS

Single melting transitions were found for samples with
M, <4000, but two melting transitions were found for
samples of higher molecular weight at certain crystalliz-
ation temperatures (Figure 1). The molecular weight
above which two transitions can be found is not well
defined; we note that two melting transitions have been
found (Pickles, C. J., personal communication) in other
samples of poly(ethylene oxide) of molecular weight
near 4000.

Melting temperatures are listed in Tables 2 and 3.
In these tables high and low crystallinity corresponds
to about 1009 and to 10-159; of realizable crystallinity,
as judged by the volume contraction at the crystallization
temperature. The melting points are not greatly affected
by changes in crystallization temperature and crystallinity.
However, the crystallization temperature has a marked
effect upon the relative proportions of the two crystalline
forms of the higher molecular weight polymers (Table 3).
An increase in T, is accompanied by an increase in the
proportion of the higher melting form and, on occasion,
by the appearance or disappearance of a transition;
this is illustrated in Figure 1.

Low-angle X-ray scattering from samples 1500 and
4000 is indicative of lamellar crystals with thicknesses
very close to the extended lengths of the polymer chains.
Skoulios et al.8 have shown this to be so for several
samples of poly(ethylene oxide) of molecular weight
less than M, =3300. The single melting points for our
fractions with M, <4000 (Table 2) are consistent with
this simple crystal morphology.

Fractions with M, ~6000 have one melting transition
when 7,>55°C. Low-angle X-ray scattering from such
samples [Figure 2(a)] corresponds to a repeat distance
of about 390A, which is close to the extended chain
length. Two melting transitions are observed for fractions
of M, ~ 6000 when T, < 55°C. Low-angle X-ray scattering
from these samples [Figure 2(b)] is indicative of lamellar
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Table 2 Eftect of molecular weight and crystallization conditions
on the melting of poly(ethylene oxide)

High crystallinity Low crystallinity

Fraction Tc CC) Tm (°C) Tc (°C) Tm (°C)

1000 34-8 39-1 36-8 39-0
36-1 391

1500 43-3 49-0 44-9 48-7
44-8 49-0
45-9 49-0

2000 45-2 53-8 46-9 536
46-3 53-8 48-3 53-6
48-3 53-8

4000 43-2 61-4 49-2 60-6
49-6 61-3 49-9 60-6
50-9 61-4
52-4 61-6
53-4 615

Table 3 Effect of molecular weight and crystallization conditions
on the melting of poly(ethylene oxide)

High crystallinity Low crystallinity

Fraction Tc(°C) Tm('C) Tc(CC) Tm (°C)
6000M 455 62-4,64-4 45-5 62-3,63-7
49-7 62-4, 64-5 49-7 62-2, 638
53-0 625, 64-2 53-0 62-2, 638
54-1 62-3, 642 541 62-2, 63-8
54-8 abs., 64-4 54-8 abs., 64-1
55-5 abs., 64-9 555 abs., 64-1
6000 48-0 61-0, 64-1 48-0 — 630
49-2 611, 64-1 50-0 60-9, 63-1
49-6 610,641 51-5 60-9, 631
50-9 610, 64-1 53-5 61-3, 631
541 abs., 63-5 55-2 abs., 63-3
54-8 abs., 636
55-2 abs., 63-8
10000 35-4 64-3, abs. 54-5 63-9,64-9
44-8 64-0, 65-0
49-9 64-3, 65-1
53-6 64-3,65-3
55-4 64-3,65-2
57-5 64-3,65-3
20000 300 65-6, abs. 511 65-0, 65-5
441 657, abs. 54-8 65-0, 65-6
511 65-8, 66-4 56-9 64-9, 657
54-8 65-9, 667
57-5 65-9, 66-7

crystals with thickness about half of the polymer chain
length. Close examination of the original negative
of Figure 2(b) reveals lines of low intensity equidistant
between the more intense lines and due to the extended-
chain crystals which are also present. It was noted that
long exposure times (> 15h) were needed to record the
scattering from extended-chain crystals of 6000M:
exposure for 2h gave a blank film when T,=55-5°C
and a pattern characteristic of folded-chain crystals
only when 7.=53:0"C. The density of the crystalline
polymer is high when T, is high7, so it is'presumed that
the low intensity is due to imperfection in the end surfaces
of the extended chain crystals (see the discussion). On
the basis of the X-ray evidence we attribute the lower
transition to the melting of once-folded-chain crystals
and the higher transition to the melting of extended-chain
crystals®.

* Qur interpretation of X-ray data for poly(ethylene oxide) of
molecular weight 6000 and higher differs from that of Arlie et al.?
and Spegt!2. We have been aided by the availability of melting
data and of X-ray studies over a wide range of exposure times.

Figure 2 Low-angle X-ray scattering from poly(ethylene oxide}
fraction 6000M crystallized at temperature 7¢ and exposed for
18h: (a) T¢=55-5°C; (b) T¢=53-0"C

The fact that lower melting (less stable) folded-chain
crystals are formed simultaneously with more stable
extended-chain crystals when 7,<55°C indicates a
preference for folded-chain crystallization in a rate
controlled crystallization process under these conditions.
It is consistent with this idea that the proportion of
folded-chain crystals increases as the crystallization
temperature decreases, i.e. as the crystallization rate
increases. We also note that the folded-chain crystals
can be entirely converted to extended-chain crystals by
annealing at a suitable temperature, e.g. 6000M crystal-
lized at 53-4°C to 159 crystallinity and held at 61-4°C
for one week showed little increase in crystallinity and
only one melting transition at 64-9°C.

The various melting transitions found for samples
10 000 and 20 000 presumably correspond to differing
folded-chain morphologies. Arlie ¢r al.7 and Spegt!?
have recorded X-ray scattering for similar samples which
indicate discontinuous variations in lamellar thickness
and are attributed to differing extents of chain folding.

We conclude that poly(ethylene oxide) fractions of
molecular weight (M;) less than 4000 crystallized in
extended-chain lamellar crystals; that fractions of M,
near 6000 may crystallize in both extended- and chain-
folded crystals; and that fractions of higher molecular
weight probably form folded-chain crystals only.
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THEORY

The melting points of extended-chain crystals formed
from mono-disperse polymers can be calculated from
the theory of Flory!3 or of Flory and Vrij14, depending
upon whether the ends of the molecules are paired14
or noti3, The melting points of polydisperse polymers,
such as our fractions, can be evaluated by appropriate
extension of these theories. Floryl3 has discussed the
case of polymers with most probable molecular weight
distributions. Here we present equations and calculations
for polymers having exponentiall®> molecular weight
distributions of varying widths. In view of the impro-
priety of the end-paired model for polymers with mole-
cular weight distributions of finite width we restrict our
discussion to thé theory of Flory13,

It 1s assumed that lamellar crystals of thickness ¢
chain units are formed. A restriction upon the selection
of units to incorporate into the crystals is that the ends
of the molecules are excluded. The probability that a
sequence of £ chain units, chosen from a polydisperse
polymer, does not contain a chain end is

fjw(x) ("‘é* ])dx ()

where w(x) is the weight fraction of molecules of length
x units. We assume that w(x) is given by the Schulz-
Zimm15 expression

bla+l)
M'(x) =- ‘;' - X% e‘b“’ (2)

where b=a/xn, a=xu/(xw—xp) and is integral in
equation (2) and x, and x, are the number- and weight-
average chain lengths (in chain units) respectively.

Following Flory!? we combine this probability with
terms arising from the disordering of the polymer on
melting to obtain the entropy of fusion and, ultimately,
the free energy of fusion of N polymer molecules.

AFy

1

1-2
~ (nD+ lnl)] 3

In equation (3), (1—A) is the degree of crystallinity of
the polymer sample; Af is the free energy of fusion per
chain unit of bulk polymer and is given, at temperature
T, by

Af=Ah(1-T|T9) 4)

where Ah is the enthalpy of fusion of bulk polymer
per chain unit and T3 is the thermodynamic melting
point of the polymer (i.e. the equilibrium melting point
of the polymer asxand { tend to infinity);In D= —20,/RT,
where o, is the end interfacial free energy of the lamellar
crystal, and

hla+1)

“ar f:x(a—n e b¥(x— L+ 1) dx (5)

The melting point T, corresponding to a crystal of
lamellar thickness { is given by the conditions

O0AFy _ .
(,ﬁ,)E_Oand A=1 (6)
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and is given by

B 20, RTS(1 InI
ruere(1- ) [[1 KR L] g

This formulation leaves open the method of evaluation
of £. It has been assumed?: 3 that { is determined by the
condition of equilibrium between crystal and melt, but
we discount this for our systems since we find two
melting points, due to differing morphologies, in poly-
(ethylene oxides) of molecular weight greater than 4000.
It has also been suggestedi6 that { may be determined
by a three-dimensional nucleation process, but we dis-
count this for our fractions on the basis of calculations
of { and Ty, for values of o, in the range 1-5kcal/mol,
which show { to be substantially less than x, and Ty
to vary markedly with T,. Neither of these predictions
is confirmed by the results presented earlier. In
calculations we have adopted values of ¢ such that
Xy >{>09x,, as indicated for extended chain crystals
by X-ray and density measurements®, 7 12,

COMPARISON OF THEORY AND EXPERIMENT

We have calculated values of the melting points of
poly(ethylene oxide) by numerical solution of equation
(7) with the following values of the parameters:
T2 =76°Cl7; Ah=2kcal/mol2 18; ¢, in the range
1-5kcal/mol; My >1000; M, /My <2; {~ Xxa.

In Table 4 we present results which show that calcu-
lated melting points of extended-chain crystals of low
molecular weight poly(ethylene oxide) are greatly in-
fluenced by the width of the molecular weight distribu-
tion. It is clear that the finite width of the molecular
weight distribution must be properly accounted for in
a comparison of theory with experimental data on
conventional polymer fractions.

In Table 5 we present calculated melting points of
samples of poly(ethylene oxide) similar in molecular
constitution to those we have investigated in our experi-
ments. Since the end interfacial free energy of these
polymers is not known we have covered a wide range
of values of o,. Comparison of the experimental results
for mature crystals (Tables 2 and 3) with these and other
calculations enables us to estimate values of o, for our

Table 4 Variation of calculated melting point of poly(ethylene
oxide) [Tm (°C)] with polydispersity: ce=1-5 kcal/mol; {=xp

Mw|Mn
Mn

1-0 1-05 1-2 1-5 2:0
1000 336 31-7 40-3 42-2 435
2000 52-5 56-2 577 587 59:5
6000 67-0 69-2 69-8 70-2 70-4

Table 5 Variation of calculated melting point of poly(ethylene
oxide) [Tm (°C)] with end interfacial free energy: {=xn

ae (kcal/mol)

Mn Mw/Mn 1-0 2-0 3-0 4-0
1000 1-05 45-0 30-4 15-7 —

1500 1-05 54-8 44-9 35-0 251
2000 1-05 599 52-4 44-9 37-4
4000 1-05 67-8 64-0 60-2 56-4
6000 1-10 70-8 68-2 65-4 631
10000 1-20 — - 70-0 68-4
20000 1:20 — — 73:0 72-2
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Table 6 End interfacial free energy (oe) for extended-chain
crystals of poly(ethylene oxide)

Mw/Mn Deviation, Sw ge
Mn (approx.) (chain units) (kcal/mol)
1000 1-05 5 1-4
1500 1-05 8 1-6
2000 1-05 10 1-8
4000 1-05 21 2-7
6000M 1-10 45 34
6000 1-20 67 36

crystalline samples. These results are given in Table 6;
it is found that o, increases markedly as the molecular
weight increases.

We suggest that the increase in o, with increasing
molecular weight is due to an increase in roughness of
the end surface of the crystal, which is due to the increase
in the absolute spread of molecular weights which
accompanies an increase in molecular weight at constant
(or increasing) values of M,/M,. A better parameter
than M,/M, with which to describe the width of the
molecular weight distribution in this context is the
deviation S, given by

SZ:E, = Xw(Xz - Xw) (8)
or, for an exponential distribution, by
Sw=xn(a+1)12/a ®)

This parameter is the standard deviation of a normal
weight distribution of molecular weights, and for the
narrow molecular weight distributions under discussion,
the distinction between exponential and normal distribu-
tions is not important. Values of Sy, together with
values of o, calculated for crystals of thickness {=x,,
are given in Table 6. We would expect the roughness of
the end surface of the crystal to bear a direct relation
to the deviation S,. In Figure 3 we plot o, against S,
(using the values of Table 6). We find a limiting value
of o, near I kecal/mol for monodisperse samples of
poly(ethylene oxide) and a limiting value near 4 kcal/mol
for samples of poly(ethylene oxide) of high polydis-
persity. Calculations for crystals of thickness {=09x,
give very similar results for polydisperse polymers.
Folded-chain crystals are detected in samples of
poly(ethylene oxide) of M, > 4000, ultimately (M, > 6000)
to the exclusion of extended-chain crystals. Melting
points of extended-chain crystals of poly(ethylene oxide)
10000 and 20000 are included in Table 5. The end
interfacial free energy for such crystals should be near
4 kcal/mol. It can be seen that calculated values of T,
with o,=4kcal/mol exceed the highest measured value
(Table 3) by about 4°C. This is in keeping with the
conclusions of Arlie et a/.?7 and Spegtl2 that poly-
(ethylene oxide) of molecular weight 10 000 and greater
forms only folded-chain crystals. The calculated melting
point of a crystal of poly(ethylene oxide) with M, = 6000,
Muy/Myp=12, g,=40kcal/mol and {=x,/2 is 53-6°C.
The corresponding experimental value for the chain-
folded (lower melting) crystals of sample 6000 is 61-:0°C
(Table 3). 1t is clear that o, for chain-folded crystals
of poly(ethylene oxide) 6000 is substantially lower than
that for crystals of similar thickness (x,/2) but with all
chains emerging from the surface. This is to be expected
since the folding of chains, quite apart from the intro-
duction of chain-fold surface, will reduce the surface
roughness due to the spread in effective molecular

40

o, (kcal/mol)

i 1 |
@] 20 40 60
S, (chain units)

Figure 3 Surface free energy (oe, kcal/mol) against deviation
(Sw, chain units) of the molecular weight distribution for extended-
chain crystals of poly(ethylene oxide) fractions of low molecular
weight

length by a factor of two. However, it 1s equally clear
from the experimental results for poly(ethylene oxide)
6000 that the end interfacial free energy of its folded-
chain crystals is not sufficiently reduced below that
of the extended-chain crystal as to render it more thermo-
dynamically stable.
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Double endotherms, indicative of recrystallization (annealing) during solution,
have been observed in temperature scans of the solution process for linear
polyethylenes in various common solvents. The effectiveness of recrystallization
during solution varies inversely with the cooling rate used to crystallize the
polymer from solution. An analogy is drawn between the dependence of recryst-
allization processes on crystallization rate, and the dependence of isothermal
crystallization rates on solution temperature. A fractionation effect occurs
during the recrystallization of linear polyethylenes. This complicates further the
recrystallization behaviour in the polymer and is a source for the dependence of
its solution processes on the thermodynamics of polymer/solvent interaction.
The results draw attention to the need for careful selection of solvents and
processing variables in solutions used for molecular structure determinations.
Failure to take into account recrystallization phenomena also questions the
validity of some literature values for the free energy of mixing parameter y in
polyethylene/solvent systems, and emphasizes the need for accurate redetermin-

ation of this parameter.

INTRODUCTION

The investigations of Blackadder and Schleinitzl, and
Koenig and Carrano?-3 have indicated the usefulness of
differential thermal analysis (d.t.a.) in studies of crystal-
lization and solution processes ihvolving polyethylene.
The method is capable of providing a permanent record
of crystallization and solution temperatures, of the
energy changes accompanying these phase transitions
and of the dependence of the parameters on controlled
thermal history. The above-noted publications, along
with the literature dealing with the kinetics of crystal-
lization of the polymer from solution, and with morpho-
logical effects arising from changes in solution and
crystallization temperatures, have prompted a re-
examination of data obtained some time ago, in the
course of d.t.a. studies of polyolefin solution processes.

Our work was undertaken in an effort to account for
anomalous, temperature-dependent values of M, for
polyethylenes?, based on light-scattering results in
a-chloronaphthalene (a-CN) solutions. Specifically, an
effort was made to substantiate the suggestion made in
that work* that crystallites or ordered aggregates of
polymer, persisting in solution well above the temperature
for optical clarification, could account for the anomalous
molecular weight data. Whilst the persistence of crystalline
particles in polyethylene solutions is now generally
accepted’ 6, our temperature scan experiments only
inferred their existence without offering final proof:
they were therefore not prepared for publication. The
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reason for presenting the results now is that they repre-
sent a useful complement to the data offered in refs.
1, 2 and 3. The present purpose is to show that the
dissolution of a polyethylene crystal suspension at a
controlled heating rate is strongly dependent on the
cooling path chosen for the preparation of the suspension;
that a fractionation process occurs during solution along
the selected heating path and that the fractionation
appears to be dependent on polymer/solvent interaction
effects. The results call for more accurate evaluation of
thermodynamic interaction parameters for polyethylene/
solvent systems.

EXPERIMENTAL

Apparatus

Two d.t.a. cells were constructed for the present work.
The analytic cell, used in the great majority of experi-
ments, is illustrated in Figure I. Some 12in. in height
and 3in. in diameter, it has provision in the top portion
for connections with vacuum pumps and Ny cylinders.
A Teflon plug, supported on glass projections, isolated
a volume of about 15ml which contained the materials
under study. The rather tight-fitting plug served to
reduce vapour space, to fix the sensing probe in the tip
of the analytic cell, and to support a glass-rod stirrer
connected to a 60rev/min synchronous (Bodine) motor.
In order to gain maximum sensitivity in experiments, the
thermal probes were in direct contact with test solutions.
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Figure 1 Analytic scanning cell

Pallador* junctions were employed, the sensing probe
being located in the tip of the cell, as shown, while the
reference junction was placed in a glass tube of the same
geometry as the sensing tip, and in contact with the cell
wall. Silicone oil (viscosity 800cP at 30°C) was used in
the reference tube to provide an environment of approxi-
mately equal thermal conductivity as that in the cell.
Smooth, reproducible base-line traces were generated by
this system in cell calibration experiments using pure
solvents. The thermocouples, connected to a Liston-
Becker model 14 breaker-amplifier, provide 3pV/in
sensitivity for recording temperature differences in
scanning experiments. The absolute temperature of the
system was recorded similarly, using as a reference
conductivity water at its triple-point.

A larger cell, referred to as the ‘fractionation cell’ was
also used in a number of cases. This unit is shown in
Figure 2. The two dome-shaped pieces and the central
cylindrical section were clamped together at the ground-
glass flanges, providing a volume of nearly 100cm3
between the upper flange and a coarse, sintered glass
disc cemented against the wall of the cylindrical section.
Connections to vacuum and Ny lines permitted control
of the environment in contact with the fluid and allowed
suction to be applied in order to separate dissolved and
undissolved polymer fractions under selected isothermal
conditions. The cell, mounted in an eccentrically rotating
arm, allowed the solution to be agitated gently during the

* Johnson-Matthey—-Mallory Co. alloys of platinum/rhodium,
gold/palladium. The couples have a sensitivity about equal to
standard chromel/alumel in the temperature range of concern.

Sintered glass disc —

To Nz supply
and pump

Sample injection port To pump

I

Capacity ~lOQ ml

Clomp-f

Ground glass
flange

Figure 2 Fractionation cell

experiment. No provision for temperature sensing existed
in the fractionation cell; for this reason it could be used
only in conjunction with the analytical cell. Since
fractionation in the cell occurred only after several hours
of annealing under isothermal conditions, it is reasonable
to assume that the measured temperature conditions in
the analytic unit also applied to the larger cell.

The two cells were housed in an oil bath, the tempera-
ture of which was controlled by heater banks. Continuous
heating was supplied by S00W heaters, while a second
group of heaters, totalling 700 W, was connected to
variable resistors, the settings of which were programmed
by a clock-driven servo-mechanism. The arrangement
provided linear heating and cooling rates of 1°-6°C/min
in the range 30°-130°C. Calibration experiments defined
heating conditions needed to maintain constant tempera-
tures (+0-2°C) at any point within this range. More
rapid cooling of the analytic cell was obtained by lifting
the cell out of the bath, following attainment of the
high-temperature limit of an experiment. The resulting
cooling rate of ~18°C/min was found to be nearly
linear to 70°C, i.e. well below the crystallization tempera-
ture range in the systems studied.

Materials

Two whole linear polyethylenes (Marlex 50 coded
LPE-1, LPE-2) were used in most of the work described.
In addition, four fractions (F1-F4), prepared from the
higher molecular weight sample by fractional precipita-
tion? were also used. Molecular weights were obtained
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Table 1 Molecular properties
of polyethylenes used

Sample Mwx 103 My/Mp
LPE-1 95 14
LPE-2 76 1"

F1 180 2-8

F2 29 2-4

F3 15-5 2-2

F4 4-9 ~21

by light-scattering in «-CN at 140°C, as described earlier?,
and from terminal upsaturation using infra-red spectra.
Characterization data are given in Table .

The solvents were tetrahydronaphthalene (tetralin),
a-chloronaphthalene («-CN), p-xylene and decalin. All
were fresh, Fisher reagent grade materials, used without
further purification.

Procedure

The experimental procedures reflected limitations of
d.t.a. already noted in the reports of earlier workers!-3.
Solutions were prepared in situ, using the analytic cell.
The solution temperature was 140°C for «-CN, tetralin
and decalin, 125°C when p-xylene was the solvent.
A small amount of thermal stabilizer [0-19%, of 4,4'-thio-
bis(3-methyl-6-t-butylphenol)] was added to prevent
oxidative changes during work periods. As a further
precaution, all work was performed under a N
atmosphere.

The concentration range in these experiments extended
from about 0-3-3-0wt.9, polymer. At concentrations
below about 0-69 the phase-separation effects already
noted by othersl—3 were observed, when the temperature
was in or below the crystallization range. This violates
the principle of thermal analysis which requires conduc-
tion to be the sole mechanism of heat transport. High-
speed stirring, possibly effective in overcoming this
difficulty, was avoided to guard against frictional heating
in the relatively viscous polymer solutions. The com-
promise of gentle stirring at 60rev/min extended the
useful operating range to near the 0-49 level. Repro-
ducible, smooth d.t.a. signals were recorded without the
need of stirring at polymer concentrations above about
0-7%, once again in agreement with the findings of
Blackadder, Koenig and their collaborators.

Following dissolution of the polymer, crystal sus-
pensions were grown along one of three arbitrary but
reproducible cooling paths, corresponding to 1-2°, 3-0°
and ~ 18°C/min. No attempt was made to grow crystals
isothermally, as in the many kinetic studies of the
crystallization process tfrom solutions3-10. The primary
intention was to study the effects of typical thermal
history cycles on the re-solution behaviour of the polymer.
Following the attainment of room temperature, the
opaque suspensions were allowed to digest for roughly
1h, whereupon re-solution was effected by heating at a
linear rate of 1-2°C/min. This heating rate was followed
in all experiments, with the exception of those involving
isothermal annealing periods, as specified elsewhere in
the text.
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RESULTS AND DISCUSSION

Solution behaviour in tetralin

The re-solution behaviour of polyethylene crystal
suspensions in tetralin, and its dependence on crystal-
lization path, is shown in Figure 3a. A number of work
parameters defined from the endotherms are shown in
Figure 3b. In the case of double peaks, T, and T'; represent
the lower and higher peak temperatures respectively,
while A;, A, and A, are the areas under the low and high
T endotherms and the sum of the two. The endotherms
shown are for 19 solutions of LPE-1, and are typical
generically of the whole polymers and of the high
molecular weight fractions.

The endotherm patterns were found to be highly
reproducible internally, identical cooling-heating cycles
repeated several times on a given fluid always producing
the same signal. The absolute magnitude of the signals
was found to be linearly dependent on concentration as
shown in Table 2, and the slower cooling paths produced
somewhat greater endothermic effects than the rapid
cooling mode. The dissolution temperatures show a very
mild dependence on concentration, notably in the >29
range. Similar behaviour has been reported earlier! 2.

Ideal solution conditions for polyethylene crystal
suspensions would require heating along a zero entropy-
production pathll, creating neither superheating effects
nor morphological rearrangements. Prior experience of
Blackadder!, Koenig2: 8 and Peterlinl2 shows that at
heating rates less than about 3°C/min, substantial
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Figure 3 (a) Solution endotherms for linear polyethylene in
tetralin: dependence on crystallization rate. All solution concen-
trations are 1-00% polymer. (b) Parameters drawn from solution
endotherms (model endotherm shown)
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Table 2 Concentration effects on endotherm parameters
All results for LPE-1 in tetralin; heating rate=1-2"C/min

Cooling rate  Conc.(c) T; T Ay Agc
(wt. %) °C) (arb. units)

1-2°C/min 0-240 94-8 99-3 0-127 0-528
0-470 94-3 99-1 0-257 0-547
1-142 95-6 99-7 0-617 0-540
2-185 965 100-5 1-232 0-564
3-006 96-0 100-4 1-613 0-536

18°C/min 0-240 96-3 0-099 0-412
0-470 96-5 0-197 0-421
1-142 971 0-470 0-412
2-185 97-6 0-883 0-405
3-006 98-0 1-284 0-427

recrystallization and annealing occurs during the solution
of polyethylenes. The present endotherms therefore must
be interpreted as reflecting the occurrence of recrystal-
lization during solution. Clearly the extent of morpho-
logical rearrangement is strongly dependent on the
cooling path chosen for the formation of the crystal
suspension. Suspensions grown by the slower cooling
modes produce sufficient morphological effect during the
dynamic heating scan to generate the distinct double
endotherms shown. As might be expected, the relative
magnitudes of A, and A, shift toward A, for the slower
cooling mode. The resolution of peaks is not seen when
the present heating scan is applied to quenched sus-
pensions. In discussing the traces of Figure 3 it is also
to be noted that to the unaided eye, suspension clarifica-
tion (i.e. solution) occurs at or near a temperature
intermediate between T, and T, in the slow-cooled
systems (for tetralin, this temperature is 97°C).

The complex endotherms of Figure 3 invite speculation
on the type of crystal structures involved in the solution
process. Two distinct morphological groups seem to be
present, each dissolving in its characteristic temperature
range, centred on T, and T,. The present data do not
permit specifying how these morphological groups
differ, but the bulk of existing literature (Joc. cit.) would
suggest that lamellar thicknesses and fold periods will
depend strongly on the cooling path chosen for crystal-
lization. Judging from the shift in areas under the endo-
therms, the number of more highly perfected structures
dissolving in the higher temperature environment varies
inversely with the cooling rate, much as the number of
crystal nuclei acting as initiation centres for isothermal
crystallization varies with dissolution temperature®. 6,13,
Carrying further the analogy with isothermal crystalliza-
tion, recrystallization during solution must be regarded
as a kinetic process, so that the traces in Figure 3 are not
necessarily equilibrium representations of the crystalliza-
tion tendency. Also, the failure of the quenched system
to show a distinct pair of endotherms simply may be the
result of too rapid a traversal of the critical temperature
range for recrystallization to occur on the (relatively) few
highly perfected nuclei of this system.

An attempt was made, accordingly, to specify the
kinetic basis of the recrystallization process. To do so,
2:0% solutions of the whole polyethylenes in tetralin
were crystallized as noted, then heated at the usual
scanning rate to 97°C—the midpoint between T, and T,
for the system. The (apparently) clarified solutions were
annealed at 97°C for various periods of time, whereupon
the scan continued at the usual rate of 1:2°C/min. The

Ag (arbitrary units)

results of the experiment are given graphically in Figure 4
and more completely in Table 3, emphasis being placed
on the area parameter A; which is most sensitive to
variations in the annealing period.

Figure 4 shows clearly that an apparent equilibrium
value of A; (~1-0 area units) is in fact attained only
following lengthy annealing of systems crystallized on
the slow-cooling path. The tabulated results indicate
the great increase in the annealing period required to
approach the same value of 4 in systems crystallized
along the 3:0° cooling path, while in the quenched
systems only the 900 min annealing period was sufficient
to produce a small second endotherm on resumption of
the scan above 97°C. For practical reasons, annealing
was not carried beyond 900 min, so that the given datum
is the only indication of a peak resulting from recrystal-
lization in quenched systems. Table 3 also lists temperature
values for endotherms relating to the solution of slow-
cooled suspensions. The T, column is, basically, an index
of reproducibility in the analysis, while 7, shows a
moderate increase with annealing period, with a final
value ( ~ 100-6 + 0-2°C) attained after about 2 h annealing.

Table 3 Eftect of annealing on high temperature peak for LPE-1/
tetralin

2-09%, polymer solutions. Anneal T=97+0-2"C

Cool rate Anneal time Ag T T
("C;/min) (min) cC) (Q)
1-2 0% 0-415 95-1 99-3
30 0560 94-9 997
60 0-725 95-2 1001
120 0-850 94-9 100-5
240 0-910 95-0 100-7
480 0-970 95-1 100-6
900 0-995 95-1 100-8
3-0 0* 0-260 — —
30 0-335 — —
60 0-380 — —
120 0-470 — —_
240 0-575 — —
480 0-640 —_ —
900 0-790 — —
~18 900 0-275 — —

* Arbitrary definition. Finite time is spent in the vicinity of the
annealing temperature during an uninterrupted scan.

O 1 L J. Il 1 1 i 1 1

O 200 400 600 800 1000

Annealing time at 97°C {(min)

Figure 4 Approach to equilibrium of area under high temperature
endotherm signal for 2:09, LPE-1 in tetralin (cooling rate 1:2°C/
min)
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In wusual analyses of time-dependent, isothermal
crystallization indexes (e.g. dilatometric datal® 14) con-
cepts of the Avrami equationl!® are applied. In the present
case, the fractional value of the area A; should be related
to annealing (recrystallization) time via,

1= (4,)e/(Aw=exp (= ki) (M

Appropriate graphical representation of the data for
slow-cooled suspensions was found to yield the expected
linear sections, roughly superimposable by a shift in the
time axis, and with 3<n<4. This is consistent with
heterogeneously nucleated, three-dimensional crystal-
lization processesi®. 13, Present results are too scanty to
pursue this analysis in a formal manner. Assuming,
however, that the increase in 4 resulting from annealing
of the quenched suspensions follows a similar path,
it is possible to define the half-times for (4;)x, and this
parameter can be compared with half-times for isothermal
crystallization from solutions of polyethylene conditioned
at various (solution) temperatures. A useful set of results
for comparison is given by Mandelkernl® for a very
similar polyethylene (Marlex 50) crystallized from dilute
solutions in a-chloronaphthalene:

Cooling rate tij2(min)  Solution T
(this work) (ref. 16)
1-2°C/min 13 96-5°C
3:0°C/min 150 100-5°C

18°C/min 1100 103°C

The comparison appears to confirm the Kkinetic
similarity of reported isothermal crystallization behaviour
and of the recrystallization during solution studied here.
The effects on recrystallization rates of an increase in the
cooling rate leading to the formation of crystal sus-
pensions, is analogous to the effect of an increase in
solution temperature on isothermal crystallization rates.
The work of Keller and co-workers? 8 would relate each
of these effects to a decrease of 2-4 orders of magnitude
in the number of persisting nucleation centres available
for crystallization or recrystallization.

Molecular weight dependence of solution processes in
tetralin

Inordertoclarify further the complex solution behaviour
of polyethylene crystal suspensions, the effect of molec-
ular composition was studied in tetralin solutions of the
materials listed in Table 1, along with 1:1 blends of
fractions F1 and F4. In all cases the polymer concentra-
tion was 1-00 ( + 0-08 %,). A ‘standard scan’ was performed,
i.e. suspensions were formed and dissolved at equivalent
cooling and heating rates of 1-2°C/min. The parameters
from the dissolution endotherms for these experiments
are reported in Table 4.

An 1ncrease 1n the relative importance of the higher-
temperature endotherm is evident as the average molec-
ular weight of the polymer increases (see Table I). The
standard scan failed to produce a higher temperature peak
for the low molecular weight (M,=5000) fraction F4;
also, the signal generated by the F1/F4 blend is quanti-
tatively accounted for by the high molecular weight
component F1. Tentatively it can be concluded that the
number of crystal nuclei persisting in tetralin solution
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beyond the apparent clarification temperature of 97°C
must increase with the molecular weight of the polymer,
in addition to being a function of the cooling path.
Furthermore, the real importance of molecular weight
dependence is somewhat played down by the reported
data which describe non-equilibrium solution conditions.
Koenig and Carrano?-3 have reported that the rate of
recrystallization (annealing) processes during solution of
polyethylene increases with decreasing molecular weight;
thus, the data in Table 5 presumably diminish the
molecular weight effect by reporting on the situation at
different relative approaches to equilibrium.

In further studies of molecular weight effects use was
made of the fractionation cell. It was noted in preliminary
work with the larger cell that annealing periods at 97°C
produced a quantity of gel-like material, which escaped
attention in work with the smaller, less-readily scrutinized
analytic cell. Experiments were carried out therefore
in which suspensions prepared along the 1-2°C cooling
path were heated to 97°C, annealed at that temperature
for 6-8 h (sufficiently long to establish equilibrium
morphological conditions, according to the results of
the preceding section), and were then fractionated by
applying mild suction to the lower section of the cell (viz.
Figure 2). The polymer contained in the ‘sol’ and ‘gel’
fractions separated by this procedure was recovered
(methanol addition to tetralin solutions) and analysed
by intrinsic viscosity measurements. This phase of the
work was restricted to the whole polymers, fractions
F1, F4 and the 1:1 blend of these fractions. Results
are given in Table 5.

The effectiveness of material recovery following frac-
tionation is documented in the final columns of Table 5.
The M, of each starting polyethylene sample was calcu-
lated from the respective M, values and weight fractions
of the sol and gel components, and found to agree
quantitatively with the experimental M, values in every
case. The dominant feature of the Table, however, is
that only the ‘gel’ fraction reflects the changing molecular
weight average. The molecular weight of the components

Table 4 Solution endotherm parameters for linear polyethylene
samples

Sample T T Ag Ag Ag/At
O °C)

LPE-1 94-1 99-1 0-350 0-145 0-293
LPE-2 94-3 100-0 0-316 0-137 0-303
F1 95-1 99-3 0-336 0-218 0-394
F2 94-4 98-2 0-368 0-105 0-285
F3 94-4 97-8 0-332 0-065 0-196
F4 94-0 — 0-185 0 0

F1:F4(1:1) 95-0 99-8 0-27 0-116 0-294

Table 5 Fractionation of polyethylene ‘solutions' in tetralin
following annealing at 97°C

1% solutions used in all cases, annealing times at 97°C in the
range 6-8 h

Overall M, x10-3

‘Sol fraction'  'Gel fraction’
Polymer M x10-3 M, x 103 Expt.  Calc.
LPE-1 14-3 127 95-0 99-7
LPE-2 12-9 93 76-0 786
F1 15-5 205 180 187
Fa 4-9 — 4-9 4-9
F1/F4 (1 : 1) 7-0(16-1)* 196 95-5 97-5

* Calculated M, of constituents contributed by F1 only
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actually in solution at 97°C is effectively constant, and
independent of that average. This is true also of the
blended fractions; the low molecular weight fraction F4
enters solution quantitatively during the annealing period
(hence also its failure to produce a recrystallization
endotherm, as noted in the context of Table 4); hence
from the composition of the gel and sol components
of the F1/F4 blend, it was possible to compute M, for
the solvated component originating in F1. This value,
bracketed in Table 5, helps to establish an apparent
‘critical’ molecular weight of M,~14 000, which seems
to characterize an equilibrium capability of tetralin
to dissolve polyethylene at a temperature corresponding
to visual clarification in temperature-scanning (dynamic)
experiments.

The above observations are consistent qualitatively
with those of Blackadder and Schleinitzl, who followed
the distribution of dissolved and recrystallized poly-
ethylene in p-xylene as a function of isothermal (93°C)
annealing time, without however specifying the molecular
weights of the solvated and solid-state components.
Furthermore, the data elaborate on the complex processes
leading to the solution endotherms discussed above, and
to their sensitivity on the selected crystallization path.
Since recrystallization during solution and during
isothermal annealing apparently requires the solvent
to disassociate soluble chain molecules from the
recrystallizable components, it seems reasonable to
suppose that this disassociation will take place more
rapidly as the chain size distribution in crystallites
becomes narrower. Intuitively, the limiting case would
involve crystallites grown under thermodynamically ideal
conditions (infinitely slow cooling). Here crystallites
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Figure 5 Solution endotherms for LPE-1 in (—) tetralin and
(- - -) a~chloronaphthalene. 1-0% polymer concentrations. Scan
rate = 1-2°C/min

would tend to have minimum size distributions of con-
stituent chain molecules, and little delay would be
expected in attaining equilibrium distributions of chains
in the solvated and crystalline state. Under experimental
cooling conditions, however, increasing randomness in
the chain size distributions within crystallites may be
envisaged as the cooling rate is increased. This factor
would slow the disassociation step and thus complicate
the kinetics of attaining equilibrium endotherm patterns.
Finally, the data raise the possibility that the critical
M, value is not characteristic of the polymer alone, but
rather that it is a function of polymer/solvent interaction.
This point is considered briefly below.

Solvent dependence of solution processes

Ample evidence now existsi:13:17 to the effect that
thermodynamic properties of polyethylene crystals (e.g.
fold energies, fusion enthalpies) do not depend on the
solvent environment from which they are formed.
Nevertheless, the solution process and the accompanying
recrystallization (annealing) effects discussed here are
clearly dependent on the solvent environment. Qualitative
evidence of this is shown in Figure 5, which compares the
solution endotherms of LPE-1 (1-00%, concentrations)
in tetralin and «-CN. For each case the ‘standard scan’
is represented and as noted before, each of the solution
endotherms is closely reproduced by repeated ‘standard
scan’ cycles. The general outline of the endotherms is
similar, of course, but the «-CN system is shifted some
10°C towards higher solution temperatures, and there
is a marked increase in the relative importance of A%,
Evidently o-CN is a less effective solvent for the poly-
ethylene than tetralin; the increase in relative size of the
higher temperature peak suggests more drastic morpho-
logical effects during solution, either because of a larger
number of nucleation sites in the system or (and) because
of a reduction in the fraction of polymer chains which
can be maintained in solution following the generation
of the lower temperature endotherm.

A more quantitative view of the role played by
polymer/solvent interactions was sought by repeating
the fractionation experiments described above. Solutions
of the whole polymers in xylene, tetralin, decalin and
«-CN were subjected to a ‘standard scan’ to define the
respective annealing temperatures; 1-00 % solutions were
then crystallized at 1-2°C/min cooling rate in the frac-
tionation cell, heated at 1-2°C/min to the appropriate
annealing temperature, and fractionated after ~8h
annealing. Molecular weight determinations on the
recovered polymers are given in Table 6 along with the
pertinent temperature and weight fraction data.

The fractionation effectiveness during annealing at
temperatures which correspond to the same relative
solution state, is a distinct function of the solvent.

Table 6 Solvent dependence of polyethylene solution effects

LPE-1 LPE-2
Anneal Wt.9, M. x10-3 Wt.9%, M, x 103
Solvent T (°C) Sol'n Crystal Sol'n Crystal Sol'n Crystal Sol'n Crystal
x-CN 107 21 79 10-3  130-4 17 83 8-9 927
Xylene 97 24 76 14-0 1245 19 81 13-3 907
Tetralin 97 24 76 14-3  127-0 18 82 12-8  93-0
Decalin 92 29 i 18-7 1401 22 78 19-9  93-1
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«-CN is the least effective, being incapable of maintaining
in equilibrium solution polymer chains having
My, 210 000; tetralin and xylene are about equivalent in
dissolving chains with M, <13 000, while the equilibrium
solution capability of decalin extends to about M,~18-
20 000. An immediate consequence of this evidence is to
seek a relationship between the M, values and thermo-
dynamic interaction effects for the polymer/solvent
systems.

The most commonly used parameter of polymer/
solvent interaction is the free energy of mixing parameter
x drawn from lattice theories, and more recently, from
corresponding-states theories of polymer solutions!8-20,
Efforts to relate ¥ with the molecular weights of polymer
dissolving at the pertinent annealing temperatures in the
given systems encounter difficulties similar to those noted
by Devoy et al.13 in their attempts to relate polyethylene
crystallization kinetics with polymer/solvent interactions:
insufficiently accurate interaction data.

Paradoxically, some frequently used literature values
of the interaction parameters for polyethylene/solvent
systems may be in considerable error precisely because of
the complex solution effects described here. The data
given by Coran and Anagnostopoulos2! illustrate the
problem particularly well. These authors determined y
from a simplified version of the familiar Flory expression,
having the form:

1Tm—1/Tm=RIAHW(Va/V1) (1 —x) )

where T, and Tm are the depressed melting point of
polymer in excess solvent and the melting temperature of
pure polymer, AH, is the fusion enthalpy per mole of
polymer repeat units, ¥, is the volume per mole of
repeat units and V; is the molar volume of solvent.
The critical experimental evaluation is that of Ty;
this was determined by heating crystals of polymer in
excess solvent at a rate of 1°C/min on the hot stage of an
optical microscope. The temperature at which spherulites
disappeared (viewed between crossed polaroids) was
equated with Ty,. The T, values for decalin, tetralin and
xylene, given in ref. 21 are within 1°C of the corresponding
annealing temperatures given in Table 6. Adopting the
techniques of ref. 21, we have measured a T, =107°C
for «-CN, in exact accord with the annealing temperature
listed in Table 6. This quantitative agreement is not
surprising considering the very similar solution paths
used in our very differently oriented sets of experiments.
It is clear, however, that these temperatures, and by
inference the temperatures quoted for additional solvents
by Coran and Anagnostopoulos?l, do not correspond
to equilibrium ‘melting’ temperatures (i.e. solution
temperatures) of the polymer in excess of the given
solvents. Consequently their use in equation (2) must
underestimate y, to a degree dependent at least on the
molecular weight of the polymer, and (presumably) on
the thermal history of crystal preparation. The fact that
a reasonably linear relationship was defined by plotting
x values of ref. 21 against the M, of polymer in equi-
librium solution at the respective T, values is therefore
to be considered as fortuitous. Greater reliability in
measurements of y values will be necessary to clarify
the question of solvent influence on fractionation
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effects during the crystallization and solution of polymers
such as the present polyethylenes. Gas-liquid chroma-
tography is currently being considered for application
in this regard?22,

CONCLUSION

It is concluded that the solution of linear polyethylenes
along standard heating paths is subject to variations
arising from the crystallization history of the material
and from a fractionation effect, the nature of which
reflects both the molecular structure of the polymer and
the thermodynamics of polymer/solvent interaction.
The importance of these effects should be borne in mind
in the selection of solvents and the handling of polymer
solutions intended for the characterization of polymer
molecular structure. The present elaboration on the
complexities of dynamic polymer solution processes also
questions the validity of some literature values for the
free-energy of mixing parameter y, thereby illustrating
further the need for suitable experimental procedures in
testing the predictions of theories for the behaviour of
polymer solutions.
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Thermally stable fibres from an

adamantane polymer

E. Dyson, D. E. Montgomery and K. Tregonning*
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The thermal stability of fibres from poly(m-phenylene adamantane-1,3-dicarbox-
amide) is described in terms of the mechanical properties at, and after exposure
to, elevated temperatures. It is shown that fibres from this polymer have suffici-
ently good retention of tenacity and modulus when exposed to elevated tempera-

tures in air to warrant further development work.

INTRODUCTION

The recent growth of the aerospace industry has fostered
a demand for fibres which retain their tensile properties
at high temperatures and special structures have been
employed in polymer synthesis to obtain thermally
stable polymers which exhibit fibre-forming properties.
One approach to this problem has been to incorporate
aromatic rings in the polymer chain. In addition to
producing a stiffer and more dimensionally stable
polymer, it has been known for some time that replace-
ment of aliphatic units by aromatic rings in linear
polymers produces materials of greater thermal stability.
This approach tends to- raise both the glass transition
temperature and in most cases the melting point of a
polymer.

Several experimental fibres have been produced
which retain useful tensile properties at temperatures up
to 300°C. Much of the research on such materials has
been directed towards wholly aromatic polyamides
incorporating arylene units!-3 because although the
heterocyclics, for example, are often potentially superior
to the aromatic polyamides as thermally stable fibre
forming polymers, there are considerable financial and
technical difficulties impeding their production on a
large scale. The polymers are relatively expensive to
produce and in most cases are insoluble. Thus it is
necessary for a precursor to be extruded and cyclization
(which can be a lengthy process) to be carried out as a
separate operation after spinning. Commercial interest
has, therefore, been lacking as regards heterocyclic
fibres, although such polymers have been used in other
high temperature applications, for example as films.

Another series of polymers with thermal stability
potential are condensation polymers based on the
adamantane system (see Figure Ia), which has a rigid
symmetrical structure of high thermal and chemical
stability. Adamantane is a by-product of the oil industry,

* Present address: UK Atomic Energy Authority, Dounreay,
Caithness, Scotland, UK.

and it would seem that if polymers based on the adaman-
tane system prove suitable for use as thermally stable
fibre-forming polymers, these could be of commercial
interest.

Condensation of adamantane-1,3-dicarbonyl chloride
with diamines yields a series of polyamides® the general
formula of which is illustrated in Figure 1b.

The thermal properties of some of these polymers
have been reported and as might be expected those
polymers containing aromatic rings are more thermally
stable than those containing aliphatic units.

n

Figure 1 (a) Adamantane and (b) polyamides incorporating
adamantane
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The work reported in this paper concerns the pro-
perties of fibres from the polymer shown in Figure 2,
poly(m-phenylene adamantane-1,3-dicarboxamide), and
an evaluation of its high temperature performance.
According to Flavell® this polymer has a softening point
of 294°C and suffers no weight loss below 380°C. A T,
of 311-317°C has been measured by Sewell® from
thermogravimetric analysis which indicated no weight
loss below 400°C in air at a heating rate of 32°C/min,
but a 0-86 9; weight loss in air if a temperature of 325°C
is maintained for 2h. It seems reasonable to expect,

therefore, that if filaments could be produced having'

acceptable textile properties at room temperature, then
their high temperature properties would be of interest.

:

‘_CQC”NQN“‘
I I
H H

O o

-n

Figure 2 Poly(m-phenylene adamantane-1,3-dicarboxamide)

EXPERIMENTAL AND RESULTS

Fibre production

A 25% w/w spinning solution was prepared by
dissolving the polymer in dimethylformamide containing
5% lithium chloride. The solution was filtered through
cotton wadding and transferred to the extrusion unit of
a small-scale wet-spinning machine. Extrusion took
place through a spinneret having five holes of 75 um
diameter into a spin bath containing 60 9, w/w dimethyl-
formamide in water at 10°C. After coagulation the
filaments were passed through a hot water bath to remove
residual solvent and were then packaged before being
washed in distilled water and dried in a forced-draught
oven.

The fibres had the following properties at this stage:

(7] 1-5dl/g in conc. HsSO4
(density 1-84 g/ml) at 27°C

tenacity 0-62 g/den

extension at break 7229

initial modulus 19-9 g/den

sonic modulus 30-0 g/den

dumbbell section with com-
plete absence of voids

appearance

Preparation of drawn fibres

The initial drawing experiments were of a discon-
tinuous nature and were performed by drawing short
samples in an Instron tensile tester whilst they were in
contact with a hot plate. The information obtained was
then used to choose suitable drawing conditions for a
small-scale continuous drawing machine. A full descrip-
tion of these techniques will be published later. The
filaments on which high temperature tests were conducted
were drawn using the following conditions.
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Temperature 325°C
Input velocity 24-6 m/min
Take-up velocity 147-0 m/min

equivalent to a draw ratio of ~6+0 : I and a draw rate of
220 000 % min—1.

The five filaments were separated and drawn indivi-
dually. They were then packaged by hand and stored in
a desiccator prior to testing. Separate denier determina-
tions were made on 90cm lengths of each of the drawn
filaments (using a microtorsion balance) and their room
temperature tensile properties were determined in the
usual way.

The drawn fibres had the following properties:

denier 7-3
tenacity 4-0 g/den
extensibility 252%

initial modulus 51-1 g/den

X-ray analysis revealed that minimum crystallinity had
been introduced by drawing’.

The tensile properties of the drawn fibres were deter-
mined at temperatures between ambient and 310°C and
the room temperature tensile properties of the drawn
fibres were determined after exposure in air to tempera-
tures between 200°C and 325°C for periods of time
between 18 min and 100 h.

Tests at elevated temperatures

A heating chamber was used with the Instron tensile
tester to determine the tensile properties in air at elevated
temperatures, the results being shown in Figure 3. The
tests were made at an extension rate of 20 %, min—1 with
a gauge length of 2-5cm. Each sample was exposed to
the chosen temperature for 3min prior to testing and
tenacity, extensibility, and initial modulus were measured.
The tension in the fibre prior to test was also noted.

At 300°C and above, high shrinkage tension precluded
meaningful measurement of extensibility and initial
modulus.

125 L A
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Figure 3 Tensile properties of drawn fibres at various tempera-
tures, room temperature values taken as 100%. A, break exten-
sion; B, tenacity; C, initial modulus
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Heating ageing and free shrinkage

For the heat ageing experiments, fibres were wrapped
around glass microscope slides under a small tension
and secured at each end with Bostik 1160 high tempera-
ture adhesive, so that no shrinkage was possible. The
samples were exposed in air to various temperatures for
periods of time up to 100h, a forced-draught oven
providing the heat source. Although an inert atmos-
phere such as nitrogen is often used for these tests,
it was felt that an oxidative atmosphere would provide
more useful information, and not enough fibre was
available for both types of test.

When the fibres were removed from the oven, any
discoloration was noted, and the normal testing pro-
cedure was used to determine the tensile properties at
room temperature, although in this case a 5cm gauge
length was used. Results for the percentage strength
retention plotted against exposure time for various
temperatures are shown in Figure 4, and similar plots
for retention of initial modulus and extensibility are
shown in Figures 5 and 6.

The effect of temperature on free shrinkage was
determined by loosely wrapping 50cm lengths of fibre
onto 0-75in. diameter stainless-steel tubes. The tubes
were then stood on end in the forced-draught oven so
that the fibres would meet minimum restriction to
shrinkage. The fibres were exposed for 20 min at each
temperature and after removal their lengths were
measured, the results being given in Figure 7.

DISCUSSION

The limit of stability of poly(m-PAD) fibre undergoing
short exposures in air to elevated temperatures is well
illustrated by the shrinkage data and the tensile pro-
perties at elevated temperatures. It would appear that
the effects of disorientation became marked between
250°C and 300°C. However, even were it possible to
minimize these effects by, for example, the introduction
of a higher degree of crystallinity, an upper limit of
325°C for quite short exposures would have to be
imposed. After 18 min exposure to this temperature the
fibre was appreciably discoloured and as can be seen
from Figures 4, 5 and 6 retention of tenacity, initial

100 +

50 -

Strength retained (°/o)

03 | 3 o 30 100
Exposure time (h)

Figure 4 Percentage of room temperature tenacity retained after
exposure to various temperatures for a range of times. A, 200°C;
B, 250°C; C, 275°C; D, 300°C; E, 325°C
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Figure5 Percentage of room temperature initial modulus retained
after exposure to various temperature’s for a range of times. A,
200°C; B, 250°C; C, 275°C; D, 300°C; E, 325°C
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Figure 6 Percentage of room temperature extensibility retained
after exposure to various temperatures for a range of times.
A, 200°C; B, 250°C; C, 275°C; D, 300°C; E, 325°C
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Figure7 Percentage shrinkage after exposure to various tempera-
tures for 20 min
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modulus and extensibility was low, indicating the effects
of thermal degradation.

Figure 6 probably best illustrates the usefulness of
poly(m-PAD) fibre at a particular temperature. For
each temperature (except 200°C) the percentage of room
temperature extensibility retained increases gradually
with time up to a point which is different for each
temperature, it then falls more rapidly to a value which
is too low for use. The point at which the percentage
extensibility retained exhibits a maximum coincides
with observed onset of discoloration.

Table 1 below compares the 509 strength loss tem-
perature of poly(sn-PAD) fibres with other experimental
and commercially available fibres and it can be seen that
poly(m-PAD) behaves reasonably well. One might also
expect the introduction of crystallinity to increase the
509 strength loss temperature to a more favourable
value.

Table 1 Comparison of the 509, strength loss temperatures of
some selected experimental and commercial fibres

Fibre 50%, strength loss
temperature (°C)

Nylon-6,6 tyre cord yarn 145

Nomex® 280

Poly(m-PAD) 240

Polyimide?® 280

Aromatic copolyamide3 260
Oxadiazole-amide copolymer3 250
CONCLUSIONS

Fibres with a tenacity of 4-0g/den, an initial modulus
of 51-1g/den and an extensibility of 2529 have been
produced from poly(m-phenylene adamantane-1,3-di-
carboxamide) by wet spinning from dimethylformamide
and then hot drawing at 325°C.

Elevated temperature and heat ageing tests have been
conducted on these fibres and the results are reasonably
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encouraging. The fibres retain almost 509, of their
toom temperature tenacity when tested at 250°C and
show little change in their physical properties after
exposure to a temperature of 250°C for several hours.
Indeed the initial modulus remains unchanged after
exposure to this temperature for 100h. However, at
temperatures above 250°C the fall in tensile properties
is fairly rapid and is probably due to a combination of
disorientation and degradation.

It is possible that some improvement in the high
temperature performance of poly(m-PAD) fibres may
be obtained by the introduction of a higher degree of
crystallinity.
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Note to the Editor

Electron spin resonance studies of spin-labelled
polymers: Part 2. Preparation and characterization

of spin-labelled polystyrene
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Department of Chemistry, University of Aberdeen, Old Aberdeen, AB9 2UE (UK)

(Received 27 October 1971)

The line widths of the electron spin resonance (e.s.r.)
spectra of nitroxide radicals can yield the correlation time
for rotational diffusion of the radical. By attaching a
stable nitroxide group to a macromolecule line width
measurements can give useful information on the motion
or conformation of the macromolecule in various
environments. This spin-labelling technique was origin-
ally applied to biological macromolecules!. More
recently it has been extended to synthetic polymers.
From line width measurements of a toluene solution
of polystyrene labelled at random with phenyl nitroxide
groups (~ one label per 1000 monomer units) the corre-
lation times and activation energy for segmental rotation
were derived?. The labelled polystyrene was prepared by a
modified version of the synthesis described by Drefahl
et al.3 This route, which has also been used to prepare
polystyrene labelled with t-butyl nitroxide groups
(unpublished), is inconvenient in several respects. For
example, the mercurated polymer is rather insoluble and
the intermediate nitroso polystyrene is unstable. In this
communication we describe a more convenient synthesis
of t-buiyl nitroxide polystyrene based on the following
reaction sequence:

~ CH2-CH — ~— CHe-CH —
| |
N , 7
] BubiGeHs 3

N

‘1 l
‘ ButNO
—~— CH»>-CH — — CHz—(JEH —_
|/l W MeOH l/l \I
N in air N/
Ii\I—O . N-O-Li*
But/ But/

Lithiated polystyrene was prepared by the method of
Braun%. The iodination step was modified to yield a
pOlymer containing 4-6 9, iodine corresponding to one
iodine atom per 20-30 monomer units. 500 mg of iodinated

] s
b b
c Lo

Figure 1 (a) The e.s.r. spectrum of spin-labelled polystyrene
(mol. wt. 2000) in toluene solution (1%); (b) stick spectrum for
t-buty! nitroxide in o- or p-position; (c) stick spectrum for t-butyl
nitroxide in m-position
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polystyrene dissolved in 40ml benzene were added
dropwise with rapid stirring into an excess of butyl
lithium in benzene (800mg in 12ml) under nitrogen at
room temperature. The addition took 2-3 h after which
an excess of 2-methyl-2-nitrosopropane in benzene was
injected into the resulting solution of lithiated poly-
styrene. It is important to ensure that the lithiation step
is conducted with slow addition of the iodinated polymer
and a large excess of butyl lithium, otherwise there is a
risk that crosslinking of the polymer will occur via a

Wurtz-type reaction. A convenient preparation of -

2-methyl-2-nitrosopropane was described recently®. The
reaction product was precipitated in excess methanol
under aerobic conditions which preclude the need to
isolate and oxidize the intermediate hydroxylamine.
The spin-labelled polymer was purified by two further
precipitations in methanol from chloroform. Elemental
analysis showed the residual iodine content to be <0-5%,.

The parent polystyrenes had molecular weights of
126 000 and 2000. The latter was a narrow fraction
supplied by Waters Associates for gel permeation
chromatography calibration. The spectra of the solid
polymers were closely similar to that of the phenyl
nitroxide polystyrene?. Figure la shows the spectrum of
the labelled narrow fraction recorded at room tempera-
ture from a 19 solution in toluene. Each multiplet
comprises seven lines in approximate intensity ratio
1:2:3:4:3:2:1, with a separation of 2-8 MHz
between adjacent lines. This fine structure is consistent
with interaction of the unpaired electron with one pair of
equivalent protons having aen=2-8MHz and with
another pair having ag=5-6 MHz, while ax=35-4MHz.
From data on small aryl nitroxides the coupling constants
of protons in the ortho- and para-positions (to the
nitroxide group) are known to be equal and approxi-
mately twice the coupling constants of meta-protons®.
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On this basis, the ‘stick’ spectrum in Figure 1b was
constructed for nitroxide substitution in the styrene ring
at the positions ortho- or para- to the carbon atom of the
backbone, while Figure Ic corresponds to nitroxide
substitution in the meta-position. Figure Ib fits the
observed spectrum closely while Figure Ic does not.
From steric considerations it seems unlikely that ortho-
substitution has occurred. The conclusion that these
polymers are labelled exclusively in the para-position is
in accord with Braun’s observation that iodination also
occurs exclusively at this point in the molecule4.

We have observed that the correlation times for a
polystyrene sample labelled with phenyl nitroxide and
t-butyl nitroxide groups are the same. The results of
these e.s.r. studies will be published in detail in due
course.
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Book Reviews

Essential fiber chemistry
Mary E. Carter
Marcel Dekker, New York, 1971, 216 pp, £9.40

In this book the author has set out to provide a sound under-
standing of the chemistry of ten commercial fibres: cotton, rayon,
cellulose acetate, wool, polyamides, acrylics, poly(ethylene
terephthalate), polyolefins, polyurethanes and glass. This she has
done admirably but as she states in the preface, the depth of treat-
ment for any one fibre cannot be great. However, a surprisingly
large amount of information is included and there are very many
appropriate references for further reading. Many patent references
are included. One chapter is devoted to each of these fibres and
the treatment is well balanced. The polymerization and produc-
tion of synthetic fibres and the preparation of natural fibres are
discussed fairly briefly. The author concentrates on the chemical
modification of the fibres. In some cases, for example with the
polyolefins, perhaps there is too much emphasis on modification
(19 pages) compared to that on synthesis and production (3
pages). For each synthetic fibre I would have liked to see a little
information on the source and synthesis of the monomers used for
its production. Also I would have liked to see more comparison of
the properties of the fibres with a discussion of their price and
suitability for various applications. Perhaps that could not be ex-
pected in a book entitled ‘Essential fibre chemistry’.

The publishers state that the book is intended for chemists in
research and development in natural and synthetic fibres. It will
be most useful to them as an introduction to a more detailed study
of any one of these fibres. It will be invaluable for anyone wanting
a general appreciation of the chemistry of fibres. It fills a gap and
I certainly intend to use the book as a text for my lectures to BSc
and MSc students. The book is well produced, easy to read and
well illustrated. I recommend it but it is expensive at £9.40.

F. J. Hybart

Rubber technology and manufacture
Edited by C.M. Blow
Butterworths, London, 1971, 527 pp, £9.00

“This is all ye know on earth, and all ye need to know” This mis--
quotation came to mind on looking through this book. The quote
naturally applies only to the limited sector of knowledge with
which the book deals but seems a fair, if enthusiastic, summing up
of it.

The book has a clearly defined area of knowledge to encompass.
It is not one otherwise covered in an up-to-date way and of prac-
tical value to supplement the education of a chemistry, physics, or
engineering first degree to an entrant to the rubber industry. It at-
tempts to provide more specialized knowledge in each of the three
disciplines and a cross-reference to the useful technology in the
other two. It unquestionably succeeds for the chemist. It is
progressively less satisfactory in providing more specialized
knowledge on elastomers for the physicist and engineer. Dr Blow
recognises this limitation in a book already of 527 pages and
refers to the physics and engineering texts complementary to it.

It is not primarily a reference book. Hopefully, the new
graduate will read it all. He can start at any chapter which par-
ticularly attracts his interest. From Dr Blow’s present interest in
postgraduate courses, he no doubt has had in mind that the book
will be the one text book needed in a one-year MSc course
specializing in elastomer technology.

It has two other readership aims, in which it also generally suc-
ceeds. One is as a refresher volume for people like me, whose
general knowledge needs rubbing up. It also does act as a
reference book. Dr Blow has taken considerable effort to produce
a method of providing reference to selected books for general
reading and a method of subject and author indexing with the idea
that these will actually be used.

This book will remain the authoritative text in the UK for

several years to come. It has been produced by the authoritative
body, the Insititution of the Rubber Industry, which will see that it
remains authoritative through the setting of the technical stan-
dards and related examinations of the Institution. Dr Blow has
enlisted 31 contributors. Not a single one has had an academic
career. A number have just retired from eminent positions in in-
dustry in this country, the USA, and in European countries. It
seems so sensible to gain their wealth of experience while it is still
fresh and valuable to the entrant to the industry.

Emphasis in the book is on the technology of materials and
their conversion to rubber products. This includes a background
to the exciting history of the industry and a perspective of the
materials equally important to the polymers which go into rubber
products. Both these topics are sadly lacking in the typical
educational course and in university research studies. The later
chapters deal with the general processing operations of the in-
dustry, mastication and mixing, extruding, calendering, moulding
and the like. These are followed by useful synopses of the
manufacture of the main types of product, tyres, belting, hose,
footwear, rubber/metal units, sports goods, cables and other in-
dustrial products. Test procedures and standard test methods
rightly merit good cover.

Dr Blow and the Institution of the Rubber Industry are to be
congratulated and well merit our thanks for this effort.

W.F. Watson

IUPAC 22nd International Congress of Pure and
Applied Chemistry

1969 Plenary Lectures. Sydney

Butterworths, London, 1971, 287 pp, £7.50

It is almost impossible to review this book in a short article. It
consists of the plenary lectures delivered to the IUPAC Con-
ference in Sydney in 1969. The range of topics is very wide, the
speakers being chosen for their pre-eminence in their chosen
topics. Some of the lectures are synoptic treatments of the subject
over a long period of years. Some deal with quite specific fields in
an up-to-date review of recent developments. Another group deals
with the special problems involving even the relevant details of ex-
perimental work. The book as a whole will not be of interest to
any one reader, but, on the other hand, the articies are not
designed to cover the requirements of a general reader: but this is
the feature that makes the book quite different from othersiand
makes it quite unique in its own special way.

For the general reader, most of the articles are reasonably casily
comprehended but the special section on 50 years ot Valence
Theory will naturally be more easily readable by those who work
in this field. The authors, Mulliken, Daudel, Van Fleck and
Coulson give quite unique accounts of the way they see the subject
has developed. To the more general reader. this is probably one of
the most valuable perspectives that has been given in this part of
chemistry. Then there are three lectures dealing with water and its
interaction with surfaces. Maybe the most interesting is by Der-
jaguin who deals with the subject in a general way and then gives a
much more detailed account of the production of anomalous
water. In polymer chemistry, Wichterle looks into the future
trying to decide in what fields practicable new polymers might be
produced, but also looking critically into those systems and reac-
tions which need not lead into the production of new articles of
this kind. This kind of survey is particularly useful to rationalize
false hopes and to define regions into which future progress might
be made.

Although most of the articles deal with various parts of fun-
damental chemistry, there is an extremely useful and practical ar-
ticle by I. E. Newnham on Minerals, their prospecting, processing
and production. There is, therefore, in this volume something of
interest to most chemists and for others who are not experts in the
field dealt with often a sufficiently broad review to make the ar-
ticles of more general interest. The standard of the production of
the book is very high indeed, but so equally is its price.

H. W. Melville
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Book Reviews

Block polymers
Edited by S. L. Aggarwal
Plenum Press, New York, 1970, 339 pp, $16.00

The book contains a collection of papers which were presented
at a symposium on Block Copolymers held at the meeting of the
American Chemical Society in New York City, in September 1969.
A number of other contributions from selected authors have been
added to the volume so as to make the coverage more comprehen-
sive. Since the aim has been to cover all aspects of the subject,
contributions include work on synthesis, molecular charac-
terization, solution behaviour and bulk properties.

Interest in this class of materials has grown rapidly since it was
realized that itwas possible by anionic techniques to prepare block
copolymers with controlled structures. It is fitting therefore that
the first two papers by M. Morton, and J. Prud’homme and S.
Bywater respectively deal with various problems encountered in
the synthesis of well-defined polymers. The topic is also treated, in
a somewhat forceful manner, by A. Gourdenne. Taken together
these three papers lay down in a concise and clear fashion the
guide-lines which must be followed if a specific, readily charac-
terizable product is to be obtained by an anionic route. A number
of other papers also touch on synthetic problems. These include
reports of a detailed study of some segmented polyurethanes, work
on the synthesis and properties of siloxane block copolymers, and
a study of cationic polymerization.

Microphase separation in block copolymers is known to lead to
many interesting properties. A papers by T. Inoue et al. attempts
to provide a semi-quantitative framework for the factors leading
to and governing the type of two-phase behaviour obtained.
However, in order to fully rationalize the interrelationship bet-
ween primary chain structure and properties detailed mor-
phological studies are required. A number of papers are presented
which attempt to bridge this difficult gap. It should be noted,
however, that since publication of the book there have been some
important advances in the study of domain morphology and
therefore in this respect the book has become slightly
dated.

On the whole the strength of the book lies in the variety of
block systems to which it gives coverage. Thus in addition to the
now traditional styrene and butadiene or isoprene systems these
include reports of block polymers based on ethylene oxide—
styrene, siloxanes, propylene sulphide, imino ethers, and a@-methyl
styrene — isoprene.

As a source book of general information on block copolymers it
can be readily recommended to workers in the field.

C. Price

Ablative plastics
Edited by G.F.D’Alelio and J.A.Parker
Marcel Dekker, New York, 1971, 488 pp, $26.50

This book provides another example of the current practice for
papers presented to special sections of American Chemical Society
meetings to be collected for publication in one authoritative
volume. In this case the 21 papers were (with one exception) read
at a Symposium. in San Franciscoin1968, published subsequently
in full in the Journal of Macromolecular Science (A) 1969, 3,
327 -802, and are now issued in book form under the editorship
of Professor G. F. D’Alelio of the University of Notre Dame, In-
diana, and Dr J. A. Parker of the Ames Research Centre, Moffett
Field, California, both well-known for their work in polymer
chemistry. The papers are printed exactly as in the Journal, even
to typographical errors, and apart from a brief introduction by the
editors are not considered collectively or critically. The 32
contributors represent USA university, industry, government,
space agency and armed forces laboratories, and their papers
provide an overall picture of the findings arising in this
specialized field.

The precise study and development of ablative plastics, whereby
in their use thermal energy is expended via the formation of char
surfaces and sacrificial loss of material so as to afford protection
under hyperthermal and hypersonic conditions, commenced little
more than twelve years ago, being promoted largely by the
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requirements of sophisticated rocketry and space technology. The
papers collected in this volume deal with the provision and
behaviour of a wide range of heat-resistant polymers (phenolic,
epoxy, polyphenylene, polyamide, polyimide and related
heterocyclic polycondensates, silicones, etc.) and derived com-
posites, detailed attention being paid to the effects of chemical
and mechanical structure and environmental conditions.

Specific factors investigated involve the heat capacity of the
materials and products of degradation, thermal resistance, en-
dothermal reactions, phase changes, heat transfer and radiation at
and from boundary layers, gas evolution and the formation of the
strong char surfaces essential for adequate insulation and reten-
tion of mechanical strength. Polymer synthesis and structure,
characterization, processability, and fabrication receive con-
siderable attention throughout, particularly with regard to thermal
resistance, behaviour of composites, and the provision of
evaluation tests designed to give reliable indication of ultimate
performance.

Although the book is primarily on a specialized subject, it will
be of interest generally to those concerned with polymer
chemistry, physics and engineering, especially as the numerous
tables and figures provide much useful information. The title of
‘Ablative plastics’ implies heat-erodable carbonaceous coatings
but attention is given generally to polymer structure/property
relationships, to polymer processing and engineering, even to
economic considerations. Each paper has a useful summary and
list of references while author and subject indexes cover the book
as a whole. It should be pointed out, however, that these papers,
which deal entirely with USA investigations, were all prepared
during 1968 so that the subject as presented in this book is of
necessity three years out of date.

It is well-produced and for those who do not have easy access to
the Journal of Macromolecular Science for 1969, will have con-
siderable appeal, albeit at a cost of $26.50, about £11.00 sterling.

R.J.W. Reynolds
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IUPAC International Symposium
on Macromolecules
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The main topics of the symposium are :

—

Polymerization and copolymerization reactions
2. Solution properties and characterization
methods of polymers

Bulk properties of polymers

Degradation and decomposition of polymers
Polysaccharides and their derivatives

ok w

The programme will consist of a number of main
lectures given by invited speakers and short
communications submitted by the participants.

Further details and registration forms, which should be
returned by 31 March 1972, may be obtained by writing to
the Symposium Office, International Symposium on
Macromolecules, P O Box 28, SF 00131, Helsinki 13, Finland.

Printed in Offset by Kingprint Limited
Richmond, Surrey, England.



Effect of stereostructure on glass
transition temperatures of
poly(methyl methacrylate)

S. Bywater and P. M. Toporowski

Division of Chemistry, National Research Council of Canada,

Ottawa K1A ORS, Canada
(Received 23 June 1971)

The volume-temperature curves of a number of poly(methyl methacrylate)
fractions produced by various forms of catalysis have been investigated. It was
confirmed that the isotactic samples have a much lower Ty than has conventional
polymer. The highly syndiotactic polymer, however, was found to have a T,
not markedly different from that observed for conventional polymer in contrast
with earlier published reports. The latter polymers show a more marked 8

transition.

INTRODUCTION

The development of techniques for the preparation of
regular forms of some polymers has generated interest
in the effect of configuration on physical properties. One
of the simplest properties is the glass transition tempera-
ture. The first report of regular forms of poly(methyl
methacrylate)!- 2 included data showing that Ty of the
iso- and syndio-forms are markedly. different. The
isotactic polymer was reported to have a Tg~45°C and
the syndio-polymer one of ~115°C. A highly isotactic
polymer is relatively easy to prepare using phenyl
magnesium bromide 1nitiated polymerization in toluene,
but the preparation of a highly syndiotactic polymer
presents more problems and we have found that most of
the methods recommended in the literature give polymers
which are no more than ~ 809 syndiotactic (dyads). The
T, of syndiotactic polymer is thus usually determined by
extrapolation of data obtained on polymers of mixed
structure. Values obtained in this manner have indicated
a T, of around 160°C3. A Ziegler-type catalyst used at
low temperature according to a method described by
Abe et al.t is the only system we can confirm producing
a highly syndiotactic polymer (>959%). We have, there-
fore, investigated this polymer together with those of
different tacticity.

EXPERIMENTAL

Since only small amounts of polymer were available, the
specific volume-temperature curves of the polymers were
measured using a density gradient technique described by
Gordon and Macnab®. Its modification was described by
Cowie and Toporowski®, The gradient was produced by
layering aqueous sodium nitrate solutions of approximate
densities 1-09 and 2-70. The polymer films of ~1mm
diameter and ~0-3mm thickness were prepared by
compressing a small amount of powdered polymer
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Table 1 Preparalion method and stereostructure of the samples

Temperature

Sample Catalyst  Solvent °C) i h s

PGR-2 PhMgBr  Toluene 0 96 4 —
DPHL-GIB DPHLi*  Toluene —30 8 16 6
G5-A1 Buli Toluene —-30 51 19 30
A4 2 Radical Aqueous 25 6 36 58
MTS1A MgEts THF —178 4 20 76
Z4-A2x Ziegler Toluene -90 — 5 95

* DPHLi=1,1-diphenylhexyllithium, the product of addition of
n-buty! lithium to 1,1-diphenylethylene

between two stainless-steel rods in a 1 mm glass capillary.
The capillary tube could be pumped from both ends to
remove trapped air. The specimen was moulded by
heating until the polymer became transparent followed
by chilling with the application of slight pressure*. The
pellet is easily removed and was washed with dilute
detergent solution and degassed before use. Before
density determinations were made, the sample was an-
nealed at the highest temperature to be used in the
measurements. The temperature was changed at a rate
of ~10°C/h.

A number of samples were studied. All were fraction-
ated samples of sufficiently high molecular weight
(> 2 x 105) that the T observed would correspond closely
to the value expected forinfinitely high molecular weight
polymers. Their preparation and analysis is given in
Table 1. Nuclear magnetic resonance (n.m.r.) spectro-
scopic determinations of tacticity were carried out in
chlorobenzene at 135°C on a Varian HR-100 spectro-
meter using repeated slow scans over the methyl region.
The highly stereoregular forms showed no evidence of

* We are indebted to Professor ‘G. Allen of the University of
Manchester for the description of this technique



Effect of stereostructure on glass transition of PMMA : S. Bywater and P. M. Toporowski

090

088

086

0
®
'

Specific volume

o82

1 1

e T M7 B—e)

i’ 1 1 1 1
80 100 120 140 160
Temperature (°C)

Figure 1 Volume-temperature curves for poly(methyl methacrylate) fractions of different stereostructure as determined by the
density gradient technique. O, Z4-A2x; +, MTS-1A; 3, 44 :2; @, G5-A1; x, DPHL-G1B; A, PGR-2

crystallinity when examined after the experiments by
X-ray diffraction. For the highly isotactic sample this
was confirmed from the volume measurements, no
evidence of the melting transition at 150°C being evident.
Regular forms of this polymer appear to crystallize only
under rather extreme conditions of annealing or solvent
treatment.

RESULTS AND DISCUSSION

The volume-temperature curves are shown in Figure 1.
According to these results, extrapolated values of 7, for
the syndiotactic polymer do not appear to give correct
results, the difference from conventional polymers being
at most a few degrees. The n.m.r. determinations indicate
that polymer GS5Al has a short block structure with
Ii~7 and I;~5 monomer units. Only a single broad
transition has been indicated. It would be possible to
interpret the results in terms of two transitions, one about
the value for isotactic polymers and one about 70°C.
The experimental accuracy is not sufficient to distinguish
between these possibilities. It has been suggested?: 8 that
other apparently stereo-block poly(methyl methacrylates)
produced by similar catalysts are, in fact, mixtures of
largely isotactic and syndiotactic polymers. A mixture
of isotactic and syndiotactic polymers (60 : 40) docs
give a similar volume-temperature curve to that observed
for polymer G5A1. The possibility cannot therefore be
excluded that this polymer also is a mixture of two
Stereoregular forms. '

The results are summarized in Table 2. The expansion
Coefficients (dV/dr) can be compared with literature
values. The values for the isotactic polymer, ay=5-5 x 101,
%=1-1x10-4 of Goode and co-workers® determined

Table 2 Summarized experimental results (density gradient
column)

_ Te
Sample Pi (CC)  10% 10%g 10Ax T,Ax Vg

PGR-2 098 38 56 13 43 0131 0-818
DPHL-GIB 0-86 44 5-6 1-45 4-15 0-131 0-822
G5-A1 060 58 56 17 39 0129 0-832
Ad:2 0-24 101 58 25 33 0124 0-860
MTS:1A 012 103 5-85 2-55 3:3 0124 0865
Z4-A2x 0-02 105 5-85 2-55 3-3 0-125 0-866

dilatometrically are comparable although their «y Is
about 209, lower than the present value. For conven-
tional polymer values of o of 50 to 52x10-4 are
common!®-12 with «y values of 19 to 2-:3x 10-%. Once
again, the present values are rather higher especially for
a1, Table 2 also gives values of the product Ty.Aq, the
Simha-Boyer constant!®3 symptomatic of an iso-free
volume transition. It is reasonably constant over the
series. As noted by these authors this result could be
expected from both thermodynamic and dynamic theories
of the glass transition. Karasz and MacKnight!? have
used the Gibbs-DiMarzio theory to interpret the differ-
ence in Ty values in terms of a larger difference in energy
levels between rotational isomers in syndiotactic chains.
The results could be equally well interpreted in terms of
higher energy barriers to rotation in this stereostructure.
There is evidence from n.m.r. line-width studies!> and
measurements of dielectric relaxation!$.17 in solution,
that the isotactic form has a more dynamically flexible
main chain. Estimations of the cohesive energy density of
the two regular forms!® indicate little difference so inter-
molecular interactions in the solid do not seem to be an
important source of differing behaviour,
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Figure 2 Volume-temperature curves for poly(methyl methacryl-
ate) fractions of different stereostructure as determined with a
Perkin-Elmer TMS-1 instrument. O, Z4-A2x; +, MTS :1A;
0O, A4:2; A, PGR-2

As seen from Table 2, the expansion coefficients of
syndiotactic and isotactic polymers are noticeably
different in the immediate region below T,. This behaviour
is evident also in previously reported data on isotactic
and conventional polymers?-12, Since the expansion
cocfficients would be expected to become roughly equal
at lower temperatures, it may be surmised that predomi-
nantly syndiotactic polymers show a larger sub-glass
transition in the temperature range below that investi-
gated. In order to check this point, some of the samples
were studied using a Perkin-Elmer Thermomechanical
Analyzer. This instrument measures sample length over
a wide range of temperatures. Slightly larger samples
were used (2x 3mm) and the scan rate used was 2-5°C/
min. The length measurements were converted to effective
volumes and normalized to specific volumes at room
temperature as determined by the density gradient
technique. The results are shown in Figure 2. Predomi-
nantly syndiotactic polymers show a substantial change
of expansion coefficient between 0 and —10°C to give
an « value virtually identical to the isotactic sample
" below this temperature. This change should correspond
to the ‘B transition usually attributed to —-COOCH;
side-chain rotation and which gives a loss-maximum at
~25°C at 1Hz!? in shear measurements. The isotactic
glass shows no appreciable change in expansion coeffi-
cient at least down to —80°C which seems too low a
temperature for the B transition. The difference in
temperature of the loss-maximum between stereoisomers
for the B transition is relatively smalll?, These observa-
tions can be .correlated with the observation that side-
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chain rotation is considerably less excited in the isotactie
form!9: 20, The larger Ax observed at T, for this structyure
could then be caused by both complete side-chain ang
main chain rotation becoming effective at Ty as has beep
previously suggested!9,

The glass temperatures as measured on the thermo.
mechanical analyser are somewhat higher than those
obtained using the density gradient technique. Thig
could be caused by plasticization by water in the latter
experiments, an effect noted by previous authors2l. The

-effect is small (~5°C) except for the isotactic sample

where it seems to be closer to 12°C. The accuracy of the
measurements with the TMS-1 instrument is, however,
limited by the fact that reliable length measurements
above Ty are virtually impossible to obtain. As the
modulus decreases, results depend on the weight applied
to the sample, Although true expansion coefficients above
T, were not obtained, those below are recasonably repro-
ducible and lower than observed in density gradient
experiments, but only by 10%.
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Segregation and conformational
transition in triblock copolymers:
Part 2. Light-scattering studies

A. Dondos, P. Rempp and H. C. Benoit
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67 Strasbourg, France
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From light-scattering experiments carried out on a polystyrene (PS) sample,
a poly(methyl methacrylate) (PMMA) sample, on a random copolymer of styrene
and MMA and on an anionically prepared triblock copolymer PMMA-PS-
PMMA, all of the same molecular weight, in various solvents over a range of
temperature (18-65°C) it was shown that a conformational transition occurs for
the triblock copolymer. At lower temperatures segregation occurs and the
second virial coefficient Az is the weighted average between the Az4 and Azp
values for the corresponding homopolymers (PS and PMMA). At higher temper-
atures contacts between chemically unlike parts of the molecule become
possible, and the additivity rules are no more valid for A», as well as for the
expansion coefficient. This change from a segregated to a ‘pseudo-gaussian’
conformation involves a change in specific volume of the molecule, and it there-
fore brings with it an abnormal variation of the refractive index increment,

which has been investigated on the same light-scattering diagrams.

INTRODUCTION

Investigations on the conformational behaviour of
block copolymers in dilute solutions have led many
authors to the conclusion that in two-block copolymers
segregation always occurs!~—1: the two blocks have
distinct locations, and heterocontacts, i.e. contacts
between an A segment and a B segment of the same
molecule are very few. This general phenomenon is due
to incompatibility between chemically unlike blocksS,
and it is in fact an intramolecular phase separation. The
case of ABA triblock copolymers is somewhat more
complex, because in many cases a transition was ob-
served® 7 on studying the temperature dependence of
their intrinsic viscosities. It was assumed that below the
transition temperature, T¢, phase separation is the rule.
whereas when temperature increases above T, the number
of heterocontacts is no longer negligible, and it increases
with temperature, yielding more extended conforma-
tions. Some authors®: ? who studied triblock copolymers
and who denied the existence of segregation may well
have worked under experimental conditions which did
not allow real intramolecular phase separation to occur.
One of the most valid arguments in favour of segregation
at temperatures below T is the fact that the location of
Te itself depends upon the solventS. In a solvent in which

the incompatibility between the corresponding homo-
polymers is high, T¢ is also high. In good solvents for
both polymers, the critical demixtion volume between the
homopolymers is smallerl®, and in those solvents T is
also found to be lower.

The main experimental technique which was used to
study segregation is measurement of the limiting viscosity
number [4]. Radii of gyration are not of great help,
because the overall dimensions of a two-block copolymer
containing 509 of each constituent could not be very
different for segregated conformations!!.

The purpose of this paper is to bring new arguments
in favour of segregation in block copolymers, based upon
precise measurements of the second virial coefficient, in
various solvents, over a range of temperature including
T.. These measurements were carried out by light-scat-
tering.

EXPERIMENTAL

A triblock methyl methacrylate-styrene-methyl meth-
acrylate (PMMA-PS-PMMA) copolymer was prepared
anionically, using the standard experimental techniques.
Sodium-a-methylstyrene tetramer was used as initiator,
and 1,l-diphenylethylene was added to the ‘living’ poly-
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Table 1 Molecular weights
and refractiveindex increment
dn/dce for triblock copolymer
in various solvents

Solvent M. dn/dc
THF 425000  0-1460
Dioxane 445000 0-1300
CHCI3 +455000  0-1110
p-xylene 495000  0-0601
Benzene 520000  0-0562

styrene prior to the addition of methyl methacrylate, to
prevent side reactions onto the ester functions to occur!2,
The molecular weight of the central polystyrene block is
230 000; the molecular weight of the copolymer itself,
measured by light-scattering in tetrahydrofuran (THF) is
425 000. It contains 53 % of styrene, as shown by refrac-
tive index measurements, as well as by elemental analysis.

Light-scattering measurcments were carried out in
several other solvents. From the obtained results,
summarized in Table I, it can be assumed that there are
some fluctuations in composition within the sample!3,

most likely due to the presence of some two-block
copolymer molecules amongst the triblock molecules,
But we shall not take these fluctuations into account, and,
following the conclusions of Leng and Benoit13 we sha]|
consider the value of Ay measured in THF, the solveng
in which the dn/dc value is the highest, to be the true
weight average molecular weight of the copolymer.

A polystyrene homopolymer and a poly(methy]
methacrylate) homopolymer were both prepared anioni-
cally.

Their molecular wzights, measured by light-scattering
amounted to 400000 and 435000 respectively. Gel
permeation chromatography experiments showed that
their molecular weight distributions were narrow.

A random copolymer of styrene and methyl methacryl-
ate was prepared by radical copolymerization of an
azeotrope mixture of the monomers (52 mol. % styrene/
48 mol.%, MMA). The sample was fractionated and a
fraction exhibiting a weight-average molecular weight of
394 000 was used in the present work.

- To carry out measurements of the second virial
coefficient a FICA light-scattering apparatus was used.
It was fitted with a thermostat, and the temperature of
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Figure 1 Plot of [C/(I—lo)] at fixed angle (90°) against C for the triblock copolymer in benzene solution at various temperatures. i, 20°C,
+,24:5°C; O, 32°C; x, 34°C; A, 36-5°C; O, 40°C; @, 42-5°C; V, 45°C; A, 56°C; W,60-5°C
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Figure 2 Plot of [C/(I—10)] against C for the triblock copolymer PMMA-PS-PMMA in p-xylene at various temperatures. The intensities
land /o for solution and solvent are measured at 90°. @, 20°C; x,30°C; A,37°C; 0,38°C; V,43°C; W, 45-5°C; A, 48°C; ¥,53-5°C; (30, 59°C

the cells was maintained constant within +0-2°C; the
range of temperature covered by our measurements
extended from 18 to 65°C. The cells were fitted with
ground stopcocks to prevent evaporation of the solvent.
A series of 4 concentrations were prepared, made free of
dust by centrifugation in a Pirouette-Phywe centrifuge,
and filled into the cells. These solutions were used through-
out a series of light-scattering experiments carried out at
different temperatures. Account was taken of the expan-
sion of the solvent (i.c. the dilution of the solution) with
increasing temperature.

Series of such curves, obtained in two solvents, benzene
and p-xylene, are shown in Figures I and 2. The scattered
intensities were measured at 90° and were not extrapo-
lated to zero angle, which does not introduce any
appreciable difference on the A2 value. This procedure is
justified by the fact that the radius of gyration of all
the molecules investigated was of the order of 200-250 A,
which is low enough to justify the use of the ‘small
molecule approximation’.

Furthermore in the case of the triblock copolymer in
dilute p-xylene solution (Figure 2) the dissymmetry of
scattered intensity is so small that it can hardly be
measured.

RESULTS AND DISCUSSION

Second virial coefficient

1t should be recalled first that the second virial coeflici-
ent 4. measured for linear macromolecules in dilute
solution is dependent upon molecular weight and upon
the segment-segment interaction coefficient Z. According

to several authors!4.13 one can express A» as the sum of
two terms: one depends solely upon the unperturbed
dimensions. and the other is a function of the long-range
interactions which induce expansion of the chain.
According to Kurata er al.15:

_165x 102 K, 0958x103 K, (3 3/27
Ax= 63124 AfL2 632 ANZ\27) ©
or A{l/2A2=BK0+ DK().Z
where
oIl _garn g (REV®
I‘—Mx/z—(’ .. oY

In this expression, valid even for rather high values of A2:

¢ s the universal Flory constant,

K, is the unperturbed dimensions parameter of the
chain ratio of the intrinsic viscosity at 0 point
| 7 |s, to the square root of molecular weight A1,

R; is the unperturbed mean square radius of gyration,
Z is the long-range interaction parameter.

For a copolymer one can write!l:
Z=C1Zxa+CeZpp+C3Z s

where Zaa, Zpp and Z g are the interaction parameters,
for each type of contact: between two A segments,
between two B segments, between one A and onc B
segment, and C1, Ce, C3 are the probability of occur-
rence of each type of contact.

If segregation occurs, since in the present case Zap is
obviously not zero, the probability factor Csis very close
to zero. On the other hand, as shown in earlier papers,
when segregation occurs, the unperturbed dimensions of
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Figure 3 Plot of the temperature variation of the second virial

coefficient Az in the THF solution. @, Random copolymer;
A, PS; O, PMMA; O, triblock copolymer. ---—, see text

the copolymer are approximately equal to the weighted
average of the unperturbed dimensions of the corre-
sponding homopolymers8. 16,

These assumptions can be written:

Z=xZa+(1—x)Z3p
Ky=xKga+(l —x)KyB
It follows for A
M1245={xKgp+ (1 —x)Kgp][B+ D(xZsa+ (1 —X)Zpp)]
which can be rearranged to:
Ae=xAsa+(1—x)A2p+

[x(1=x). D(ZsB—Za4)-(Kga— Koﬂ)];,il}z

In this expression the third term is very small, and can
be neglected in first approximation. Following this rather
crude calculation in the case of segregation, the A:
coefficient should be the weighted average between those
of the corresponding homopolymers A and B, of same
molecular weight as the copolymer.

If heterocontacts are numerous both our hypotheses
are wrong. The K, value for the copolymer is higher than
the weighted average between the corresponding homo-
polymers, as was shown from measurements carried out
on random copolymers!7. 18, Still more important is the
fact that the value of Z does not reduce to two terms
involving A-A and B-B contacts, solely. Thercfore it
can be expected that the A2 value for the copolymer
should be higher than the weighted average between
the two A» values for the homopolymers of the same
molecular weight as the copolymer.

Let us now compare these assumptions with our
experimental results.

In Figure 3 the A2 values are plotted against tempera-
ture for the 4 polymeric compounds investigated: poly-
styrene, poly(methyl methacrylate), random copolymer
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and triblock copolymer, all of approximately equal
molecular weights. The solvent is THF. As expected, the
Az coefficient for the random copolymer is higher thap
the Az values for PS or PMMA, over the entire range of
temperature, owing to the influence of the Zap factor,
Looking at the results on the triblock copolymer, we
can see that in the lower temperature range the A2 value
is close to the weighted average between the A2a and
A2p values (indicated by the broken line in Figure 3)
whereas in the higher temperature range the value of 4,
1s bigger than both A24 and A2g. In the intermediate
rangé of temperature the A2 coefficient of the triblock
copolymer varies in a rather strange fashion, with two

50

Ay X 10°

20 30 40 50 60
7(°C)
Figure 4 Plot of the temperature variation of the second virial

coefficient Azin dioxan. A, PS; OO, PMMA; O, triblock copolymer.
———-, see text
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40 1 1 1 1 1
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Figure 5 Plot of the temperature variation of the second viria!
coefficient A2 in chloroform. A, PS; 0O, PMMA, O, triblock
copolymer. - -~ -, see text
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extremes, and we would not yet consider attempting an
explanation for this behaviour. But it should be empha-
sized that the same type of curve has been found for the
same triblock copolymer by [n] measurements in the
same solvent and at approximately the same temperature.

Even if it is difficult to cxplain the shape of these
curves in the intermediate range it seems well established
that at low temperature the molecule is segregated and
tends to a non-segregated or ‘gaussian’ conformation
when the temperature increases.

One should realize that, even if the absolute values of
the second virial coefficient are usually not known with
great precision, we are using here the same samples in
the same machine, which increases considerably the
precision on a relative scale. - '

These experiments have been repeated, increasing or
decreasing the temperature; the results are exactly the
same, even after a few days.

Similar results are shown for other solvents, including
dioxane (Figure 4)..chloroform (Figure 5) and benzene
(Figure 6). The same transition appears for A» in all
cases. Obviously at lower temperatures the A is always
located in-between the corresponding values for the
homopolymers, whereas at higher temperatures confor-
mational changes have occurred, yielding an increase of
A2, far above the average value between A24 and Asp.

The temperature dependence of Az in p-xylene is
shown in Figure 7. Here the Az values for PMMA are
not experimentally accessible because of lack of solubility.
But the transition can be seen distinctly, and it is located
somewhat higher (38°C) than in other solvents. This is
not surprising, because it has been shownl0.19 that
p-xylene 1s one of the solvents in which the PS and
PMMA homopolymers are most incompatible. It is in
this solvent that the critical volume for phase separation
as determined by Kernl? reaches its highest value. If a
small amount of a good solvent such as chloroform is
added the corresponding increase of Ag is accompanied
by a lowering of the transition temperature by about
5°C. This can be explained by saying that heterocontacts
are easier to form.

Another way of showing the results is to plot Ag
against the amount of added chloroform (Figure 8) at
two different temperatures; the curve obtained at 20°C is
lincar and the conformations are always segregated. The
curve obtained over the same amount of added chloro-
form, but at 37-5°C is similar to that obtained for As
against T in any solvent. It is therefore possible to obtain
this conformational change not only by changing the
temperature, but also by changing the composition of
the solvent.

Thermal dependence of [C/(I— Io))o

From these experiments by light-scattering, we have
also observed a curious effect, which seems to be related
to the conformational transition and which deserves
mention.

Let us consider the value of C/(I—Iy), extrapolated to
zero concentration, [C/(I— Io)]o, as a function of tempera-
ture (Figures 9, 10 and 11). An abnormal behaviour is
found for the triblock copolymer in the region of the
critical temperature. Homopolymers do not show any
effect of this type. Since molecular weight cannot change
(there is no aggregation) it must be one of the factors
relating [C/(I—Iv)]o to molecular weight which exhibits

50}
A
45+
wn
o
x
< 40}
®)
35+
1 1 . 1 [ 1

20 30 40 50 60
7({°C)

Figure 6 Plot of the temperature variation of the second virial
coefficient Az in benzene. A, PS; O, triblock copolymer

aof "‘A"__H“’\o\

30+

5
Ay X 10

25+

I_- ! I ! 1
20 30 40 50 60

T (°C)

Figure 7 Temperature variation of A,. In pure p-xylene: O, tri-
block copolymer PMMA-PS-PMMA; A, PS. In p-xylene con-
taining 3-859{ chloroform: A, triblock copolymer

an irregular variation. The only variable is the refractive
index increment dn/dc. '

Two explanations can be found for this result. If the
structure of the molecule is changed, the internal field at
the different monomer position varies and so does the
dn/de factor. Since effects of this kind have never been
found in polymeric materials this seems to be rather
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Fiqure 8 Variation of A, of triblock copolymer measured in

chloroform containing p-xylene against the percentage of chloro-
form. O, 20°C; @, 37-5°C
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Figure 9 Temperature variation of [C/(/—/o)]o (extrapolated to
zero concentration). Solvent: chloroform. O, PMMA; A, PS; O,
triblock copolymer
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Figure 10 Plot of [C/(/—Io)o against temperature for PS (A) for
PMMA (0OJ) and for the triblock copolymer (O) in dioxan
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Figure 11 Plot of [C/(/—10)]o (extrapolated to zero concentration)
for the triblock copolymer in benzene (O) and p-xylene (@)

improbable20, but it would be very interesting if it were
true.

A second explanation, which is more trivial, could be
found by saying that this reflects only a volume change
during the conformational transition. Since in many
transitions one observes a change of specific volume it is
quite normal that in the transition described above one
observes also a small volume change, yielding a change in
the index of refraction increment20. This abnormal
variation is not very large, and we are presently trying
to measure it directly in order to confirm our hypothesis.
It is difficult to predict the extent of variation from a
theoretical point of view. Since all the classical theories of
solution properties of polymers are based on the assump-
tion of constant volume, only the more recent theories
based on equations of state could be used.

CONCLUSIONS

New arguments have been presented, confirming the
results previously described on conformation of triblock
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copolymers. At low temperature segregation is observed,
as in two-block copolymers. As temperature increases
one is obliged, in order to account for the results, to
assume formation of heterocontacts. This formation of
heterocontacts brings with it a change in conformation
which has still to be studied carefully.

The rules of additivity are valid for K, as well as for
the viscosity expansion coefficient «,, and for the second
virial coefficient 42 in the case of segregation without
heterocontact interactions. These rules are not valid
above the transition temperature T (or, better, above
the transition domain) and this is a proof of the existence
of contacts between chemically unlike segments of the
same molecule, at higher temperature. This conforma-
tional change depends upon the solvent, and in that
respect our results confirm what has been already re-
ported.
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Laser-Raman spectrum of
polyethylene: Part 1. Structure
and analysis of the polymer
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M. E. A. Cudbyi and H. A. Willist
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The Raman spectra of several different samples of polyethylene are reported.
It appears that the spectra are sensitive to crystallinity and to the presence of
impurities such as vinyl groups. The possible effect of the presence of gauche
CHgz groups are considered. There is definite evidence that Raman spectroscopy
has value as an analytical technique for polyethylenes.

INTRODUCTION

The infra-red spectrum of polyethylene has been known
for many years and has been analysed by many workers
with a view to assigning fundamental modes!—4, the
examination of effects due to crystallinity5-8, chain
branching®-11 and chain folding!2-14, The Raman
spectrum has been reported by a number of authors15-19
using both discharge sources and more recently lasers.
The quality of their data has varied considerably and as
a result this has led to a number of different assignments
of bands to fundamental modes. These are commented
upon in recent reviews20 21, We have studied a series of
polyethylene samples in different forms in order to
investigate the effects of crystallinity, molecular weight
and chain-folding on the observed Raman spectrum.
We have also considered the vibrational analysis of this
polymer but in this paper we confine our attention to the
structural and analytical aspects of the spectra.

EXPERIMENTAL

Raman spectra were recorded on a Spex 1401 Ramalog
instrument with a Spectra Physics Model 140 Ar+ laser
(~700mW in the 51454 line) and on a Cary 81L with a
Spectra Physics Model 125 He/Ne laser (~50mW in the
6328 A line).

* Department of Chemistry, University of Southampton, Southamp-
ton, SO9 SNH, UK

t Department of Chemistry, University of Lancaster, Bailrigg,
Lancaster, UK

1 ICI Ltd, Plastics Division, Welwyn Garden City, Herts, UK
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The following polyethylene samples were examined
and are numbered throughout this paper as follows:
(1) a solid paraffin-wax-like sample of low molecular
weight (mol. weight ~800); (2) a sample of ‘low density’
polyethylene (mol. wt. 10*-103, crystallinity 60-70%);
(3) sample 2 made into a transparent film by the rapid
quench method?2; (4) a ‘high density’ sample, made by
the Phillips process (mol. wt. 103-105, crystallinity
80-909,); (5) sample 4 made into a single crystal mat by
isothermal crystallization from xylene solution; (6) sample
4 made into the extended chain form by heating at
250°C for 2 hours under 5000kg/cm? pressure; (7)
another ‘high density’ sample, made by a Ziegler catalyst
process, and of high molecular weight (mol. wt. ~ 105,
crystallinity ~80%).

None of these samples showed orientation effects
when their Raman scattering was analysed. Also, electron
micrographs showed that no ordering occurred with
dimension larger than the wavelengths of visible light.
Sample (4) was also examined as a melt (see below).

RESULTS

Typical spectra obtained on the Spex 1401 instrument
with the Ar* laser are given in Table 1. We will consider
the spectra by frequency regions and comment upon
analytically interesting features. The vibrational assign-
ment is considered in Part 2 of this series (Spectrochim.
Acta 1972, 28A, in press).

It is immediately apparent from Table 1 that the
spectra are sensitive to crystallinity but an experimental
complication must be borne in mind. If we are comparing
the intensities of two Raman bands, and their relative
intensities appear to be sensitive to crystallinity, the
symmetry of the bands must be considered. If one band
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Table 1 The observed Raman spectra from non-oriented poly-
ethylene samples*

Frequency Sample Number
Av{cm-l) 1 2 3 4 5 6 7
3085 0-7 W vw
3005 1 VW VW VW vw vvw
2970 1 vww 2 vw vw
2932 19 23 32 18 25 10 13
2905 sh 33 43 50 38 52 22 25
2884 100 100 100 100 100 100 100
2848 62 72 90 61 49 48 58
2725 5 4 3 3 3 4 4
2660 0-5 0-6 vw vw 05 0-7
2617 vw vw vw vvw vw 0-6
2595 0-7 0-5 vw VW vw 0-9
2430 vw vw vw W vw vw
2185 0-8 06 0:6 vw 0-7 0-9
1672 0-5
1655 0-6
1645 4 vw vw
1461 16 17 8 9 9 10 9
1440 30 30 12 17 19 19 19
1418 15 9 3 9 1 14 10
1370 2 2 1 1 1 1
1306 sh 3 5 2 2 vw 1
1296 40 36 16 26 41 34 40
1274 sh 1 1 0-8 0-5 1 1 1
1170 4 3 1 3 2 5 7
1131 19 14 7 13 21 25 26
1080 2 3 2 1 1 2
1063 24 20 9 14 18 22 22
912 0-9
892 3 . 1 1 vw 06
800-880 ~0-9 vw 0-5
725 vw 0-5 0:5 wvw 0-5

*Peak heights . relative to the most intense band but arbitrarily
at 100, Bands of intensity less than 0-5% recorded as vw. Limit of
detection generally ~0-05%. Spex 1401: exciting line 5145 A

is known to arise from a totally symmetric mode and the
other from a vibration of lower symmetry, then the first
will be polarized and the other second completely
depolarized in a truly random sample. As the crystallinity
of polyethylene rises its turbidity also increases. As a
consequence of this the polarization of the laser source
tends to be destroyed. In normal measurements (i.e.
without polarization analyser) one observes the total
scattered radiation polarized both parallel and perpendi-
cular to the clectric vector of the source. One can define
an observed intensity ratio

Totany sy
) ysym
Robs _———

Ilowor sym

In the case of a transparent specimen Rons tends to
exceed the value characteristic of a turbid specimen23,
Clearly our samples lie between the two extremes but do
tend in general to cause a very considerable degree of
scrambling. Thus considerable care is required if useful
correlations between spectral intensity and crystallinity
are to be proposed.

Iy § -
& —

Frequency region below Av=1000cm-!

The region Av=700 to 950cm-1 is shown in Figure I.
There is a band at Av=725cm™! and a series of weak
features in the region Av=800 to 900cm-!, which
appear most strongly in the spectrum of the least crystal-
line samples and are absent from that of the most
crystalline. These features have also been observed in
fibres®* and oriented samples (see Part 2). Raman
active bands are not expected in this region for an infinite
sequence of frans-methylene groups25. However, if there
are methylene units in a gauche relationship to each other
Raman active modes arising from CHg twisting and
rocking together with C-C stretching and bending are
expected in this part of the spectrum?S. In shorter
sequences of trans methylene groups terminated by
methyl groups a band at Av=890cm~! is observed!®.
This feature decreases in intensity as molecular weight
increases. It is found with similar relative intensity in
sample | and the pure hydrocarbon n-Cs2Hgs (mol. wt. =
590).

It is well-known that polyethylene chain folds in single
crystals at intervals of between 100-200 A26. Further, it
is presumed that this also occurs in bulk specimens. The
orientation of CHs units in the fold between two adjacent
planar zig-zag sequences is not known for certain. It is
clear however that some gatche methylene groups must
exist. However, in the amorphous regions, i.e. those
between the crystallites, non-planar arrays must be
present with their gauche methylene groups. The observa-

1
900 800 700
av (em™1)

Figure 1 Raman spectra of polyethylene samples, No. 1-7
inclusive, in the region Av==700 to 950cm-!. Intensities have been
normalized with respect to the band at Av=1296cm~1!
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Figure 2 Raman spectra of polyethylene samples, No. 1-7 inclusive, in the region Av=1000to 1500cm-L. Intensities have been normalized

with respect to the band at Av=1296cm-1

tion of bands between Av=700 and 900cm-! therefore
does not enable us to discriminate between these two
effects but it simply indicates the existence of gauche
methylene groups.

The region Av=1000-1500 cin-1

Spectra are illustrated in Figure 2. It can be seen that
the half-width of the three bands between Av=1400 and
1500cm~! decreases with increasing crystallinity. Beside
the well-established bands15-19 at Av=1063, 1131, 1170,
1296, 1370, 1418, 1440 and 1461 cm~! other features were
observed at Av=1]080, 1280 and 1306 cm~1. Of these the
band at Av=1280cm~! seems to be a feature common
to all the spectra, whereas the bands at Av=1080 and
1306 cm—! decrease in relative intensity with increasing
crystallinity of sample. These last two bands have been
found in the infra-red spectrum? 7:.12.22 and have been
assigned to modes of methylene groups in a gauche
relationship to their neighbours. It is worthwhile at this
stage to carefully compare the spectra of extended chain
polyethylene and that of the single crystal mat (samples
6 and 5 respectively). It is known that the former is
highly crystalline, thus differences in their spectra should

106 POLYMER, 1972, vol 13, March

arise primarily from chain-folding. However, the differ-
ences appear to be very slight. In these samples it would
be reasonable to expect the presence of some gauche
methylene units which would give rise to the very weak
features scen at Av=1080 and 1306cm-!. The extended
chain specimen (sample 6) may well contain 5% of
methylene groups in the gauche orientation in defect and
amorphous regions. On the other hand, the single crystal
mat, which is probably completely crystalline, must
contain between 5 and 159 of gauche methylene groups
due to the chain folds. As a corollary to this, samples
1, 2, 3, 4, and 7 must contain appreciable amounts of
gauche oriented methylene groups from the intensity of
the bands at Ay=1080 and 1306cm-! in their spectra.
Although no standards exist at present perhaps the
relative intensity of these features could be used in the
future to quantitatively determine the ratio of gauche to
trans oriented methylene groups in polyethylene samples.

The region Av=1600 to 1700 cm!

Weak features due to vinyl and vinylidene groups can
be seen in this region for some samples; these are illus-
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| | 1
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Figure 3 Raman spectra of polyethylene samples, No. 1, 4 and 6,
in the region A»=1600 to 1700cm™L. Intensities have been normal-
ized with respect to the band at Av=1296cm—!

trated in Figure 3. Group frequency correlations exist for
some substituted olefins2? and these are used below.

Raman shift
Sample No. (cm™1) Group
1, 4,5 1645 R-CH=CH:
R R R’
AN N/
1 1655 C=CHg; c=C
/ /
R’ H H
R H
N/
1 1672 Cc=C
7\
H R’

The C-H stretching region

Bands due to C-H stretching fundamentals and also
some overtones and combinations are normally scen
between Av=2700 and 3100cm~-1l. As we shall show in
the second paper of this series this region is difficult to
characterize in terms of correlations between funda-
mentals and Raman features. As a result it is not possible
to explain spectral changes occurring with crystallinity.
It seems, however, that the observed relative intensities
of the bands at Av=2848 and 2884 cm~1 are sensitive to
crystallinity.

1 1 L L 1 1 1 1
3000 2900 2800 1500 1400 1300 1200 HOO 1000

Table 2 Raman spectrum of high density polyethylene melt.
5145 A excitation; Spex 1401; spectral slit 5cm-1;
sample temperature; 145+5°C

Relative Width at PP

Av Intensity half height (peak areas)
(cm-1) {peak heights) (cm™1) Uncertainty +0-07
2923 55 25 0-05

2895 62 30 0:25

2853 100 25 0-05

1445 22 35 0-78

1305 15 35 0:80

1085 6 30 0-71

Raman spectrum of molten polyethylene

It is worth considering the spectrum of molten poly-
ethylene because in this state the stereoregular planar
zig-zag configuration is thought not to be retained?s,
The Raman spectrum of molten ‘low density’ polyethylene
has been studied some years ago by Brownl6, We have
examined the ‘high density’ polyethylene as a melt at
145°C and obtained very similar results. They are given
in Table 2, along with the observed depolarization ratios.
Part of the spectrum is shown in Figure 4, where it may
be seen to show similarities to that of liquid n-cetane
(C16H3s) at room temperature. This latter sample probably
contains only molecules in a state of conformational
randomness on the basis of Schaufele’s study?® of a
large seri¢s.of normal hydrocarbons. By observing the
change and disappearance of the Raman active accordian
mode he concluded that the amount of frans conforma-
tions is vanishingly small in the liquid state for normal
hydrocarbons larger than n-octane.

The broadness of the peaks in the polyethylene spec-
trum would indicate that the methylene units are adopting
a series of different orientations with respect to one
another. It is interesting that there are bands centred at
Av=1085 and 1305cm~1—frequencies that have already
been associated, directly or indirectly with gauche
methylene units25 in the solid state.

a

I
c W
b

IW“-
- .LW
.-«—-'/-“"’

Av (cm™)

Figure 4 Raman spectra of (a) n-cetane at 23°C and (b) poly-
ethylene (sample No. 4) at 145°C. || and | denote the relative
polarization orientations of the excitation and analysed scattering.
The intensity scale for the C-H stretching region is 2-5 times
that of the remainder
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Thus, to conclude, it would seem that the Raman
spectra of the various polyethylenes and normal paraffin
samples examined are sensitive to crystallinity and give
indications of the presence, where appropriate, of vinyl
and related groups and non-trans CHz-CH2 sequences.
It is possible that this technique may be developed as
a quantitative method for analysing the ratio of gauche
to trans dimethylene conformers in this type of specimen.
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Criteria have been established for identifying fillers which are potentially highly
reinforcing in silicone rubber from the way in which they influence the steady-
state viscosity of silicone oils. The results show that acidic fillers, such as the
widely used fumed silicas, can lead to significant amounts of scission in methyl
silicone oils, and it is likely that the same reaction will occur during the vulcaniz-

ation of silicone rubber.

INTRODUCTION

In order to produce rubber vulcanisates with an adequate
level of mechanical properties it is often necessary to
incorporate reinforcing fillers at the compounding stage.
This is particularly necessary with non-crystallizing rub-
bers and especially so with silicone rubbers. Silicone gum
vulcanisates are extremely soft and weak and if it were
not for the remarkable enhancement in strength resulting
from the introduction of fine silica they would be of
very limited use in mechanical applications. The enhance-
ment of mechanical properties achieved by the introduc-

tion of finely divided silica in silicone rubbers is far in

excess of that observed in any other commercially
available rubber. For example the ultimate tensile
strength, as determined at a strain rate of 20in/min, can
be raised by a factor of about 40 by the introduction of
fine silica; this compares with a factor of about 10
achieved with carbon black in a non-crystallizing rubber
such as styrene-butadiene rubber, and about 1-6 with
carbon black in a crystallizing rubber such as natural
rubber.

Experience has shown that silica-filled silicone rubber
can revert to soft, weak materials when exposed to high
temperatures in confined conditions, and there is evidencel
to show that this reversion is due largely to hydrolytic
scission in the main chain polymer. The fine silica used
for reinforcement will certainly contain considerable
physically adsorbed and some chemically combined
water, and the release of this water at high temperature
in a confined condition will produce an environment
conducive to reversion. For this reason there is a con-
siderable incentive to finding alternative fillers for silicone
rubbers which will not have the same affinity for water
as the highly reinforcing fine silicas.

The prime objective of the present work was to deter-
mine whether there were some special features associated
with the behaviour of fine silica which made it parti-
cularly, or uniquely, effective as a filler for silicone rubber.

In view of the difficultics associated with the dispersion
of finely divided materials in solid polymers and possible
complications arising during the curing process, it was
decided to work with fluid polymers. Poly(dimethyl
silicone) oils are available in a range of viscosities (i.e.
molecular weights) and should serve as excellent model
systems for the high molecular weight poly(dimethyl
silicone) gum stocks which form the basis for a wide
range of silicone rubbers.

EXPERIMENTAL

Materials

The silicone oil used throughout was a poly(dimethyl
silicone) of the MS200 series having a viscosity of
30000cS at 25°C supplied by Midland Silicones Ltd.
The fillers used, together with their known characteristics,
are shown in Table 1.

Table 1 Particulate fillers used

Ultimate Surface

particle  area Slurry

Filler type Name size (nm) (m%/g) pH
Fumed silica Aerosil K3 1040 175125 4-3
Aerosil 2491 5-20 300+ 30 4-3
Aerosil 380 3-15 380140 4-3
Precipitated Hysil 233 22 140-160 7-0
silica Quso G32 13 300 8:5
Quso H40 16 200 4-0
Channel Royal Spectra 10 1125 2-8
black No 999 16 215 5-8
Peerless Mk Il 26 430 2-3
Furnace Raven R150 18 187 8-2
black Raven 40 24 102 8-2
Conductex SC 17 200 8-2
Statex 54 33 9-5
Witcoblak F-4 30 80 8-2
Magnesia Levissima —_ - 10-4
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All experiments with dry silicone rubbers were done in
a methyl vinyl silicone (ICI grade E302) vulcanized with
2,5-dimethyl-2,5-di-t-butyl peroxyhexane.

Measurement of pH

The pH of aqueous slurries of the fine particle fillers
was measured according to ASTM D1512-60 standard
test, using a pH meter equipped with glass and calomel
electrodes.

Dispersion of fillers

Known weights of filler were mixed into known
weights of oil by means of a spatula. Following introduc-
tion of the filler stirring was continued mechanically,
the speed of stirring being gradually increased over a
period of 3h. The time of stirring was dictated largely
by the volume fraction of filler being introduced. As a
result of prolonged mechanical mixing a considerable
amount of air usually became trapped within the mixture
and this was removed by continuous evacuation for
periods up to §h.

Measurement of viscosity

The viscosities of filler/oil mixtures were measured with
a Ferranti variable shear viscometer in the temperature
range from 30 to 130°C. This instrument is of the rotating
cylinder type; three shear rates are available for each
combination of inner and outer cylinders, corresponding
to the three speeds of rotation of the outer cylinder. With
any one mixture readings of viscosity were taken at 20°
intervals between 30 and 130°C, the measurements being
made at three shear rates at each temperature. For sys-
tems containing Aerosil K3, Hysil 233, Magnesia, and
Witcoblak F-4, speeds 1, 2, and 3 of the outer cylinder
corresponded to shear rates of 0-78, 3-28, and 9-1 sec~!
respectively, whilst for all other systems the values were
0-31, 1-29, and 3:59sec™1.

Compounding of dry rubbers

Rubber, filler, and vulcanizing agent were mixed on a
6 x 2 in laboratory roll mill. Vulcanization of thin sheets
for mechanical testing was carried out under pressure
for 1h at 160°C. The sheets were not post-cured.

Mechanical testing of rubbers

Two types of mechanical test were carried out on filled
vulcanisates; first the normal test to failure in uniaxial
tension at a strain rate of 20in/min and second a stepwise
loading experiment giving an equilibrium, or near equili-
brium stress—strain curve. In both cases tests were carried
out at room temperature.

Recovery of oils

In certain cases where there were indications of chemi-
cal reaction between particulate filler and oil it was
deemed necessary to recover the oil from the mixture
for further study. To facilitate separation, benzene or
toluene was added to the mixture; this dissolved in the
methyl silicone oil and reduced the viscosity of the
suspension sufficiently for centrifuging out the filler.

Each mixture was centrifuged until a clear liquid layer
was obtained. This could take a few hours in the case of
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coarse fillers, or a few days with the finer fillers. With the
finest fillers a complete separation was impossible.

The benzene or toluene was removed from the clear
liquid layer by distillation. the last traces being taken
off under reduced pressure.

RESULTS AND DISCUSSION

Viscosity~concentration relations

All the fillers used in this work showed a much greater
influence on the viscosity of silicone oil than would be
predicted on the basis of the Einstein hydrodynamic law?
(see Figure I). Even at low volume fractions of filler,
i.e. V;y<0-03, departures are large, sometimes extremely
large. The simplest explanation for this behaviour would
be that the effective volume fraction (V) is much
larger than the nominal value (Vy,,.)) because of associ-
ation of filler particles with the silicone oil and/or aggrega-
tion of filler particles to give network-like structures. The

- oil-filler associates or filler aggregates then behave

according to the Einstein law at low concentrations.
In hydrodynamic terms, the increased viscosity of a
suspension is due to the perturbation of flow of the

“dispersion medium around the suspended particles, and

current theorics of intrinsic viscosity assume that in
dilute suspensions the total effect is equal to the sum of
the effects caused by individual particles. Applying these
ideas to the results of the present work it is possible to
calculate the effective ‘hydrodynamic’ volume at low
concentration by substituting values for specific viscosity
in the equation

nsp=2-5 Vf(en) (l)

In systems containing highly reinforcing fillers it is
found that the values calculated for V., are extremely
high, even in the limit of infinite dilution. Typically,
with fumed silica (Aerosil K3) the limiting value for the
ratio Vi Vimom at 130°C is 80; it rises rapidly with
increasing concentration, reaching a value of 130 at
Vinemy=0-01 and shear rate 3-59sec~l. These results
show that the simple view of isolated, and essentially

30+
20
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Figure 1 Viscosity at 30°C, shear rate 1. @ Royal spectra; O,
Acerosil K3; 00, Conductex; x, Hysil 233; , Einstein for rigid
spheres
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spherically symmetrical oil-filler associates cannot be
sustained even at high dilution. At Vj,,.,=001 a value
of 130 for the ratio Vy/V#(nom) means that the oil-filler
particles occupy a volume greater than that of the whole
system of filler+oil. It would seem necessary, therefore,
to accept that even at the lowest concentrations, network-
like aggregates of filler. rather than isolated particles.
must be involved.

The variation of specific viscosity with concentration
in these filled systems is interesting because of its similarity
to that shown by polymer/low molecular weight solvent
systems. A Huggins type equation? is found to describe
the variation of specific viscosity with volume concentra-
tion over the whole range covered, and it is only in those
systems where a chemical reaction between filler and oil
is thought to occur that this relation breaks down. It is
interesting to pursue the analogy with polymer-solvent
systems. For polymers in solution the Huggins equation
is:

B0 =[] +4knle

()

where 75 is the specific viscosity, [] the limiting viscosity
number, ¢ the concentration of solute in g/100ml of
solvent, and & the Huggins constant. For polymers the
quantity 5] is related to molecular weight. i.e. molecular
size. at infinite dilution. and the constant & is thought
to be related more to molecular shape than size. ~

The relation found to apply to the filler-silicone oil
systems is:

%:a-}--}k’a?l’; ©)
where V7 is the volume fraction of filler in the mixture
and « and k' are constants for a given filler under condi-
tions of constant temperature and shear rate. The close-
ness with whichthis relation is followed is shown by the
results in Figure 2 for carbon black (Conductex SC) in
30000cS silicone oil. By analogy with equation (2) « will
be related to the size of the solvated filler aggregate at
infinite dilution, and &’ will be determined primarily by
its shape. Values of « and &’ obtained for the various
fillers at the maximum and minimum temperatures and
shear rates are shown in Table 2. The calculated values for
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Figure 2 Conductex furnace black in 30000¢S oil. x, speed 1;
Q, speed 3; , 130°C; ———-, 30°C

a show two interesting features: (a) the values for fumed
silicas are very much higher than those for any other filler
(compare Aerosil K3 and 2491 with the others); and
(b) the values for fumed silicas are sensitive to changes in
temperature within the range studied, whereas those for
all other fillers are not. From the point of view of estab-
lishing a simple practical criterion for the identification
of potentially reinforcing fillers for silicone rubber the
abnormally high a-values and characteristic effect of
temperature on a-value in fumed silicas is encouraging.
It would appear that a fine particle filler possessing a
high a-value (say > 100) which increases with tempera-
ture will be highly reinforcing in silicone rubber vulcani-
sates.

Table 2 Values of « and k" derived from the Huggins equation

a-value k' value

30°C 130°C 30°C 130°C
Filler 0-78 9-1 0-78 9-1 0-78 9-1 0-78 9-1

sec™! gec-! sec’l  sec! sec! sec! sec™l sec!
Aerosil K3 120 120 190 190 0-52 0-10 0-51 0-10
Hysil 233 39 39 39 39 0-02 0-02 0-14 0-06
Magnesia 45 45 45 45 0-52 011 1-62 0-18
Witcoblak F-4 40 40 40 40 1-10 0-15 3-8 0-66

30°C 130°C 30°C 130°C

0-31 3-59 0-31 3-59 0-31 3-59 0-31 3-59

sec~! gec! sec’! secl sec! sec™? sec™l sec!
Statex 50 50 50 50 1-2 0-07 6-4 0-90
Conductex SC 40 40 40 40 2-3 0-35 7-3 1-41
Quso G32 20 20 20 20 2:5 2-5 2-5 2-5
Raven R150 8 8 8 8 27-7 8:6 83:0 156
Aerosil 2491 300 300 380 380 0-11  0-003 0-31 0-31
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Pursuing the analogy between « in filler—oil and [] in
polymer—solvent systems leads to the view that very large
a-values are associated with a large effective volume of
filler in suspension in the oil. It is known that fine fumed
silicas aggregate in the dry state, and the very large
effective volumes observed at low concentration in silicone
oil could result from aggregation to rather open network-
type structures. These aggregates because of their large
effective surface area and three-dimensional structure
will immobilize large volumes of oil by association and
trapping. At relatively low nominal concentration these
large asymmetric solvated structures will interact and
something akin to a continuous swollen network, i.e. gel,
structure could be formed. The observed increase in «
with temperature for the fumed silicas is consistent with
this view,

Fillers other than fumed silicas, i.e. precipitated
silicas, carbon blacks, and magnesia, have relatively low
and sometimes very low a-values, the highest value
observed being about 409 of that shown by a fumed
silica (Aerosil K3). Undoubtedly these fillers aggregate
and become associated with oil, but their failure to give
large a-values could be attributed to an inability to
aggregate to network-type structures.

From the &’ values at a given shear rate and tempera-
ture in Table 2 two kinds of behaviour can be disting-
vished. For example, at 30°C and low shear rate (0-31-
0-78 sec~1) there is a group consisting of the two fumed
silicas and the coarse precipitated silica (Hysil 233) which
show k' values significantly below -0, and a group
containing a fine precipitated silica (Quso G32) and all
the carbon blacks which have k' values significantly
greater than 1-0. In polymer—solvent systems at a given
level of molecular weight &k is known to decrease with
branching in the polymer, i.e.'k decreases as the molecule
becomes more compact or symmetrical. Values of &k’ in
the range 1-1 to 27-7 observed for fine carbon blacks at
30°C must represent a very high degree of asymmetry in
the aggregates, since values of k for polymers in solution
are of the order of 0-3. :

It has been proposed that one criterion for reinforce-
ment should be that « exceeds 100. It does not follow
that all highly reinforcing fillers necessarily have high
a-values. Perhaps a high k" value, i.e. k'> 1-0, although
coupled with only a moderate «-value, could also serve
as a criterion for reinforcement. To test this hypothesis
fillers having high o-low &’ and low a-high £’ were com-
pounded by conventional techniques with a commercial
methyl vinyl silicone gum stock. The vulcanisates were
tested at a strain rate of 20in/min in uniaxial tension at
room temperature and the results are shown in Table 3.

The highly reinforcing effect of Quso G32 and Con-
ductex SC makes it clear that a high &’ value (i.e. &> 1-2

Table 3 Mechanical tests on filled silicone rubbers at room
temperature

Ultimate
tensile 100%
Wt.% of strength modulus  Ultimate

Filler filler (Ibffin2) (ibf/in2) strain (%)
Aerosil K3 40 817 19 480
Quso 632 30 752 229 285
Witcoblak F-4 30 433 80 —
Conductex SC 40 867 146 328
Magnesia 40 352 77 474
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Figure 3 Aerosil K3 in methyl vinyl silicone rubber

Table 4 Variation of log  with 1/T for filled silicone oil

Group (i) Group (ii) Group (iii)
Magnesia Aerosil K3 Conductex SC
Witcoblak F-4 Aerosil 380 Statex
Hysil 233 Aerosil 2491 Raven R150
Quso G32 Quso H40 Raven 40
Royal Spectra
999 Channel
Peerless Mk [l

at 30°C and shear rate 0-31 sec1) can serve as a criterion
for reinforcement, even though associated. with a rela-
tively low a-value. It is interesting to note that Conductex
SC carbon black is used where high electrical conductivity
is required and it is, therefore, a filler which might be
expected to form highly asymmetric aggregates.

The ability of a Huggins type equation to describe the
dependence of specific viscosity on volume concentration
has been demonstrated for a wide variety of fillers in
silicone oil. The same analysis has been extended to a
fine fumed silica (Aerosil K3) in a silicone rubber vulcani-
sate up to a filler loading of 25 parts by weight, and it
can be seen that the same equation applies (see Figure 3).
Values of tensile modulus (E) used in this instance were
equilibrium values obtained from stepwise loading tests.
and this was done in order to be consistent with the
viscosity measurements which were always made under
steady-state conditions.

Effect of temperature on viscosity

Increasing temperature in the range from 30 to 130°C
produces a decrease in the viscosity of filler-oil systems.
However, the form of variation depends upon filler type.
Three kinds of behaviour were observed: (i) logy vs. 1/T
is linear, the slope is independent of filler loading and is
the same as that for pure oil; (ii) slope of logy vs. 1/T is
dependent on filler concentration and is greater than that
for pure oil; departures from linearity often occur at
temperatures above 100°C; (iii) logy- vs. 1/T is strictly
linear over the whole temperature range, the slope depends
on filler loading and is less than that for pure oil. All
the fillers studied can be placed in one or other of these
categories (see Table 4), and typical examples are shown in
Figure 4.
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The behaviour of materials in group (i) is what would
be expected from steady-state viscosity measurements on
solvated aggregates under conditions where there is little
or no interaction between individual aggregates. The
fillers in group (ii) are those which give low slurry pH
values (see Table I), and the fall off in viscosity at high
temperature, in some cases to values below that for pure
oil, is attributed to scission of the siloxane chain in an
acidic environment. Confirmation of the occurrence of
main chain scission in the oil was obtained by recovering
the oil from certain filler—oil mixtures by a centrifuging
technique. The results of measurements.on recovered oils

are shown in Table 5. An identical treatment produced

no change in the viscosity of pure oil.

In no case was it thought that all the fine particles had
been removed, but even so substantial falls were observed
in the viscosity of the recovered oil. This scission of
dimethyl silicone oil, induced by heating to a temperature
of 130°C in the presence of an acidic filler, has important
implications for the processing of dry silicone rubbers.
These rubbers are usually compounded with high loadings
of fumed silica and vulcanized by heating with an organic
peroxide in the temperature range from 130 to 160°C.
Since the chemical structure of silicone rubber is similar
to that of the oil used in this work there seems no reason
to doubt the occurrence of main chain scission during
vulcanization. This could account, in fact, for the much
improved resistance to heat ageing of silicone rubbers
when compounded with fumed silicas, since chain
scission would offset the effect of oxidative crosslinking
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Figure 4 Viscosities measured at a shear rate of 3-587sec™!,
@, Pure oil; x, 1% Peerless Mk II; O, 8%, Conductex SC

Table 5 Viscosity measurements on recovered silicone oil

Viscosity of oil at
30°C and 3-58 sec-!

Qriginal Recovered

value  oil %
Filler Concentration (P) (P) decrease
Peerless Mk Il 29 by wt. 244 147 39
Carbon .
Royal Spectra 49, by wt. 244 182 25
Carbon
Aerosil 2491 4%, by wt. 244 205 16
Silica

which normally occurs in methyl silicone vulcanisates.
Chain scission during vulcanization could also account
for the relatively disappointing performance of Aerosil-
filled silicone rubber in long term room temperature
compression set tests.- It is significant that Hysil 233 (a
neutral filler which does not degrade silicone oil) when
incorporated in silicone rubber gives a vulcanisate with
superior room temperature set properties.

Fillers in group (iii), i.e. those showing a lower tempera-
ture dependence of viscosity than pure oil, offer interest-
ing possibilities for the reinforcement of silicone rubbers
in that they may give vulcanisates in which certain
important properties, such as tensile or shear modulus
and tear strength, may be less sensitive to temperature
than is the case with current silica-filled materials.

Effect of shear rate on viscosity

An increase of shear rate always leads to a decrease
in the steady-state viscosity of filler-oil systems, the
magnitude of the change depending on the temperature
and filler type. The effects of shear rate are least at 30°C
and greatest at 130°C, and this is consistent with the view
that one is dealing, as in the case of polymer-solvent
systems and dilute suspensions, with a dispersed phase
which is asymmetric and whose disposition will be deter-
mined by the relative effects of Brownian motion and
shear orientation. At low temperatures asymmetric
aggregates will be highly oriented in the direction of the
shearing force even at the lowest shear rates and the
steady-state viscosity will therefore be fairly insensitive
to an increase in shear rate. At high temperatures aggre-
gates will have greater thermal energy and will take up a
more random orientation. In these circumstances an
increase in shear rate could have a large effect on the
observed viscosity. It is only in the case of spherically
symmetrical aggregates or particles that steady-state
viscosity will be completely independent of shear rate.
The closest approach to this type of behaviour in the
present work is shown by Hysil 233. The data in Table 6
show the effect of limited changes in shear rate on the
viscosities observed at a single concentration and over a
range of temperature with a number of different fillers.
These results are typical of those obtained over the whole
concentration range with these fillers.

CONCLUSIONS

The effect of a wide variety of fine particle fillers on the
viscosity of dimethyl silicone oil can be described by a
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Table 6 Effect of shear rate on viscosity (P) at a filler loading of
2% by weight

7(°C)

Shearrate

(sec™}) Filler type 30 5 70 90 110 130
0-31 Aerosil 2491 1962 1623 1365 1160 999 874
1-29 1211 937 756 619 524 445
3-59 966 730 575 402 388 322
0-31 Quso G32 384 294 223 169 134 107
1-29 372 269 202 154 120 94
3-59 362 261 196 150 116 90
0-31 Conductex SC 535 392 330 312 268 232
1-29 430 322 258 215 180 150
3-59 379 286 224 181 150 124
0-78 Hysil 233 384 256 192 144 112 80
3-28 348 243 177 13% 112 88
9-1 330 235 179 140 108 89

Huggins type equation. This allows each filler, at a given
temperature and shear rate, to be characterized by the
quantities « and &’ in the equation:

Eﬂl:a+ik'a2 Ve
Vy

The initial aim of this work, which was to establish a
simple and quick method for screcning potentially
reinforcing fillers for silicone rubber, has been achieved
in that reinforcement seems to be associated with a high
value for « and/or a high value for &’. The criteria which
could be laid down on the evidence of the present work
arc that a filler having an o-value in excess of 100,
andfor a k' value in excess of 1-2 as measured at 30°C
and shear rate 0-31 sec™1, is potentially highly reinforcing
in silicone rubber.

An important fact which emerges from this work is
that acidic fillers such as fumed silicas and channel
blacks will cause appreciable chain scission when heated
to 130°C in silicone oil. This must also occur in dry
rubbers and should be borne in mind when selecting fillers
for use in silicone rubber which is vulcanized, post cured,
and often used, at temperatures far in excess of 130°C,
The ability of certain fillers such as Conductex Sc and
Statex, to give rise to systems in which the viscosity is
less sensitive to temperature than the pure oil is also
interesting. If this is carried over to the dry rubber it will
lead to vulcanisates in which some important mechanical
properties are less variable with temperature than is the
case with current silica filled materials.

The mechanism of filler reinforcement in rubbers is
still a contentious matter, but the results presented for
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silicone polymers fit into a fairly simple physical picture
based on aggregation of filler and immobilization of
polymer by association and trapping. The close similarity
which exists between the behaviour of fine particle fillers
in silicone oil and that of polymers in low molecular
weight solvents in respect of the dependence of specific
viscosity on concentration, and the effect of shear rate
and temperature on viscosity, coupled with the fact that
all fillers studied, whether acidic, neutral, or basic, show
the same form of behaviour in silicone oil, makes it
seem unnecessary to invoke any degree of chemical
bonding between silica filler and silicone rubber in order
to account for the reinforcement observed in these
systems.

A consistent explanation for the effect of finely divided
fillers on silicone polymers would seem to be given in
terms of aggregation of filler particles, immobilization of
polymer by association with filler and trapping within
the network-like aggregate to give a large effective volume,
and the formation of extremely asymmetric aggregates,
again giving a large effective volume fraction. In all of
this the interactions would be of a seccondary nature and
would be influenced by temperature and shear stress. In
other words much of what we regard as reinforcement in
silicone rubbers will be time dependent, and apart from
the obvious effect on equilibrium modulus the benefits
of fillers will be seen primarily in the dynamic applications
of rubber. It is interesting to note that the high tensile
strength observed in Aerosil-filled silicone rubber when
tested at a strain rate of 20in/min is largely lost if the test
is carried out at a very slow rate. In order to achieve an
effectively very low strain rate a silicone rubber containing
20 parts of Aerosil K3 was strained at a rate of 0-25in/min
at 100°C. Under these conditions the rubber had an

-ultimate tensile strength of -1601bf/in%2 and a breaking

strain of 2409, a gum vulcanisate tested under the same
conditions gave an ultimate tensile strength of 1251bf/in2
and breaking strain of 1909,.
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Microtomed blocks of acrylonitrile-butadiene-styrene (ABS), high-impact
polystyrene (HIPS), and high-impact poly(2,6-dimethyl-1,4-phenylene oxide)
(PPO) were etched with a mixture of chromic and phosphoric acids, and
examined in optical and scanning-electron microscopes. Replicas of the etched
surfaces were examined by electron microscopy. These techniques reveal
details of orientation in injection mouldings, of internal structure in composite
rubber particles, and of crazing and shear band formation. The etch method
avoids the specimen distortion inherent in sectioning.

INTRODUCTION

Etch methods have received comparatively little attention
from microscopists working on rubber-toughened plastics.
There are two previous publications on the subject:
Spit! demonstrated the composite nature of the rubber
particles in HIPS (high-impact polystyrene) by means of
gas discharge etching; and Keskkula and Traylor?
obtained improved electron micrographs of the same
features with the aid of isopropanol etching. Most
laboratories have preferred to concentrate upon section-
ing techniques, and Kato’s method®-¢ of osmium
staining the rubber particles prior to ultra-sectioning
has become a standard procedure for electron microscope
studies of structure. Both Kato’s method and Traylor’s
‘method? for preparing optical micrographs gave excellent
results.

However, sectioning methods suffer from one major
disadvantage: the sections are distorted by the knife
during the sectioning operation. This distortion can be
tolerated in studies of particle size and structure, but
presents serious difficulties in studies of orientation,
which require accurate information about particle shape.
Evans et al.® working on hot-drawn HIPS, found that
both isopropanol etching of microtomed surfaces and
fractography avoid the problem of distortion, and
selected the isopropanol method because particle shapes
could not be distinguished on fractographs when the
draw ratio was greater than two. The isopropanol etch
gives unsatisfactory results at high draw ratios, but has a
much greater range than fractography.

The chromic acid etch method described in the present
paper was developed in order to overcome the difficulties
experienced with isopropanol etching at high draw ratios.
The acid solution oxidizes the rubber particles in the
surface preferentially, leaving the plastics matrix relatively
unaffected. The etch is equally effective at all draw ratios,
since it distinguishes regions with different chemical

resistance, unlike isopropanol, which is a differential
swelling agent.

METHOD

Specimens were trimmed to shape, and sectioned in an
ultramicrotome equipped with a glass knife, to produce
a perfectly flat surface for examination. The microtomed
blocks were then immersed for periods between 15sec
and 3min in a bath containing 400 ml of H2SOy4, 130 ml
of H3POy, 125 ml of H20, and 20 g of CrO3, at a tempera-
ture of 70°C.

After washing and drying, specimens were examined
directly under a metallurgical microscope. Specimens for
scanning electron microscopy were coated with a thin
layer of platinum/gold in order to eliminate charging,
and examined directly. Specimens for electron microscopy
were prepared by a two-stage replica process: the etched
surface was given four coats of a 59 aqueous solution of
poly(vinyl alcohol) (PVA); the PVA replica formed in
this way was allowed to dry thoroughly, stripped, coated
with a thin layer of carbon, and shadowed with platinum;
finally, the PVA layer was dissolved away in distilled
water, and the carbon replica produced was submitted to
electron microscopy.

Attempts to improve upon the results by altering the
concentrations of the ingredients of the etch were unsuc-
cessful. Unwanted changes in composition occur over a
period of about a week, probably owing to uptake of
water from the atmosphere, and it was found necessary
to prepare fresh etch solution each week, especially for
use with acrylonitrile-butadiene-styrene (ABS).

Control of etch conditions, including both etching
time and etch composition, is more important for ABS
than for HIPS, because the matrix of ABS is more easily
attacked by the oxidizing acid solution. Specimens of
HIPS give good results even with stale etch, or with
etching times of an hour or more.
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Figure 1 Compression-moulded ABS polymer: 20 second etch.
Electron micrograph of replica. (x 8300)

RESULTS

The etch method has proved successful for studying both
morphology and deformation mechanisms in rubber-
toughened plastics. Representative results are shown in
Figures 1-5.

Morphology

Figure 1 is an electron micrograph of a compression-
moulded sheet of ABS. The replica shows that the
material contains a moderate concentration of spherical
rubber particles up to I-5pum in diameter, which are
preferentially attacked by the etch. The shape of the
particles indicates that the sheet is isotropic in the plane
of the etched surface. The large particle size and moderate
rubber concentration suggest that the polymer was made
by a mass or suspension process, rather than the emulsion
process used more generally for ABS. Etching of emulsion-
grade ABS produces a large number of inter-connected
etched channels running deep into the surface; this type
of etched surface does not replicate satisfactorily, but
does provide an ideal base for electroplating? 10,

The sub-inclusions within the rubber particles of
HIPS, ABS, and related plastics have the same composi-
tion as the matrix, and are therefore resistant to the etch.
The consequences of this resistance are illustrated in
Figure 2a, which is a scanning electron micrograph of
a lightly-etched specimen of HIPS. Near the original
microtomed surface, the rubber component of the particles
has been removed by the acid, leaving the polystyrene
sub-inclusions proud. An unetched region of the compo-
site rubber particle lies beneath the sub-inclusions visible
in the micrograph.

Figure 2b shows a replica of a similar specimen.
During the first stage of replication, polystyrene sub-
inclusions became attached to the PVA, and were
subsequently encapsulated by the carbon layer. Conse-
quently, they were retained on the carbon throughout the
water wash, and appeared in the electron microscope as
electron-dense spheres. The shape and size distribution
of the sub-inclusions is well illustrated in this photograph.

Figure 3 illustrates the use of etching in the study of
orientation in rubber toughened plastics. The specimen
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is an injection-moulded bar of HIPS, sectioned parallg]
to the flow direction and normal to the moulded surface,
The pattern of orientation is readily observable, although
the rubber particles in the microtomed surface were
barely discernable under the optical microscope before
the specimen was etched. Figure 3a shows that the rubber
particles are highly oriented near the mould surface,
where the HIPS is cooled rapidly in contact with the
cold mould, and become progressively more spherica]
away from the mould surface, where the rate of cooling is
much lower. These effects are well known; the advantage
of the etch technique is that it offers a quick and reliable
method for observing orientation, and one that could be
adopted for routine quality control.

Below the surface region shown in Figure 3a is the zone
illustrated in Figure 3b, in which the rubber particles are
aligned in long strings lying parallel to the flow direction.
Zones of this type, which were first observed by Katoll
in ABS, appear to be formed in regions of high shear
rate during moulding. Shear rates are lower nearer the
mould surface because of cooling effects!.

Many rubber-toughened plastics are unsuitable for
optical microscopy because the rubber particle size is
below the limit of - resolution. Even in these cases, how-
ever, an examination under the optical microscope is

b

Figure 2 Internal structure of composite rubber particles in
HIPS: 30 second etch. (a) Scanning electron micrograph showing
polystyrene sub-inclusions (x 20 500); (b) electron micrograph of
polystyrene sub-inclusions adhering to replica (x 16 700)
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Figure 3 Injection-moulded HIPS bar, sectioned normal to
moulded surface and parallel to flow direction: 1 minute etch.
(a) Oriented surface layer; (b) zone of maximum shear rate,
Optical micrographs (x 830)

often useful as a screening test, in selecting specimens
for replication or scanning electron microscopy. Etched
specimens are unsuitable for oil-immersion techniques,
but ordinary objectives give good results at high magni-
fications, as the specimens are flat, and free from the
problems of wrinkling and depth of focus encountered
with sections.

Apart from the difficulty of observing small particles,
the main problem in optical microscopy of etched speci-
mens arises with pigmented materials. Pigment particles
cause excessive scattering of light, resulting in loss of
contrast in the final image. This can be improved if
viewed by polarized light. However, results are still not
as successful as for unpigmented materials and photo-
graphy is difficult.

Deformation mechanisms

Research continues into the deformation mechanisms
responsible for rubber-toughening. Bucknall and Smith!3
concluded from an optical microscope study that crazing
is the dominant mechanism of toughening in HIPS and
related polymers, and their conclusions are supported by
later observations®:14, More, recently, McGarry and
co-workers15 have shown that shear bands also contribute

to toughening in certain rubber-toughened plastics.
Sharply-bounded shear bands have been observed in a
range of glassy polymers, usually as a result of compres-
sionl6-19, McGarry’s work suggests that toughness is
enhanced by the interaction of crazes and shear bands,
and underlines the importance of developing adequate
microscopy techniques for studying the interaction.

The resistance of the matrix polymer to etching is
lowered within both crazes and shear bands. This can
be seen in high-impact PPO (a solution-mixed blend of
HIPS and poly(2,6-dimethyl-1,4-phenylene oxide) (PPO)).
Figure 4a is an optical micrograph of this material crazed
in uniaxial tension; the size and distribution of the
crazes are clearly observable. Figure 4b is an electron
micrograph of a similar area in HIPS. The crazes in
both specimens lie normal to the applied stress, and
approximately equatorial to the rubber particles. Figure
4b shows sub-inclusions picked up from incompletely-
etched rubber particles, as in Figure 2b. One of the
larger rubber particles was completely etched, and it can
be seen that the associated craze is in contact with the
particle at all points on the equator.

Comparable observations of shear bands are shown in
Figure 5. The specimen is a compression-moulded bar of
high-impact PPO, which was subjected to plane-strain

Figure4 Crazes formed under uniaxial tension (vertical direction).
(a) Optical micrograph of high-impact PPO specimen: 1 minute
etch (% 830); (b) electron micrograph of replica of HIPS specimen:
30 second etch (x 3333)
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Figure 5 Shear bands in high-impact PPO (compression direc-
tion vertical). (a) Optical micrograph: 10 minute etch (x830);
(b) electron micrograph of replica: 1 minute etch (% 3333)

compression, and sectioned normal to the direction of
zero strain. Both the optical and electron micrographs
show two sets of parallel shear bands, each at a little less
than 45° to the compression axis. This study appears to
be the first in which microscopic shear bands have been
observed in rubber-toughened plastics. An additional
feature shown in the electron micrograph is the distortion
of the rubber particles from their original spherical
shape. The distorted particles emphasize the inhomo-
geneity of the strain, and provide some indication of its
magnitude within the shear bands.

EVALUATION OF ETCH METHOD

The availability of both etching and sectioning techniques
presents the microscopist with a choice. The two methods
are complementary: there are certain problems in which
sectioning gives better results than etching, and vice versa,
and there is a considerable area of overlap. The advant-
ages of the etch technique are as follows: (a) knife
distortion and damage of the type observed on sections
is eliminated, so that the method can be applied to
studies of particle shape and orientation, and to measure-
ment of the size and distribution of crazes and shear
bands; (b) the operations of microtoming and etching
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are straightforward, and can be completed in a few
minutes; (c) highly oriented specimens present pg
particular problems; (d) specimens can be examined by
optical, electron, and scanning electron microscopy
using standard procedures; (e) particle shapes and
deformation mechanisms can be studied over a compara-
tively wide area in a short time, using optical or scanning-
electron microscopy; and (f) specimens are flat enough
to permit optical microscopy at high magnifications. The
disadvantages of the technique are: (i) optical micro-
scopy, and photomicrography in particular, are difficult
with pigmented specimens because scattered light reduces
contrast; (ii) replica methods give poor results with
ABS emulsion polymers because the etch produces
interconnected channels below the surface; (iii) care is
necessary in peeling PVA replicas from etched ABS
surfaces, in order to avoid distortion caused by interfacial
adhesion (the problem does not arise with HIPS);
(iv) etching destroys the internal structures of crazes,
shear bands, and rubber particles, which are better
studied in ultrathin sections, although additional infor-
mation about composite rubber particles can be obtained
using the etch method.

Some of the disadvantages listed, especially the problem
of adhesion between PVA and etched ABS, could prob-
ably be overcome by using a different etch solution,
There is a need for a range of etch solutions, each matched
to a particular rubber-modified polymer. For particle
shapes studies, the requirement is that the etch should
degrade the rubber destructively, without degrading or
activating the plastics matrix; for studies of crazes and
shear bands, on the other hand, a limited amount of
reaction between the etch and the matrix polymer is
probably necessary. .
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Interaction of poly(vinyl pyrrolidone)
with phenolic cosolutes
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Complexes between poly(vinyl pyrrolidone) and phenolic materials can be
important in such drug applications as slow-release formulations, reduced
physiological shock, and detoxification. Hydroquinone serves as a model com-
pound for the phenobarbital type of drug. The interaction of poly(vinyl pyrroli-
done) with hydroquinone is manifested by a turbidity which develops in aqueous
solutions at low concentrations. Also, the intrinsic viscosity of the polymer is
reduced by the addition of hydroquinone and other phenols. Near the turbidity
point, the behaviour is similar to that in a 0-solvent. Crosslinked polymer in
equilibrium with an agqueous hydroquinone solution lowers the concentration
in a manner correlated by the Langmuir equation. The interaction by all criteria
is much weaker in isopropyl alcohol than in water, and too small to be measured

in dimethyl sulphoxide.

INTRODUCTION

Association complexes between polymers and small
molecules are frequently encountered!. Complex form-
ation between two small molecules occurs less frequently.
Thermodynamically, one can rationalize the situation by
considering the relative enthalpy and entropy factors
involved. Since complexes, almost by definition, are
bound by weak interactions, the enthalpy contribution
can be expected to be favourable but slight. However, the
loss of translational and rotational entropy in the com-
plexed state is so great that it overwhelms the enthalpy
contribution and makes the complex unstable. If a
polymer is involved as half of the complex, there already
are restrictions on translational and rotational entropy
so that the loss of such freedom does not constitute a
bar to complex stability2.

The complexes between water-soluble polymers and
small molecules typical of pharmaceutical systems have
been studied from several viewpoints3-7. A problem of
practical importance is the phase separation which may
occur when polymers are included in formulations as
emulsifiers, humectants, or lubricants. Another problem
is the change in effectiveness which may occur when a
drug or antibiotic is complexed. In some cases, a slowly
decomposing complex which allows a slow release of a
drug into the system may be very desirable to prevent
shock to a physiological system and to decrease the
frequency of dosc application. One of the best known
complexes with altered properties is that between iodine

* Present address: New England Laminates Co. Ingc., Stamford,
Conn., USA

and poly(vinyl pyrrolidone). The oral toxicity of the
complex is far less than that of free iodine, but the
effectiveness as an antiseptic solution is retainedl.

An interesting and vital role can be played by polymers
in mitigating the effects of toxins in the human body
and, perhaps, in aiding their removal. Schreiners, in his
annual review of dialysis of poisons and drugs, points
out that the poisoning of human beings can be accidental,
suicidal, homicidal, or homicidal on a grand scale, that is,
by chemical warfare. The two major methods of dealing
with such poisons is to remove them as quickly as possible
either by diuresis, usually encouraged or forced, or by
dialysis using an artificial kidney machine to dialyse the
poison from the blood.

The problem of detoxification has been studied using
mathematical models®. One conclusion from such studies
is the importance of binding of toxins in the blood phase.
A binding polymer which would compete effectively
with adipose tissue for the toxin would make dialysis
much more efficient and cut down the time it takes to
reduce the concentration of free toxin in the blood to a
safe level.

Among thc poisons commonly encountered, the
barbiturates form a class which continues to grow. In
1964, 20°% of the deaths due to acute poisoning involved
barbiturates®. Ruedy and Chernecki'® found that poly-
(vinyl pyrrolidone) with a molecular weight of 10 000
would bind significant amounts of phenobarbital. As a
practical demonstration they observed rabbits who were
fed phenobarbital or sccobarbital. Those who received
poly(vinyl pyrrolidone) intravenously had a higher
respiratory rate after a few hours than the control group.
In this case, the polymer-phenobarbital complex was
small enough to be excreted normally.
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EXPERIMENTAL

The polymers and solvents used are summarized in
Table 1. The various cosolutes employed were conven-
tional laboratory-grade chemicals used without further
purification. The two crosslinked polymers -differed
mainly in particle size. Polyclar AT is a fine powder
whereas AT-717 is comprised of large granules about
I mm in diameter.

Viscosity was measured in Ubbelohde viscometers at
30°C. Cloud points were estimated by titration of a
polymer solution with a 3wt. %, hydroquinone solution
(about 0-03 mol/l). Approximately 50ml of the polymer
solution was stirred in a beaker by a magnetic bar on an
illuminated stirring platform. The end-point did not
appear to be sensitive to stirring rate, volume of solution,
or rate of addition. There was little ambiguity in the

end-point and no fading. The technique is essentially the

turbidometric method used by previous workersS.
Equilibration data were obtained by mixing about 1g
of a crosslinked poly(vinyl pyrrolidone) with 50ml
water or other solvent and varying amounts of hydro-
quinone. For Agent AT-717 (Table I) in water or iso-
propyl alcohol, the particles could be filtered off and the

Table 1 Materials used in study

Intrinsic
viscosity at
30°C in water
Material Grade Supplier (dl/g)
Poly(vinyl
pyrrolidone) K-30 GAF Corp.  0-23
Poly(vinyl
pyrrolidone) K-90 GAF Corp.  1-72
Poly(vinyl
pyrrolidone) K-115 GAF Corp. 24
Poly(vinyl Crosslinked
pyrrolidone) Polyclar AT GAF Corp. fine powder
Poly(vinyl Crosslinked
pyrrolidone) Agent AT-717 GAF Corp.  granules
Hydro- 'Photopurified’ Mallinckrodt
quinone
Isopropyl Analytical
alcoho! reagent Mallinckrodt —
Dimethyl
sulphoxide ‘Practical’ Eastman —

concentration of hydroquinone in the supernatant
liquid determined gravimetrically. However, the Polyclar
AT powder was not easily filtered nor was the dimethyf
sulphoxide easily evaporated. In these cases small
amounts of the supernatant liquid were removed and the
hydroquinone concentration evaluated in an ultra-violet
spectrophotometer (Perkin-Elmer Model 202) after
diluting down to the linear region. The results of the
equilibration can be correlated by a form of the Langmuir
isotherm?:

1/p=1/n+1/(Kno) ()

p=molar ratio of hydroquinone to polymer (in
monomer units)

a=free concentration of hydroquinone at
equilibrium, mol/l
1/(n)=monomer units associated with 1 molecule
of hydroquinone at saturation

=‘binding constant’ (a measure of strength of
binding), 1/mol

Since the molecular weight of the monomer unit of the
polymer is 111 and the molecular weight of hydroquinone
is 110, the ratio on a molar basis is almost the same as
the ratio on a weight basis. The greatest advantage of
this equilibrium measurement over the membrane dialysis
technique used by previous workers is the shortened
time-scale permitted. With crosslinked polymer, a single
day in gently rocked container assures equilibrium,
Dialysis usually requires on the order of several days.
Also, the crosslinked polymer permits the use of much
higher cosolute concentrations than a dialysis method.

where

RESULTS AND DISCUSSION

Preliminary experiments

A number of cosolutes were screened for their effect
on the viscosity, », of a 0-59g/dl solution of the K-90
polymer (Zable 2). Both the organic acids and the phenols
lower the viscosity appreciably. There is no clear-cut
pattern among the results for the acids, but among the
phenols it is apparent that the effect is increased with
increased number of hydroxyl groups. The p- and
m-dihydroxybenzenes are much more effective than the
o-derivative. Endres and Hoermann!! found a similar

Table 2 Viscosity reduction by phenolic cosolutes
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Ratio of specific

Conc.  yiscosities gsp/ns;
Structure as benzene {mol/l) scosities mfrsp
Cosolute derivative Molwt. x103 Measured Literature} pH
Cyclohexanol — 100 20 0-98 — 6-3
Anisole methoxy 108 18 0-97 — 6-8
Phenol hydroxy 94 21 0-91 0-93 5-9
m-Cresol 1-hydroxy-2-methy! 108 18 0-87 - 6-9
Benzoic acid carboxy 122 16 0-85 0-91 31
Pyrocatechol 1,2-dihydroxy 110 18 0-85 — 5-3
Salicylic acid 1-carboxy-2-hydroxy 138 14 0-83 — 2-5
Phthalic acid 1,2-dicarboxy 166 12 0-81 0-92 2:4
Pyromellitic acid 1,2,4,5-tetracarboxy 290 69 0-81 —_ —
Hydroquinone 1,4-dihydroxy 110 18 0-75 — 57
Pyrogaliol 1,2,3-trihydroxy 126 16 0-72 — 5.6
Resorcinol 1,3-dihydroxy 110 18 0-66 0-66 6-4
Hydrochloric acid  — —_ - 0-95 - 1-7

t Conditions: 0-5g/dl, K-90 in water at 30°C (specific vnscosnty. 7ep=1-175); 0- 2g/dl cosolute.
Literature values interpolated from ref. 7
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Figure 1 Variation in viscosity of a K-90 poly{vinyl pyrrolidone)
solution (0-5g/dl) by the addition of various phenols at 30°C.
®, Phenol; Q, pyrocatechol; A, hydroquinone; [, resorcinol

situation for the interaction of protein with phenols.
They hypothesized that hydrogen bonding between one
hydroxyl with the oxygen of the adjacent hydroxyl
competed cffectively with the intermolecular hydrogen
bonding between phenol and protein. In the case of the
phenols, the effect on viscosity appears to be linear with
concentration (Figure I). In separate experiments in
which the temperature was varied between 30° and
40°C, the relative viscosity (solution viscosity divided
by viscosity of water) remained constant for polymer
solutions with and without phenol indicating no ready
dissociation. Four of the cosolutes were reported by
Molyneux and Frank? so that a comparison of the
viscosity ratio is possible. Phenol and resorcinol give
good checks (Table 2) but the acids do not.

Cloud point

In the range of interest for this study, the point of
incipient precipitation for two grades of polymer was
found to be a linear function of the polymer concentra-
tion (Figure 2). The lower molecular weight polymer
required more hydroquinone to cause turbidity. On the
other hand, temperature does not play a major role.
For example, at a concentration of 0-66g/dl for the
K-90 polymer, raising the temperature from 25°C to
37°C raises the hydroquinone concentration required for
turbidity only by a factor of 1-010. All of these hydro-
quinone concentrations are well below the solubility of
hydroquinone itself in water at 25°C which is over 6 g/dl.

Changes in viscosity with concentration and molecular
weight

The typical behaviour of poly(vinyl pyrrolidone) on
dilution corresponds to the Huggins equation!?:

sp/c=[n]+k'[n]%c @
where »sp = specific viscosity
[n]=intrinsic viscosity, dl/g
c=concentration, g/dl

It can be seen in Figure 3 that a ‘normal value’ of k'=0-4
is found when the reduced viscosity nsp/c is plotted at a
constant concentration of hydroquinone. A very abnormal
plot would obviously result if the ratio of hydroquinone
to polymer were held constant. Another possibility that
suggests itself in view of the linearity of the cloud point
plot (Figure 2) is to keep the hydroquinone concentration
in a fixed ratio to the cloud point concentration for each
particular polymer concentration. At the higher hydro-
quinone concentrations this would lead to a kA’ of about
zero. The conclusion one reaches is that only a part of
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Figure 2 Eftect of adding hydroquinone (c1) to aqueous solutions
of poly(vinyl pyrrolidone) (cz) on turbidity. @, K-30: c2=0-665+
0-105¢1; O, K-90: c2=0-56540-085¢c;. (Results were obtained at
23°C but curves at 37°C are almost identical.)
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Figure 3 Behaviour of specific viscosity with concentration for
K-90 as represented by the Huggins equation (equation 2) with
k'=0-40. x,0; A,0-2; ®,0-4; [J,0:5; ¥, 0-6g/dl hydroguinone
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Figure 4 Variation of intrinsic "viscosity with hydroquinone
concentration for polymers of different molecular weight: @,
K-115; A, K-90; W, K-30
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Figure 5 Variation of specific viscosity with hydroquinone
concentration for K-90 (0-5g/dl) in various solvents at 30°C.
O, isopropy! alcohol; @, dimethyl sulphoxide; A, water

hydroquinone is actually combined with the polymer in
dilute solutions. If this were not the case, then a high
concentration of polymer would deplete the hydro-
quinone concentration and the effective molecular size,
that is. the reduced viscosity. would rise more rapidly
than usual. This conclusion is reinforced by the equili-
brium experiments with crosslinked polymer discussed
later.

The Huggins constant A’ changed with molecular
weight but not very much with hydroquinone concen-
tration. The high molecular weight polymer K-115 gave
k'=0-35 while the low molecular weight K-30 had
k'=0-6. As is usual with viscometric data, there is more

" scatter in the values of &’ than there is in the values of
the intrinsic viscosity.

The decrease in intrinsic viscosity with addition of
hydroquinone can be carried slightly beyond the cloud
point (Figure 4) since the actual measurements are made
at finite concentrations where the cloud point concentra-
tion is higher than that for infinite dilution. The decrease
is quite gradual even to the cloud point. The cloud point
should represent a case of a 0-solvent. Elias13 found that
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poly(vinyl pyrrolidone) in an acetone-water 0-solvent at
25°C corresponded to the equation:

[nlo=KeMY?,  Ko=T72x10-4(dl/g)(mol/g)1/2 (3)

w ?
Going on the assumption that A, is about 0-85Af,,
and that Af, can be obtained from a Mark-Houwink
equation, the points for intrinsic viscosity against molecu-
lar weight do indeed come close to the prediction by
Elias (Figure 5). The Mark-Houwink equation used-is!4;

[7]=1-4 x 10-4 A0'70 “)

On the basis of equilibrium studics reported later, it
would appear that 1 mol of hydroquinone is associ-
ated with about 3 mol of monomeric repeat units
in the polymer. If this is true also at the cloud point, it
is of interest to note that polymer does not scem unduly
expanded by accommodating the cosolute. The unper-
turbed dimensions can be calculated!® from Ky by:

(3 M M2 = (Ko D)1 )

where @ is a universal constant equal to 2-1 x 102! when
r is in cm, M in g/mol, and [y} in dl/g. If the hydro-
quinone were being accommodated by inclusion within
a helical polymer coil, one would expect the value of
(rZ/M)1/2 to be appreciably larger than it is when the
0-solvent is a water-acetone mixture as used by Elias.

Viscosity changes in isopropyl alcohol and in dimethyl
sulphoxide

Since the polymer is soluble in a variety of solvents,
we can explore the complexing with hydroquinone under
other conditions. Isopropyl alcohol and dimethyl
sulphoxide are over twice as viscous as water at 30°C
(Table 2). However, the alcohol is a better solvent than
water and dimethyl sulphoxide is a poorer one judging
from the intrinsic viscosity for a specific polymer sample
(Table 3). Hydroquinone has no discernible effect on
viscosity of the dimethyl sulphoxide solution and only
a small effect on the alcoholic solution (Figure 5). We
can conclude then that the interaction between poly(vinyl
pyrrolidone) and hydroquinone is conditioned to a large
extent by the presence of water. For example, we might
envisage the water molecules as forming a bridge between
the polymer and the hydroquinone molecules. If we
picture the alcohol molecules as attaching to the polymer
by their polar hydroxyl groups, the polymer surface
becomes converted to a surface of non-polar methyl
groups with very small likelihood of binding to the
hydroquinone.

The dielectric constant does not seem to be a useful
correlating parameter to explain the behaviour of vis-
cosity. Neither the series of three intrinsic viscosities nor
the series of viscosity-lowering by hydroquinone fall in
the same order as the serics of diclectric constants
(Table 3).

Table 3 Solvent parameters

Intrinsic
Viscosity viscosity of Dielectric
at30°C K-90 at 30°C constant
Solvent (cP) (dl/g) at 30°C
Water 0-8004 1-72 78
Isopropyl alcohol 1-77 2:0 18
Dimethyl sulphoxide 1-87 1-4 45
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Equilibrium measurements

When crosslinked poly(vinyl pyrrolidone) was placed
in contact with dimethyl sulphoxide solutions of hydro-
quinone, there was no discernible interaction. This is
consistent ‘with the previous observation that hydro-
quinone has no effect on the viscosity of a polymer
solution in the same solvent. In water and in isopropyl
alcohol there is an interaction apparent from the plot of
the Langmuir equation (Figure 6). The data for water
with two grades of crosslinked poly(vinyl pyrrolidone)
yield essentially the same result. Considering the fact that
hydroquinone decreases the viscosity of aqueous polymer
solutions much more than it does alcoholic solutions, it
is surprising that the complexing behaviour is so similar
for the two solvents (Figure 7). Both solvents give inter-
cepts corresponding to about 2:5 monomer units in the
polymer per mol of complexed hydroquinone at the
limit of high hydroquinone concentrations.

Molyneux and Frank used an' equilibrium dialysis

-method to study the complexing of phenols by poly(vinyl
pyrrolidone)?. An aqueous polymer solution in a cellulose
casing is suspended in water. The cosolute concentration
originally is the same on both sides of the membrane.
After equilibrium is attained the difference in cosolute
concentration between polymer and water solutions
divided by the polymer concentration is p in the Lang-
muir equation (equation 1). The free cosolute concentra-
tion at equilibrium is « in the same equation.

For hydroquinone in water at 30°C, Molyneux and
Frank measured a K of 38 I/mol assuming that 1/n was
10 mol vinyl pyrrolidone/mol hydroquinone. The pre-
sent work yields K=14 I/mol and 1/n=2-4. 1t can be
argued that the new value for 1/n is more reliable than the
old since the old one was extrapolated from data at low
hydroquinone concentrations (or possibly assumed from
data with other phenols). The highest hydroquinone
concentration used by Molyneux and Frank in their
dialysis experiments was about 0-01 mol/l. The lowest
concentration in the present work was twice that. Thus
it seems likely that a good part of the difference is due
to the concentration ranges used. Another difference is
that the present work uses crosslinked polymer instead
of the soluble material used previously. The value of K
is derived from the slope of the plot and the value of
I/n. The present slope is 0-17mol/l compared to

15

10} Isopropyl
I alcohotl

Q.
5
OO 25 SO
I/a {mol/1)

Figure 6 Langmuirisotherms (equation 1) for Agent AT-717 (@)
and Polyclar AT (A. ) at23°C. The binding strength is somewhat
lower in isopropyl alcohol than in water

o5}

(%] {dl/q)

Ol

3 1t 12 1111 1

1111112 1 1

10% 10° 10°
Molecular weight {Af)

Figure 7 Effect of addition of hydroquinone to aqueous solutions
of poly(vinyl pyrrolidone) on shifting the Mark-Houwink curve in
the direction of the curve by Elias in a 6-solvent (curve D) at
30°C. A, no hydroquinone; B, 0-4g/l hydroquinone; C, 0-6g/l
hydroquinone

Molyneux and Frank’s value of 0-26mol/l. If their
value of the slope (possibly more reliable than the present
work) is combined with the new value of 1/n=2-4, we
calculate K=9-2 I/mol.

The equilibration results in isopropyl alcohol are
quite different from those of Molyneux and Frank in
method. Where they found 1/n to be ten times that in
water, the present work indicates 1/i in isopropyl alcohol
to be about the same as in water.

Since alcohol and water complex the hydroquine and
dimethyl sulphoxide does not, it seems necessary to have
protons available in the solvent. Apparently this is not
a necessary condition for dissolving the polymer in the
solvent. Both the alcohol and dimethyl sulphoxide are
solvents of interest in pharmaceutical applications. The
present work points up the fact that complex formation
is affected strongly by the choice of solvent and that the
binding of small molecules by polymers cannot be
generalized easily.
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The precipitation chromatographic
column: theory, critique and
method of design

Donald L. MaclLean and James L. White
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A new theory of the Baker-Williams precipitation chromatograph is presented.
Both differential mass transfer. and cell models have been described and the
latter has been developed in some detail and calculations carried out. The
influence of solvent gradient, temperature gradient and initial polymer sample

size are considered.

INTRODUCTION

The fractionation of polymers based upon the variation
of solubility with molecular weight has been utilized since
the recognition of the macromolecular hypothesis! and
indeed batch fractionations have been a useful technique
for the polymer chemist interested in characterizing
materials of importance.2-5 The liquid chromatographic
technique based upon adsorption mechanisms was, after
its renaissance in the 1930s, applied though with only
mediocre success to synthetic polymers®-9. The first
successful chromatographic techniques, those of Des-
reux0 and especially that of Baker and Williams!! were
based rather on the variation of solubility with molecular
weight, solvent composition and temperature. Desreux
essentially fractionated polymer samples by selective
extraction using a mixture of solvents with a gradient of
improving solvent quality. Baker and Williams!! con-
structed a column packed with glass beads along which
they placed a temperature gradient with the higher
temperatures at the top where the polymer sample to be
fractionated was placed in a finely divided form. A
mixture of two solvents (one good and one bad) was
added to the column with a gradient of improving solvent
quality as the experiment continued. These researchers
found the low molecular weight polymer to be eluted
first followed by the high molecular weight species. Baker
and Williams and later experimenters!2-16 have used this
instrument to determine molecular weight distributions
and to obtain sizeable quantities of fractions for physical
measurements. Some question has been raised about the
necessity and efficiency of using a temperature gradient
at alll5,16, Reasonable fractionations can in many
instances be obtained through simple gradient extraction,
or as it is sometimes called, elution fractionation.
Recently other types of large-scale polymer fractionation
apparatus based on thermodynamic phase separation
have been described!?. 18,
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A qualitative explanation of the operation of this
column called a Baker-Williams column or a precipita-
tion chromatograph was given by Baker and Williams!!
themselves. These authors suggested that the initial
poor solvent dissolves only the low molecular weight
polymer which percolates down the column until the
lower temperature induces its precipitation, The improved
solvent now entering the column dissolves intermediate
molecular weight species which begin to traverse down-
ward. This fraction also precipitates when reaching lower
temperatures. However, the low molecular weight species
precipitated from the original poor solvent is redissolved
by the better solvent and again proceeds down the column.
The continually improving solvent entering the top of
the column now dissolves the higher miolecular weight
species which begin their descent. One can now see that
low molecular weight polymer will elute from the column
followed by intermediate and high molecular weight
species.

The ideas of Baker and Williams cited in the above
paragraph have been generally accepted by later research-
ers. The first attempt to develop a quantitative theory of
separation in this instrument was by Caplan.12 Indeed it
was Caplan, who introduced the descriptive term precipi-
tation chromatography on the basis of these considerations.
While Caplan has the right physical ‘feel’ of the prob-
lem and seems to recognize some of the difficulties arising
from applying classical chromatography theory, he does
not follow through and develop a rational scheme to
handle these difficulties. Instead he intuitivély applies
a simplified form of the ternary phase equilibrium
equations of the Meyer-Flory-Huggins theory of polymer
solutions!9 20 coupled with an intuitive notion of the
variation of solvent quality along the length of the
column. A second attempt at analysis which was mor¢
in line with classical chromatography theory was pub-
lished by Schulz et al.2! who attempt to set up and solve
differential mass balances. A similar approach was later
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taken by Smith22. However, both of these papers make
oversimplifications. In particular neither of these groups
is able to cope with the implications of the variation of the
gel fraction along the length of the column and proceed by
making questionable approximations of this quantity.
In this paper, we describe two improved theories of
the precipitation chromatograph. One of these will be
developed in considerable detail, This paper represents a
continuation of our efforts to put the theory of column
separations of macromolecules on a stronger basis23.

PHASE EQUILIBRIA IN POLYMER SOLUTIONS

Before proceeding with the detailed analysis of the
column operation, we must first discuss phase equilibrium
in polymer solutions. The phenomenon of phase equili-
brium for heterogeneous polymers in mixed solvents is
the basis of fractionation in the Baker—Williams instru-
ment. The ternary system polymer/solvent 1/solvent 2 is
the simplest situation for which the column may be
operated and indeed understood. Generally phase
equilibrium in such a ternary system is represented in
terms of triangular diagram??: 24, 25 indicated in Figure 1.
The composition of a solution with volume fractions
of species 1, 2 and polymer of ¢1, ¢2, ¢, is indicated by the
intersection of the perpendiculars from value ¢; on the
2p axis, ¢2 on the lp axis and ¢, on the 12 axis. There
have been remarkably few experimental studies of phase
equilibrium in polymer solutions with mixed solvents26-30,
Generally for systems of the type which we have interest
in (polymer/solvent/non-solvent), the two phase region
has the form shown in Figure 1.

In the absence of experimental data, we turn to
statistical thermodynamic theories. Flory3! seems to
have been, the first to give serious consideration to the
problem of phase separation in polymer solutions, and
the interaction of solvent quality and molecular weight
on the criterion of its occurrence and the character of the
separated phases. This analysis was based upon the
Meyer-Flory-Huggins solution theory. These concepts
were extended in succeeding years to heterogeneous
homopolymers and mixed solvents!9: 20.24,32-35 at least
for the case in which there were no specific favoured
associations. Somewhat .complex though still tractable
expressions were obtained. In particular the distribution
of polymer of species i, containing mi lattice site occupying
units, between solution and swollen precipitate phases is:

In $:= —nu[(— x13+ x23— x12XP2—P2) +

(1 =2x13)(fp—¢p) + x12(3 —¢3) +
($plmn—dplmn)+ x13($3— $3) +
(x13— x23+ x12)($2bp— b2 p)] 0}

Here the xi are interaction parameters representing
dimensionless site interaction energy differences!d. ¢; is
the volume fraction of species i in the liquid, & is its
volume fraction in the gel, and ¢, is the total volume
fraction of polymer in the liquid. In more recent years,
there have been attempts to remove the ‘no-association’
restriction but the resulting phase equilibrium relation-
ships have been considerably complicated3s. Generally it
is found that the Meyer-Flory-Huggins theory predic-
tions of partition following phase separation to be

Solvent 2
good solvent

Solvent 1
poor solvent

Polymer

Figure 1 Triangular phase diagram

qualitatively valid. The ability to fractionate on the basis
of molecular weight is verified, but the quantitative
details are not satisfactorily explained.

ANALYSIS OF COLUMN PROCESSES

There have been three general approaches to theoretically
analysing chromatographic separations. These are the
application of differential mass balances as devised by
Wilson3?, Thomas®® and Lapidus and Amundson??
among others; division of the column into a series of
discrete perfectly mixed stages and application of finite
difference methods as described by Martin and Syngei?;
and stochastic process methods as devised by Giddings
and Eyringil. 12, However, these techniques are restricted
to application to adsorptions and molecular sieving
processes. We shall look at the appropriate developments
for applying the first two of these techniques to precipita-
tion chromatography,

Differential mass balance

Consider a column (see Figure 2) which stretches from
the origin along the z-direction. In a thickness Az there
will be a volume fraction B of stationary glass beads, «
of mobile fluid phase and y precipitated gel of polymer
and solvent components. In particular:

atf+y=1 (2

Generally 8 will be constant through the length of the
column, but « and y will vary with position and time. If
a solvent flow rate Q (volume/time) is pushed through
the column then a balance over species i at time ¢ will
lead to:

Octlziaz— QCl.Iz,l =— [a%(ac:) +—§’(y5¢)]AAz )
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Figure 2 Precipitation chromatograph

where ¢; and & are the concentrations of i in the sol and
gel phases and A the cross-sectional area of the column.
Equation (3) is equivalent to:

ocy, Q ac;_ dlna, _ a6
—54';4-5—7,(01—&)—?5"' )

where equation (1) has been used (Oxf/dr= —0dy/dt). In
the derivation of equation (3), we have neglected axial
dispersion processes, radial concentration gradients and
indeed radial processes in general. Equation (3) should
perhaps be thought of as a non-homogeneous first-order
partial differential equation containing two unknown
quantities ¢ and « which relate to the characteristics of
the gel that forms when ¢; becomes greater than some
threshhold concentration ¢i,sat, @ quantity varying <with
time (because of the elution gradient) and position
(because of both the elution and temperature gradients)
in the column.

We may use equation (4) to directly solve the column
clution problem for the special case of elution fractiona-
tion, i.e. columns without temperature gradients!5. Here
the eluting solvent entering the column dissolves each
species to an extent ¢, which then directly flow through
the column without formation of gel. The right-hand side
of equation (4) is zero, and it may be directly solved to
give:

oz, 0=co(1-957) ©)

where c¢¢o(1) represents the concentration of species 7 in
the mobile phase entering the column at time t. The
problem of analysing the column simply reduces now to
determination of cy(f). If one is willing to presume
equilibrium in the polymer layer at the top of the column,
cio(t) may be determined directly from phase equilibrium
data. :

The more general problem involving temperature
gradients in the column leads to significantly greater
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difficulties. For here we must come face to face with
knowing ¢ and the gel fraction y. In essence one may
proceed as follows. Equation (5) remains valid along the
path of the percolating fluid in the column until ¢,
exceeds ci,sat. At this point gel begins to form, y takes
on non-zero values and « decreases. If equilibrium js
assumed, then application of the lever rule to the phase
diagram will yield the relative amounts of the two phases,
If & is the apparent concentration at z and 1 then:

(1-B)é(t, 2)=aci+yé
=(1-B-y)ci+ré ()

where for a ternary system one may consider of/(1—g)
and y/(1—p) to be determined from application of the
lever rule to Figure I. This becomes conceptually more
complicated as the number of components increases, but
the essentials remain the same.

The reader may see at this point that unless the vari-
ation of y with distance and time be specified in a simple
analytical form even the equilibrium theory described
above becomes too difficult to handle with the differential
mass balance approach. If rates of dissolution and preci-
pitation be included, the problem becomes all that more
difficult. We turn next to what we believe is a more
tractable approach.

Discrete stages

An alternative approach to this problem makes use of
the representation of the column as a series of discrete
mixing cells. This technique was devised by Martin and
Synge4? and the basis of its applicability may perhaps best
be seen in Aris and Amundson’s43 analysis of axial dis-
persion processes occurring in packed columns. The
analysis proceeds as follows (see Figure 3). The precipita-
tion chromatographic column is considered to be divided
into a series of perfectly mixed cells representing portions
of the column beginning with the top of the column. The
eluting fluid moves first into the cell which consists of the
polymer to be fractionated and then successively through
the Ist, 2nd, 3rd, and (n— 1)th and nth cells each of which
is maintained at a successively lower temperature,
To, T1, To, T3 . . . Ty. Let us first consider the special
case when only one polymer species is involved. When the
composition gradient has increased the solvent power of
the eluent to the extent that it dissolves the polymer in
cell 0, a saturated solution with concentration ¢(1, 0)
and volume fraction in solution ¢;(1, 0) is formed which
flows during a period #; into cell 1. This yields a cell at
temperature T containing a solution which is saturated
at a higher temperature, 7o. At temperature T3, this
solution is supersaturated and precipitation proceeds
yielding a gel phase with concentration, ¢(2, 1), volume
fraction ¢;(2, 1) and gel fraction y(2, 1). The average
volume fraction of i in the cell is ¢;(2, 1).If a(2, 1)is the
remaining void fraction and ¢4(2, 1) the concentration of
the solution phase in the cell, then:

a1, 0)[$:(1, 0)— (1, DI+ (1 —B)i(1, 1)
=(1-8)4i(2, D=0(2, D32, D+¥2, D2, 1) ()

where ¢;(1, 1) which is shown for the purpose of illustra-
tion is zero.

¢i(1,0) and «(1,0) can be found from the known
concentrations in the first cell using phase equilibrium
data as is indicated in Figure I and the lever rule. Once
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é:(1, 0) and o(l, 0) are found the procedure is repeated
for the phase equilibrium data at temperature 7T to find
the quantitics on the right hand side of equation (7).
During period 2 additional ecluent flows into the
column and the new solution phase in cell 0 moves into
cell 1 displacing of2, 1) $:i(2, 1) from cell 1 into cell 2.
For cell 1:

a(2, D$i(2, 0)—$:(2, DI+(1-Hi(2, 1)
=(1=F)$i(3, D=0, D&, D+y(3, DAGB, 1) (8)

Since the solvent power is now greater, part and perhaps
all of gel in cell I will dissolve. For cell 2 we must write:

a(2, DIgu(2, N —¢i(2, D1+ 11 -Blpi(2, 2)
=(1-P)$i(3,2)=0(3, D¢:(3, )+7(3,24(3,2)  (9)

where ¢:(2, 2) will be zero. The quantities on the right
hand side will be computed from the diagram. If ¢;(3, 2)
is less than ¢ sat(3, 2) then

¢1(3) 2)=¢:(3’ 2)
o3,2)=1—8 (10)
+(3,2)=0.

This procedure may be repeated. Generally for the Jth
cell and the Afth time period we may write:

amin(M — D[$(M—1,J =) —gi(M = 1.J)]+
(1=P)pi(M—1,0)=(1-P)$i(M.J])

=a(M, J)pi(M, J)+ (M, J)$(M,J) (1
Feed
| A
2 P
n ’n

Effluent +

Figure 3 Discrete stage or mixing cell model of a precipitation
chromatograph

where y(M, J) may be zero and amin(Af—1) is the mini-
mum cell liquid fraction at time increment (M —1).
Equation (11) is valid for n components and J cells.

It should be scen that this procedure is an awkward
one and not really suitable for classical mathematical
analysis or ‘hand’ calculations. It is, however, of a form
that has long been treated by the digital computer and
this tool has been utilized in our calculations. Computer
simulation becomes especially necessary as it is realized
that: (i) a sizeable number of cells will probably prove
necessary to give a reasonable approximation; (ii) a
multi-component and not a ternary system must be
considered in analysis of polydisperse systems which is
after all the primary application; and (iii) the phase
diagram that must be used in cach stage is different
because of the temperature variation and the average
solvent composition in each cell varies with time. A
suitable computer programme which applies to multi-
component systems has been developed. It is summarized
in Figure 4. Details are given by MacLean'!,

SAMPLE CALCULATIONS

Fractionation of polymer $ystems with the precipitation
chromatograph have been computed by the techniques
outlined in the previous section. The phase equilibrium
relationship has been constructed using the Meyer—
Flory-Huggins theory, in particular utilizing equation (1).
We have chosen a system involving a good solvent which
interacts with a second poor solvent in the same way as
the molecules of the second solvent interact with the
polymer. In particular, we take

8
X12=X2p=0'50+'2‘f3- (12)

x1p=0
where T is in Kelvins. Thus ‘I’ designates the better
solvent ‘2’ the poorer solvent. The physical description of
the column is modelled closely upon the original Baker—
Williams column. In particular a 35¢m long column was
used. The temperature ranged from 333K to 283K and
a 5ml/h flow rate through a 2cm diameter column was
considered. For modelling purposes the column was
divided into 10 equal sized cells with all the polymer
initially in the first cell.

Three basic parameters were considered in our study:
(i) the quantity of polymer placed in the column; (ii) the
solvent gradient; and (iii) the temperature gradient. The
results are shown in Figures 5 to 10.

Effect of quantity of polymer

At initial values of polymer volume fraction greater
than about 0-20 no separation was noticed and Figures 5
and 6 show that better separation occurred with lower
polymer volume fractions.

Solvent gradient
With linear solvent gradient of the form:

b1rtcea(M, 14 At)=d1tcea(M, t)+BAL  (13)

and constant temperature levels better separation occurs
with smaller values of B. This may be seen in Figures 5
and 6. However, the best separation occurred with a
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Start
Read in end-points of tie lines for various temperatures

Initia! volume fractions in each cell and in feed, total volume of cell and flow rate

Do statement for each cell

Do statement for choice of tie line

Yes ‘ | If no polymer in cell &’," 0-0, ¢~>|=4>, {liquid} etc.
Y =0-0
No
Ye
Yes
No '

Calculate L distance for overall composition point to each tie line

N . -
0 I L distance of />/—1| choose /-1 {or tie line

5

Calculate ¥, a

ftYy>p
¢p = ¢p etc.

Calculate overall fractions from material balance equations for
beginning of next time interval

Calculate a {min)

Calculate A time VL (min) /Q

Calculate new feed conditions

Print

If no polymer in column
Yes

End

Figure 4 Simplitied computer diagram for mixing cell model

No If last cell
Yes
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Figure 5 Effect of linear solvent and temperature gradient for
initial polymer volume fraction of 0-05. B=slope of solvent gradi-
ent. O, mi=1000; @, mi=100

solvent gradient of B equal to 1'0sec™1, with ¢ycca less
than 0-35. When ¢ireea is greater than 0-35, the best
value of B is 0-05. This means that just before dissolution
the solvent gradient should be changed from a high to a
low value. This is shown in Figure 7. When the solvent
gradient becomes large, the small differences in dissolu-
tion composition for the different polymer species arc
overshot. Too large solvent gradients would thus seem to
be self defeating.

Temperature gradient
Both linear and logarithmic temperature gradients
have been considered. These have the form:

T()=To+(TL—To)z (142)

T(Z)=To+(T1,—To)ln[k1%+k2] (14b)

The form of the temperature gradient was found to have
little effect on the fractionations produced by the column
as seen by comparing Figures 7 and 8.

While the shape of the temperature gradient is of
little importance, its presence is. Figure 9 shows the

column for isothermal conditions with all cells at the
temperature of the first cell, fifth cell, and the tenth or last
cell. This shows that the best separation of all those
investigated occurs with the column operated isothermally
at a high temperature while the separation for the columns
operated isothermally at a lower temperature is nearly
the same as with the temperature gradient. The reason
for the superiority of the high constant temperature
model can be seen in Figures 11 and I2. These Figures
calculated from the Meyer-Flory-Huggins theory and
thus limited to systems which can be qualitatively
represented by it show that at the higher temperatures a
greater difference in the binodals of the two polymer
species exists than at a lower temperature. The lower
temperature region can be envisioned as a bottleneck
where the smaller polymer species are slowed down until
the larger polymer molecules almost overtake them. This
can also be seen in Figure 10 where a reverse temperature
gradient is used and the fractionation is about the same
as the low temperature isothermal run.

DISCUSSION

It was found that while the Baker and Williams mecha-
nism for precipitation chromatography should be valid
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Figure 6 Effect of linear solvent and temperature gradient for
initial volume fraction of 0-10. B=slope of solvent gradient.
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Figure 7 Effect of ‘2 slope’ solvent gradient with linear tempera-
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the improved separation over the Desreux constant
temperature method was not found in the sample calcu-
lations " for equilibrium conditions using the ternary
Flory-Huggins relations and equation (1) to provide the
equilibrium data. Our use of theoretical phase equilibrium
data points to a need for further experimental work on
phase equilibrium of polymers in mixed solvents especi-
ally the effect of temperature and molecular weight. These
experimental data could then be used directly with our
mixing cell model.

It should be noted that this mixing cell theory is
capable of predicting dispersion just as in the original
Martin-Synge?? theory of the adsorption chromatograph.
Dispersion was found to be greater for the lower molecular
weight species and increased as the amount of polymer
and solvent gradient decreased. Studies of the mixing cell
theory3: 45 indicate that the source of dispersion predicted
in this theory is due solely to hydrodynamic mixing
patterns in the column and in terms of the differential
mass transfer balance theory is equivalent to an axial
Peclet number of two. This, however, is known to
misrepresent the hydrodynamic dispersion in liquid
chromatography46, and specific molecular weight effects
have been observed indicating greater dispersion with
higher molecular weight polymer species??. Furthermore
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additional dispersion will be caused by the lack of
equilibrium between the polymer solution and gel-whicp
will certainly exist throughout the length of the columy,
Some experimental studies of rates of dissolution haye
appeared?® but little or nothing on the reverse proble
of rates of coagulation and precipitation from-solutjop_
We intend to treat this problem further at a later time;

A second feature of interest is that if we had utilizeq
the Kilb-Bueche? theory of solutions of copolymers, the
procedures of this paper would allow predictions of
separation on the basis of composition as well as molecy-
lar weight. Thus attempting to separate a polydisperse
copolymer with compositional heterogeneity on a preci-
pitation chromatograph should lead to rather compl;.
cated results. This phenomenon has been observed at
various times by polymer chemists.

CONCLUSIONS

Two new theoretical models of the Baker—Williams
precipitation chromatograph have been developed. These
are based upon mixing cell and differential mass balance
concepts. The mixing cell model is applicable to multi-
component systems and has been simulated on a digital

-
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computer. This model in contrast to previous models
fully allows for the variation of gel volume axially within
the column. Sample calculations have been made using
the Meyer-Flory-Huggins relation for ternary phase
equilibria and the effects of initial amount of polymer,
solvent gradient, and temperature gradicnt have been
explored. Based on sample calculations a high constant
temperature fractional solution method with a ‘two
slope’, solvent gradient, a high slope initially and a low
slope beginning just before dissolution is recommended
for design. Also the amount of polymer should be kept
low.
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Melting and transition phenomena
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A series of poly(ethylene adipates) with molecular weights between 1800 and
15 000 were prepared, and were extended by reaction with di-isocyanates. In
one series of extended polymers the different polyesters were all extended with
tolylene di-isocyanate whilst in a second series a polyester of molecular weight
3000 was extended with 4 different di-isocyanates. The glass transition tempera-
tures and melting points of all polymers were studied. The variation of 7, of
homopolymers with molecular weight was not adequately represented by the
usual equations and it was concluded that the OH end groups are tied into the
structure. On the other hand the variation of T, with molecular weight obeyed
the Flory equation and leads to a value for the heat of fusion similar to that
obtained by Edgar and Ellery by the copolymer method, The observed values of
Ty and T, of the copolymers did not agree with values calculated by random
copolymer theory. In the case of melting points it is likely that the discrepancy
arose from the disparate nature of the ethylene adipate, crystallizable, units and
the di-isocyanate, non-crystallizable, units; the latter distorted the structure so
badly that a number of neighbouring crystallizable units were prevented from

crystallizing.

INTRODUCTION

The properties of a polymer depend on molecular
weight, chemical nature of the units composing the
polymer, the morphology in the solid state, etc. As part
of a programme designed to elucidate the relations
between properties, polymers and their composition, a
range of polymers and copolymers of poly(ethylene
adipate) were prepared. The work reported here is
concerned essentially with two kinds of materials, namely
poly(ethylene adipates) of (a) different molecular weights
and (b) low molecular weight joined together by reaction
with di-isocyanates. With the latter ‘extended’ polymers,
the material produced could be regarded essentially
as a crystalline polymer in which the chain regularity
was broken up at a limited number of points. It was
considered” of interest to ascertain to what extent the
polymer properties could usefully be modified by such
changes.

EXPERIMENTAL

Materials

The di-isocyanates as received were all purified prior
to use and their purity was estimated by reaction with
n-butylamine.

Hexamethylene di-isocyanate (HDI) (supplied by
Mobay Chemical Co.) was fractionally distilled giving
a liquid (b.p. 89°C at 0-9 mmHg; purity 99-1%).

4,4'-Diphenylmethane di-isocyanate (MDI) (supplied
by Du Pont) was flash distilled under reduced pressure
by dropping the warm molten material onto the hot
distillation flask. (B.p. 107°C at 0-1 mmHg; m.p. 40°C;
purity 98-7%.)

1,5-Naphthalene di-isocyanate (NDI) (supplied by
Du Pont) was recrystallized from Analar benzene under
direct dry gasl. (M.p. 132°C; purity, 98-09,.)

Toluene-2,4-di-isocyanate (supplied by Du Pont) was
fractionally distilled. (B.p. 97°C at 0-1 mmHg; purity
99-8%.)

Dimethyl adipate and ethylene glycol were fractionally
distilled. (B.p. 58°C at 0-25mmHg and 79°C at 4 mmHg
respectively.)

Preparation of polymers

Polyethylene adipate. Poly(ethylene adipate) (PEA)
samples were prepared by ester interchange using
dimethyl adipate and ethylene glycol. The latter were
heated together in the presence of calcium acetate and
antimony trioxide as catalysts at 160-180°C in a current
of dry nitrogen. After 3-5h when the methanol had
ceased distilling over, a vacuum was applied and the
temperature was raised to 230°C to distil off ethylene
glycol. The quantity of the latter controlled the molecular
weight of the product. The resulting polymer was
washed in water to remove the catalyst, dissolved in
acetone and filtered into ethanol to reprecipitate the
polymer.
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Extended polymers. For extension of low molecular
weight samples of PEA, the latter in nitrobenzene were
reacted at 105°C with 759 of the di-isocyanate required
to combine with the hydroxyl end-groups of the polymer
in the presence of a catalyst (triethylene diamine and
dibutyl tin dilaurate). After a period of 1-2h had
elapsed, the remainder of the di-isocyanate was added
over the course of several hours. By this controlled
addition of the di-isocyanate, allophanate links were
avoided and a linear polymer was obtained. The polymers
were purified by precipitation in cthanol followed by
solution in chloroform and reprecipitation in ethanol.

Molecular weight determination

Polyethylene adipate. Results were obtained (a) by
end-group analysis using the succinate method2. (b)
from the intrinsic viscosity in chloroform solution at
25°C with the aid of the equation given by Chang
et al.3

[71=2-0x 10-4 (M )077 )

On the assumption that the most probable distribution
of molecular weights existed even though a small quantity
of the low molecular weight fraction might have been
lost in purification, the number average value was
calculated by the factor?:

[(1+a)T( +a))Va (a=0-77 in this case)

and (c) by vapour pressure osmometry in chloroform,
or for the higher molecular weight materials in benzene
at 65°C.

The results for the series of samples used in this work
are given in Table 1. When the molecular weight was
required in subsequent calculations, it was considered
that the end-group determination was the most reliable.

Table 1 Number-average molecular weights of poly(ethylene
adipate)

Vapour pressure

Polymer End group Viscosity osmometry
P1 1 850 1 790 —_

P2 3 050 2 890 2 800

P3 5100 4 750 —_

P4 7 000 6 150 —

P5 8 500 8 040 8 730

P6 12 000 9 900 —

P7 — — 18 400

Table 2 Number-average molecular weights of extended poly-
mers

Mpn (vapour
Mol. wt. of Molar Mn pressure
PEA Isocyanate concn. (viscosity) osmometry)
P2 3000 HDI 0-0532 22 800 24 500
P2 3 000 MD! 0-0532 30 200 19 100
P2 3000 NDI 0-0532 24 500 —_
P2 3000 TDI 0-0532 24 500 30 000
P1 1850 TDI 0-0847 28 700 19 000
P2 3000 TDI 0-0532 25 400 30 000
P3 5100 TDI - 0-0338 34 600 23 900
P4 7 000 TDI 0-0240 38 000 —
P5 8500 TDI 0-0198 39 800 21 100
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The maximum molecular weight obtained by ester
interchange was about 12 000. To obtain a product with
a value greater than this, sample P3 was successively
fractionated to give sample P7; sample P7 possessed a
higher molecular weight than the others but naturally ig
expected to have a narrower distribution.

Extended polymers. Absolute measurements were not
satisfactory since their molecular weights are too large
for end-group analysis, almost too high for vapour
pressure yet too low for membrane osmometry. In the
latter kind of measurement, it was found that even with
the ‘Mechrolab’ rapid-acting osmometer, too much
polymer diffused through the membrane to allow reliable
measurements to be made. Most reliance was therefore
placed on results calculated using equation (1); even so
it must be observed that the constants in this equation
are those for PEA and will not strictly apply to the
data obtained using the extended polymer. The molecular
weights must therefore be taken as a guide (Table 2).
Nevertheless, even though the agreement between
viscosity and vapour pressure osmometry data is poor,
the polymers possess molecular weights of at least
20 000, a magnitude which is sufficient for the material
to be in the range in which molecular weight changes
have little effect on the properties of the polymer.

Measurement of melting points and glass transition
temperatures

The thermal transitions of the polymers were examined
by means of a Perkin-Elmer DSC1 differential scanning
calorimeter (d.s.c.): prior to starting the run, the samples
of polymer were melted at 80°C for 10 min followed by
quenching-in ethanol cooled with solid carbon dioxide
to minimize the extent of crystallization. The samples
were scanned at a heating rate of either 2 or 4°C per
minute, the temperature being raised sufficiently high
to observe crystallization and melting phenomena. To
obtain the values of the glass transition temperatures,
the conventional construction was used.

Later in the investigation when a Du Pont Differential
Thermal Analyser became available, this was used to
determine more accurately the melting points of the
polymers where fast heating rates were essential to
reduce the possibility of recrystallization occurring. [n
the customary manner, the temperature of the sample
at the peak of the melting endotherm was taken to
be the melting temperature.

Glass transition temperatures were also determined
dilatometrically. The dilatometer consisted of a glass
bulb of 2-3ml capacity fitted by means of a ground
joint to a length of precision glass tubing (I mm bore).
1-2g of polymer was used, the confining fluid being a
silicone (M.S. 200 of freezing point —85°C). The polymer
was melted and quenched as for the thermal measure-
ments. The position of the liquid in the meniscus was
followed whilst the temperature was raised at about
4°/h. Measurements were not continued above —20°C
since crystallization commenced with most polymers at
this temperature. The data yielded good straight lines
whose intersection gave Ty to within 0-5°C.

Because even the homopolymers crystallize slowly
relative to the rate of cooling during quenching, it 15
considered that the observed transitions are truly repre-
sentative of the polymers in the amorphous state and
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Table 3 Glass transition temperatures of PEA

Tg(dil.) Tg(dta) xbonds
Polymer Mpn C) 0 per chain  kJ mol-!
P1 1850 —52-5 —52 108 4-05
P2 3050 -50-0 —51 178 3-84
P3 5100 —48'5 —48 296 3-1
P4 7000 —47-5 — 407 3:66
P5 8 500 —47-0 —47-0 494 3-64
P6 12 000 —46-6 — 698 3-60
P7 18 000 —46-0 -46-0 1046 3-57

Table 4 Glass transition temperatures
of extended polymers

Tg (dil.) Tg(dta)
Polymer °C) cC)
P2-HDI —45-5 —44
P2-MDI —36-5 —-38
P2-NDI —36-0 -37
P2-TDI —38:25 —39
P1-TDI —35-5 —29
P2-TDI ~38-25 —39
P3-TDI —40-5 —40
P4-TDI —41-0 —42
P5-TDI —42-0 —42

are not significantly affected by the presence of crystallized
material. This opinion is substantiated by the occurrence
of crystallization when the samples were heated above
Ty, especially in the dilatometer experiments in which
the onset of crystallization was observed at temperatures
as low as —20°C.

The results for all the polymers are shown in Tables 3
and 4. The agreement between the values obtained from
the two methods appears satisfactory until it is recalled
that different heating rates have been used. Application
of the W.L.F. equation suggests that the results from
the faster method (d.s.c.) should be about 4°C higher
than those from the slower. However, the glass transition
in most of these polymers ranges over some 8°C. The
determination of transition temperatures is different.
dilatometry assigning values to the middle of the range,
whereas d.s.c. determines the temperature at the low
end of the transition range. This difference in method
accounts for some 2:5°C difference in the values of Ty
and it is considered that this value and the 4°C suggested
from the W.L.F. equation agree within cxperimental
error. It was however felt that the dilatometric data are
the more reliable.

Melting points were determined by differential thermal
analysis (d.t.a.) after the polymers had been crystallized
for 6 or 8 days at a temperature chosen on the basis of
the rates of crystallization which had previously been
determined. The time allowed for crystallization was
of a length several times the times of half crystallization.
The melting points of samples treated in this way
approximate to the thermodynamic melting point.

RESULTS AND DISCUSSION

Glass transition temperatures

Changes in Tg with molecular weight of the hono-
polymers. The figures show the expected trend of increase
in Ty with incrcasing molecular weight. The simplest

descriptions of such data are thosc derived by Fox and
Flory® and Ueberrciter and Kanig®.

The equation derived by the former workers relates
Ty at a given molecular weight Af to that at infinite
molecular weight, T, by:

A

To=Ty,—+

VY

whercas the latter workers have given a reciprocal
relation:

)

1 | B
A Y
n

A and B being empirical constants.
Fox and Loshack? have shown how both equations
are approximate forms for high molecular weights of
a more precise equation derived from considerations of
free volume and some data concerning the specific
volumes of polystyrene. The ecxperimental data are
plotted according to equations (2) and (3) (Figure I);
the relation is linear for those polymers which lic in the
higher molecular weight range but neitier equation is
obeyed by the polymers of the lower molecular weights.
Extrapolation of the straight line portions of both
graphs gives a value of —45-0°C for T, . Regression
lines for all seven points have been calculated from the

)

~ data, giving mean deviations of 0-2 and 0-4°C values

which are within experimental error; even so the data
clearly lic on curves suggesting that for low molecular
weights the approximations involved in deriving equations
(2) and (3) are not valid. )

Bueche$ shows how, from the value of A in cquation
(2), the additional free volume associated with a chain
end may be calculated. Inserting the experimental data
from the high molecular weight region of PEA (where
equations (2) and (3) apply), a very small volume, about
6A43 is obtained, which may be compared with 8§03
for polystyrened or 7543 for poly(methyl methacrylate)
(PMMA) (calculated from Fig. 3 of ref. 10). This small
free volume is a reflection of the fact that there is a
drop in T, of only 5°C for a change in Af, from o to
3000; this value is to be compared with the corresponding

{4-54
J 4-50

[5) i

o

> 14.46%,

X
i O
J4-42
4.38

Figure 1 Glass transition temperature and molecular weight,
plotted according to (O) equation (2), and (@) equation (3)
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Figure 2 Glass transition temperature and molecular weight,
with lines calculated for equation (4) using three fixed flex
energies (¢) and a variable flex- energy. A, ¢=-—3500J mol-!;
B, e=—3600Jdmol-1; C, e=-—3750J mol-! (calculated from equa-
tion (4).) —--- experimental+0-5K. e=—[3500+28300 (2/x)]J
mol-1

reduction in the Ty of the polystyrene and PMMA of
~50°C.

Two explanations for this are possible: cither the
polymer chain as a whole is so flexible, as the low T
indicates, that the ends add little to chain mobility;
or the end groups in this polymer are not as mobile as
in many other polymers. _

An alternative basis for the deviation of the T, with
molecular weight is a statistical one in which the number
of arrangements of the chain segments are enumerated
and the total energy calculated in terms of the flex
energy e, i.e. the additional energy which is required-by
cach bond in the chain which is not in the position of
lowest energy. The calculations define Ty as that tempera-
ture at which only one state of the system exists. An
equation relating Ty to molecular size may then be
derived?:

€
2LXP(_k_Tg) % € +] l+2 _ € )
L+ 2exp( — ) KT n[ T,
P\ kT, :

_x [olow ln2x_
Tx=2

—1] @

where x is number of atoms in chain, v is fraction of
vacant sites, i.e. fractional free volume.

The experimental results are plotted in Figure 2
together with theoretical curves for three selected values
of ¢; the comparison indicates that the equation does
not adequately represent the observations. This is in
contrast to analyses on various polymers where good
agreement is claimed10,

The values calculated from the practical data (Table 3)
show that e cannot be treated as a constant but rather «
increases as the number of chain ends increases (i.c. as
the molecular weight decreases). However, if we wish
to apply equation (4) to PEA, ¢ must be taken to be
the average of the energies of all the bonds in the chain.
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For a polymer such as PEA which carries at its ends
hydroxyl groups capable of forming hydrogen bonds,
it is possible that the flex energy may be made up of
two contributions, namely ¢; from the main chain and
e> from each end. The flex energy in equation (4) will
then be given as:

€=(1+? 5)

where ¢ is averaged over all the bonds in the chain,
The values of ¢ have been calculated by trial and error
from the data assuming the usual value for v of 0-025;
a plot of « against 1/x is a good straight line, showing
that equation (5) is a good representation of the data.
The value of € turns out to be 3-5kJ mol-1, whereas ¢
is of the order of magnitude of a hydrogen bond at
28-3 kJ mol-1. Over the range of values of the flex energy,
€1 is of the correct order of magnitude for a polymer
possessing a low 7, and may be compared with 3-16,
598 and 6-02kJ mol-1 (0-76, 1-33 and 1-44 kcal mol-1)
for polyisobutylene, polystyrene and PMMA respect-
ivelyll. The value of € leads to a Ty for PEA of infinite
molecular weight of —42-5°C. The theoretical curve
using values of e calculated from equation (5) is shown
in Figure 2 to represent the experimental data very
satisfactorily.

This kind of analysis falls in line with intuitive ideas,
namely that the flex energy of an aliphatic polyester
chain is low, but that if the end-groups are capable of
forming hydrogen bonds with ‘neighbouring chains or
other end-groups presumably in the ‘amorphous’
regions, the increase in free volume is less than antici-
pated. It would seem that either approach (‘free volume’
or ‘flex energy’) manifest the same result; in the former,
the interactions of the end-groups show up as making
a small contribution, whereas with the latter, the interac-
tions show up as a substantial increase in the average
flex energy. A somewhat similar effect has been observed!2
in a series of polystyrenes having trichloro-triphenyl-
methyl end-groups in which 75 actually increases with
decreasing molecular weight.

‘Extended’ polymers. The experimental results are
shown in Tables 3 and 4. Since these materials have
molecular weights of 20 000 or more, the values of Ty
should .be compared with —45°C or —46°C which
would be given by the homopolymer of corresponding
molecular weight. The polymers are of two types.
namely those in which the same PEA was extended
with different isocyanates 1o examine the effects of
different types of modifying units, and those where
poly(ethylene adipates) of different molecular weights
were used to yield polymers whose concentration of
modifyilg units was varied.

For the former series, the presence of one di-isocyanate
unit for every 180 segments in the chain can raise the
Ty by as much as 7-9°C even though at first sight the
introduction of rogue groups, by virtue of the increased
free volume, might be expected to give the opposite
result. Increases in Ty are noticeable when the di-isocyan-
ate introduces a rigid ring, e.g. naphthalene, but not
where size and flexibility are similar to the ethylene
adipate units. This last point is exemplified by the
hexamethylene groups in HDI whose introduction does
not modify T, There are therefore two competing
factors, namely the introduction of rigid rings which
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reduces chain flexibility, thereby increasing Ty, and
the introduction of the large bulky groups which will
presumably increase the amount of free volume available
and hence cause a lowering of the Ty. [t is impossible
to predict the changes observed but it is clear that
here the introduction of these small quantities of rigid
groups raises the Tg. »

In the second series, the average lengths of the PEA
segments were different with the result that the Ty
varied continuously with composition; and extrapolation
of the data to zero TDI concentration is not inconsistent
with a Ty of about —46°C for the homopolymer of
molecular weight ~20 000.

Only qualitative comments can be made on these
data. In copolymers in which the two comonomers are
randomly distributed (and of not too dissimilar chemical
character, e.g. styrene and butadiene) an equation of
the form13.14:

Arey(Tg—Tyy) + A2ca(Ty—Ty,) =0 ©)

is applicable. In this equation A and A are constants
and ¢, c2 are the weight fractions of the two comono-
mers. Ty, and Ty, are the glass transition temperatures
of the two homopolymers, This equation implies that
T, of the copolymer is intermediate between those of
the parent homopolymers, though a few exceptional
cases have been observed15: 18, Assuming that the poly-
urethanes studied here are random copolymers of PEA
and TDI units, the present results were found to fit
equation (6). However, the numerical values which had
to be assigned to Ty, and to (A1/A2) appear to have no
physical significance. The most probable reason for
this would seem to be that because of the small range
of molar concentrations covered the lengthy extrapola-
tion to a molar fraction of 1-0 is extremely unreliable
and magnifies expérimental errors even when the data
are plotted in the linear fashion proposed by Wood!4.
It is also possible that despite the low molar concen-
tration of TDI and the wide molecular weight distribu-
tion of the parent polyester, the polyurethanes are not
sufficiently random for equation (6) to apply.

Melting points ,

The observed melting points of the homopolymers
after being crystallized for 6 days (Tables 5 and 6)
increase with molecular weight, becoming approximately
constant once a value of 12 000 is exceeded. A satis-
factory straight line is obtained when the data are
plotted according to the Flory equation (Figure 3):

1 1 R 2

where T, is the melting point of a polymer of number
average DP of x,
Twm,, is the melting point of a polymer of infinite
DP,
AH is the heat of fusion.

By extrapolation, Ty, is found to be 60°C; the heat
of fusion is 18-4kJImol-1. This latter value may be
compared with Edgar and Ellery’s value of 15-9 kJ mol-1
(3800 cal mol-1)17 which was determined from the
depression of the melting point when copolymerized
with poly(ethylene terephthalate). Agreement is satis-
factory when it is remembered that the copolymer

Table 5 Melting points of PEA
crystallized for 6 days at T«

Polymer Tx(°C) Tm(°C)
P1 46 50
P2 48 54
P3 48 55
P4 50 57
P5 50 57
P& 51 58
P17 51 59

Table 6 Melting points of extended polymers.
Crystallized for 8 days at 7x

Polymer Tx(CC) Tm(°C)
P2-HDI 42:5 50
P2-MDI 40 45
P2-NDI 40 45
P2-TDI 40 44
P1-TDI 33 38
P2-TDI 40 44
P3-TDI 44 50
P4-TDI 45 51-5
P5-TDI 45 53

method generally leads to a low value for the heat of
fusion.

The homopolymers P6 and P7 had molecular weights
which were sufficiently high to allow the method of
Hoffman and Weeks18 to be used to determine the
thermodynamic melting temperature T9, which was
found to be 63°C.

The melting points of the ‘extended’ polymers were
lower than that of PEA of comparable molecular weight
(59-60°C). Even the flexible HDI unit lowered the melting
point by 9°C, showing some serious distortion of the
structure. The introduction of the units from MDI,
NDI and TDI cause considerable reductions in melting
temperature. The melting points of these polymers
correspond to those of homopolymers of lower molecular
weight than that of the parent polyester (2000 for the
HDI urethane and 1200 for the others compared with
3000 of the parent polymer) and it is tempting to use

-

Figure 3 Melting points of homopolymers
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the difference as a parameter- related to the reduction
of crystallite size caused by presence of the isocyanate
units.

Again, the data are plotted (Figure 4) according to
the random copolymer equation (7)*:

I 1 R

Tm TS AH
where X is the molar fraction of crystallizable units.
The intercept of the best line drawn through the five
copolymer points corresponds to a melting point of
57-2°C for the homopolymer, compared with the
observed value of 59°C for high molecular weight PEA
crystallized under comparable conditions. However, the
slope of the line leads to the very low value of 3-8 k] mol-1
for the heat of fusion, indicating that the introduction
of the di-isocyanate residue is more damaging to the
structure than is anticipated by random copolymer
theory19,

The copolymer method is renowned for giving low
values for the heat of fusion. Mandelkern has attributed
the discrepancy to the experimental difficulty of deter-
mining the temperature at which the last crystallite has
melted and has shown how this will lead to a low heat
of fusion, though the relation beiween 1/Ty and InX
remains linear.

Here it seems unlikely that this explanation is appro-
priate for the following reasons. If the points in Figure 4
were to be interpreted empirically it would probably be
better to draw a curve rather than a straight line through

InX Q)

* In the derivation of this equation?®, the copolymer is treated as
an ideal binary mixture.

3.20

10%(k™)
Tm

3-10

1 1 { 1

(o) 002 0-04 006 -0:08

-In x

Figure 4 Melting points of copolymers
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the points. Secondly, probably because the molar con-
centration of non-crystallizing groups does not exceed
109;, the melting peaks for the copolymers are only a
little broader than the peaks for the homopolymers so
it would be expected that errors arising from incorrect
measurement of the true T, would be similar for both
the co- and homo-polymers, yet the variation of melting
point with molecular weight of the latter leads to a
satisfactory heat of fusion.

The large difference in size and character between
the crystallizing and non-crystallizing units in these
copolymers suggests another possibility. If the presence
of a TDI or other di-isocyanate unit renders a number
of adjacent PEA units non-crystallizable, then appro-
priate allowance must be made in the calculation of
X, the mole fraction of crystallizable units, for use in
equation (7). By varying the number of polymer units
which are rendered non-crystallizable by each TDI unit,
a family of 1/TuInX curves may be drawn, Figure 4
being the limiting curve. Because of the non-linearity,
particularly in those cases where a large disrupting
effect is assumed, quantitative analysis is not possible.
However, as an indication of the magnitude of the
effect, a heat of fusion of about 18kJmol-1 is obtained
from the initial slope of the graph when it is assumed
that each TDI unit renders 6 PEA units non-crystalliz-
able.

The curvature of the lines suggests that these poly-
urethanes are not sufficiently like the ideal random
copolymer for equation (7) to apply. This is not sur-
prising when it is realized that for the case under con-
sideration some 409 of the molecules in the parent
polyester are shorter than the length of the chain which
is prevented from crystallizing by the isocyanate. Conse-
quently as the number of TDI units in the chain increase,
they will not be able to exert their full disruptive effect,
causing an increase in the apparent heat of fusion.

A converse effect has been noted in the classical work
of Evans et al.20 who found that for certain copolyesters
the depression of the melting point was less than ex-
pected, and attributed this to the occurrence of a limited
amount of co-crystallization.

CONCLUSIONS

As far as the homopolymers are concerned, both melting
and glass transition temperatures have been shown, as
anticipated, to depend on molecular weight. From the
variation of melting point the heat of fusion agrees
satisfactorily with the value given by other workers
using a different method. However, the glass transition
temperature does not change very much as the molecular
weight is changed leading to either an abnormally small
free volume associated with the chain ends or, on the
thermodynamic interpretation, the necessity to assume
that the chain ends are bonded into the structure. It
must be remembered that these are hydroxyl ended
polymers and the environment at the ends will be very
different from that in e.g. PMMA where the original form
of Gibbs® equation has been found to be adequatel®,
The insertion of di-isocyanate units into the polyester
again affects both melting and transition temperatures,
though a given di-isocyanate may affect the crystalline
and amorphous regions differently, e.g. HDI is almost
as effective as TDI in damaging the crystalline structure
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and lowering the melting point, but only small changes
of the transition temperatures are observed. It is interest-
ing to speculate on the possibility of the converse
occurring; is it possible to find copolymerizing or
extending materials which are a good geometric fit in
the crystal lattice but which are very different in flexibility
from the parent polymer, and, if so, how would the
properties of the copolymer differ from these of the
homopolymer?

Resulting from the method of preparation, these
copolymers are more in the nature of block than random
copolymers, but because the maximum molar concentra-
tion of the di-isocyanate relative to the ester is only
10% it was thought that they may behave as random
copolymers. However, these polymers do not follow
the pattern of behaviour predicted for random co-
polymers. From the data available, the changes in
transition temperature, i.e. the situation in the amorphous
regions, cannot be interpreted but it is likely that the
anomalous depression of melting point (indicated by
the very low calculated heat of fusion) is connected with
the influence of the di-isocyanate on the behaviour of
neighbouring ‘crystallizable’ units—a feature ignored in
copolymer theory.
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Book Reviews

NMR: Basic principles and progress

Vol. 4: Natural and synthetic. high polymers
Edited by P. Diehl, E. Fluck and R. Kosfeld
Springer-Verlag, Berlin, 1971, 309 pp, $17.60

This volume represents the proceedings of an NMR colloquium .

held at Aachen in April 1970. Thirteen of the seventeen papcrs are
in English (the remainder being in German) and the first seven,
comprising ncarly half the book, concern the theory and ex-
perimental study of tacticity and sequence heterogencity of syn-
thetic polymers, largely by means of high resolution !PMR
spectroscopy at 220 MHz. The introductory chapter is by Frank
Bovey. Although not everyonc prominent in this field has
contributed these chapters nevertheless represent a very uscful
compilation of *almost up to the minute’ data for all directly con-
cerned with research in this field. Several mentions of the poten-
tial of 13C spectroscopy are made and enough spectra are shown to
whet the appetite for this approach to polymer structure. This sec-
tion of the book concludes with a chapter by Tosi on copolymer
statistics.

The volume is No. 4 of a series having the title ‘NMR: Basic
principles and progress’ and this first part is very much in the
‘Progress’ bracket.

There are several contributions on the NMR of solids and three
excellent chapters by Slichter, Kosfeld and Connor are broad in
scope and of a review nature, representing the ‘Basic principles’
part. These are of interest to a wider range of reader than is the
first half of the book. Although the principal importance and ap-
peal of the volume rests largely on these two major sections there
are also other chapters not fitting too closely to the main themes,
but being ‘the book of the conference’ such a mixed bag is not sur-
prising. Thus infa-red (Shimanouchi), clectron spin resonance
(Fischer) and diclectric relaxation (Williams) are covered in single
chapters, as are high resolution NMR of proteins (Hill) and broad
line work on cellulose (Forslind). The last two chapters are the
only ones concerned with natural polymers. With the exception of
the chapter on diclectric relaxation these topics seem somewhat
out of place.

The quality of production is high and there are few misprints,
although on page 130 Prof. Corradine of Naples is unfortunately
thanked for ‘unvaluable help’.

C. Crane-Robinson

Synthetic polymer membranes
Robert E. Kesting
McGraw-Hill, New York, 1971, 307 pp, £9.00

Polymeric barriers that have been restructured prior to usc in
membrane separation processes, is the author's definition given in
the preface and so a large proportion of this book (some 170
pages) is devoted to a detailed discussion of the formation and
structure of actual membranes. These have been dealt with in five
classes : dense membranes, porous membranes, porous phase in-
version membranes, membrances formed in sitie, and ion-exchange
membranes. The membrane classes have in turn been considered
under different sub-headings according to the method of for-
mation, the physical properties and the fine structure. This portion
of the book is probably the most valuable as it represents the first
reasonably complete summary of current knowledge about mem-
brane structure and fabrication methods. Apart from a short in-
troductory section the rest of the work 1s concerned with mem-
brane characterization, some of the theories and concepts of the
function of membranes as diffusion media and permselective
barriers, and finally with a few details of the industrial and
medical applications.,

Although some interesting quantitative information is given the
method of treatment throughout the book is mainly practical and
descriptive rather than theorctical and mathematical. A few
mathematical derivations and statements have been included,
however, but due to the looseness of definitions and incomplete
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statements of assumptions these represent a rather less successful
part of the book and in many cases understanding can only be
achieved by reference to the original papers . Thus on page 37 it is
not at all clear why the pore radius products r r, and r,ry should
be equal, on page 249 there is no stated relationship that leads to
the disappcarance of J, and J, while the reader cannot begin to
understand the comparisons of the different theories of rcverse
osmosis without detinition of the symbols D *and Arand without a
statement about the presence or absence of permselectivity in
equation (17).

A subject index containing about 500 eatrics has been included
but no author index is given. This is a pity and in fact the Loeb
Sourirajan)membranes mentioned on the dust cover are not listed
in the subject index. A thorough reading of the appropriate chap-
ter revealed onc or two mentions of these authors but the reviewer
was not certain at the end how these membranes were prepared. A
useful help for locating information is given, however, by a very
full summary (one page or more) included at the end of each chap-
ter.

The author uses a wordy and sometimes imprccise style of
writing that makes the book somewhat fonger than it need be and
occasionally hides the meaning. The description, for instance, of
the mechanism of the formation of ionotropic gels on page 104 is
obscure. In these days of edited editions of collective multi-author
works, however, the author is to be congratulated for undertaking
alone the task of gathering and classifying the extensive
knowledge of polymer membranes that is presented.

The book is well produced and an interesting feature is the in-
clusion of several very beautiful scanning electron miscroscope
photographs showing the three-dimensional porous structure of
some membranes.

Everyone concerned with membrane separation processes will
want to have access to this book but at a cost of almost 3p per
page it is rather expensive for purchase by individual rescarch
workers and technologists Its unique character as a source book
on membrane fabrication and structure will, however, make it- a
necessity for many libraries.

G. S. Park

Conference Announcement

6th Biennial Polymer Symposium
Ann Arbor, 12—15 June 1972

The 6th Biennial Polymer Symposium, sponsored
by the Division of Polymer Chemistry of the
American Chemical Society will be held from 12 to
15 June, 1972 at the Macromolecular Research
Center, University of Michigan, Ann Arbor,
Michigan, USA.

The registration fee for the entire conference will
be$20.00 for American Chemical Society members,
$25.00 for non-members, and $3.00 for students; the
single-day fee for non-students will be $8.00. These
fees will cover both the technical sessions and a
social gathering scheduled for the evening of June
12th. Registration forms and detailed information
will be mailed in April to all members of the
American Chemical Society Divisions of Polymer
Chemistry, Rubber Chemistry, and Organic
Coatings and Plastics. Others interested in atten-
ding can obtain the same material by writing to the
University of Michigan, Extension Service Con-
ference Department, 412 Maynard Street, Ann Ar-
bor, Michigan 48104, USA.

Printed in Offset by Kingprint Limited
Richmond, Surrey, England.



Equilibrium ring concentrations and
the statistical conformations of
polymer chains: Part 7. Cyclics

in poly(1,3-dioxolane)

J. M. Andrews and J. A. Semlyen

Department of Chemistry, University of York, Heslington, York YO1 5DD, UK

(Received 2 August 1971)

Cyclic oligomers [CH2OCH2:CH20], with x=2-9 were found to be present in
poly(1,3-dioxolane) samples prepared by monomer-polymer equilibrations
using boron trifluoride diethyl etherate as catalyst. The molar cyclization equili-
brium constants K, for cyclics [CHo2OCH2CH20], with x=1-8 were measured
for an undiluted and a solution equilibrate at 333K. The K, values for the cyclics
with x> 5 were in agreement with those calculated by the Jacobson-Stockmayer
theory, using a rotational isomeric state model to describe the statistical confor-
mations of the corresponding chains and assuming that the chains obey

Gaussian statistics.

INTRODUCTION

The measurement of cyclic concentrations in polymeric
equilibrates provides a powerful method for studying the
statistical conformations of chain molecules over a range
of molecular weights and in a variety of different environ-
ments. The potential of the method has already been
demonstrated by theoretical and experimental studies of
cyclic concentrations in polysiloxane equilibratest—4,
Here, we report the results of an investigation into the
concentrations of cyclic oligomers in a polyether.
Molar cyclization equilibrium constants for cyclics
[CH2OCH2CH20]; in poly(1,3-dioxolane) have been
determined for monomer-polymer equilibrates in the
bulk polymer and in solution in dichloroethane at 333K.
The experimental values are compared with those pre-
dicted by the Jacobson and Stockmayer5 theory for
cyclics formed from chains in random-coil conformations.

EXPERIMENTAL

Polymerizations

1,3-Dioxolane and dichloroethane were dried by
refluxing over sodium wire and calcium hydride respec-
tively. The monomer and solvent were fractionally
distilled and stored under dry nitrogen. Boron trifluoride
diethyl etherate and diethylamine were obtained from
BDH. They were used as supplied.

The bulk polymerization was carried out by adding
0-435g boron trifluoride diethyl etherate to 207-6g
1,3-dioxolane. The solution polymerization was carried
out by adding 0-463 g boron trifluoride diethyl etherate
to 104-9g 1,3-dioxolane dissolved in 187-1g dichloro-
ethane. The reactants were maintained initially at 273K
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so that the polymerizations proceeded in a controlled
manner. The temperature was then raised slowly to
333K and held at this temperature for several days to
ensure that equilibrium had been attained. The polymeric
products were quenched by adding small amounts of
diethylamine.

Extraction of oligomers

100ml dichloromethane were added to the quenched
undiluted equilibrate and oligomers were extracted from
this and from the quenched solution equilibrate using the
following procedure. 1500 ml methanol were added and
the mixture was heated to dissolve the polymer. The
mixture was then allowed to cool overnight to 273K.
The supernatant liquid was decanted off and filtered.
Methanol was removed from the filtrate using a rotary
evaporator and the material remaining was weighed.
Two more extractions were carried out in a similar way,
Analysis of a further extract showed negligible amounts
of oligomers. Equilibrium monomer concentrations were
determined by drying and weighing the oligomeric ex-
tracts and polymeric residues and subtracting these
weights from the initial weights of 1,3-dioxolane used.

Instrumental methods

Polymeric products were analysed using a gel perme-
ation chromatograph fitted with a Waters Model R4
differential refractometer detector®. Volatile oligomeric
extracts were analysed using a Pye-Unicam (Series 104)
gas-liquid chromatograph fitted with a heated dual
flame-ionization detector?. Response factors for cyclics
on the gas-liquid chromatograph were determined using
oligomeric fractions obtained by the molecular distil-
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lation of cyclic extracts. Gas-liquid chromatography was
found to be suitable for the analysis of cyclics
[CH2OCH2CH320]; up to x=9, and n-hexadecane was
used as an internal standard.

Mass spectra were obtained using a combined AEI
M.S.12 mass spectrometer/Pye-Unicam (Series 104)
gas-liquid chromatograph. Nuclear magnetic resonance
spectra were measured on a Varian 60 MHz instrument.
Infra-red spectra were obtained using a Unicam SP 200G
spectrophotometer.

RESULTS AND DISCUSSION

Identification of cyclic oligomers

Other workers8-10 have demonstrated that under the
influence of boron trifluoride diethyl etherate an equili-
brium is set up between 1,3-dioxolane and poly(l,3-
dioxolane) in both the undiluted polymer and in solution.
Analysis of low molecular weight extracts showed that
cyclic oligomers [CH2OCH2CH20); with x=2-9 were
present as 2-:2% by weight in the undiluted equilibrate
and as 2-49%, by weight in the solution equilibrate. The
identities of the cyclic dimer and cyclic trimer were
established by mass spectrometry. The cyclic oligomers
[CH2OCH3CH20]; with x =4-9 were identified by their
gas-liquid chromatographic retention times. The nuclear
magnetic resonance spectra and infra-red spectra of
oligomeric fractions corresponded to those expected for
mixtures of the cyclics [CH2OCH2CH20],.

Theoretical molar cyclization equilibrium constants

The equilibrium between cyclic and linear molecules
in poly(1,3-dioxolane) may be represented as follows:

+CH2OCH2CH20],=[CH2OCH;CH20 }y_; +
[CH2:OCH:CH:20], (1)

Although the molecular weight distributions of the
chains in the equilibrates were not characterized, gel
permeation chromatographic tracings suggested that it is
reasonable to assume a most probable distribution of
chain lengths for the linear polymer. Hence, experimental
molar cyclization equilibrium constants K for x-meric
cyclics were calculated using Flory’s relationship!l:

Kz=[CH20CH:CH:01,/(1-1/7)* )

where j represents the average number of monomeric
units in the chain molecules. Gel permeation chromato-
graphy was used to estimate j for the undiluted equili-
brate (= ~400) and the solution equilibrate (= ~20).

Chains in the undiluted and solution equilibrates of
poly(1,3-dioxolane) at 333K should adopt random-coil
conformations unperturbed by excluded volume effects;
and, if the chains are of sufficient length and flexibility
to obey the Gaussian expression for the density W(r)
of their end-to-end vectors r in the region r=0, the
Jacobson—Stockmayer theory?: 5 provides the following
expression for the K, values for unstrained cyclics
[CH:OCH:CH20],; formed by the forward step of
equation (1) with zero enthalpy change

Ko=(3/27<r2>0)*/%(1/2xN 4) )

where {r2>o is the unperturbed mean-square distance
between the ends of the x-meric chains and N4 is the
Avogadro constant. The symmetry number 2x in equation

(3) arises because in the equilibration reaction the cyclics
open at only two of the bonds in each monomeric unit.
Molar cyclization equilibrium constants for cyclics
[CH:OCH2CH20], were calculated by equation (3)
using the rotational isomeric state model described in
the following section to compute the required mean-
square end-to-end distances of the corresponding chain
molecules.

Rotational isomeric state model for poly(1,3-dioxolane)

A section of the poly(1,3-dioxolane) chain is shown in
Figure 1. The lengths of the skeletal carbon—oxygen and
carbon-carbon bonds were assigned the values 1-43 A and
1-53 A respectively and all bond angles were taken to be
tetrahedral. Rotational isomeric states about each
skeletal bond were chosen at 0° (zrans), 120° (gauche+)
and 240° (gauche—). The mutual interdependence of
adjacent bond rotational states was taken into account
by means of five matrices referring to pairs of bonds as
shown in Figure I. Each statistical weight parameter
used in these matrices is related to the difference in
energy AE between its associated conformation and the
all-trans conformation by the Boltzmann factor
exp(— AE/RT) where R is the gas constant. The matrices
are as follows

1

1 o o
Ug=|1 o wo 4
|1 wo x,lruj
[1 o’ o’
U=l yo oo )
Ll w’gl IUV—
1 G o ]
U=|l Yo oo (6)
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-1 U” U//"}
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1 wo’  go' |
_1 o.” 0” <
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Figure 1 Section of the poly(1,3-dioxolane) chain in the all-trans
conformation. The statistical weight matrices Ug, Uz, Uc, Ug, U,
take account of the mutual interdependence of rotational states
about the pairs of bonds shown
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Sections of the poly(1,3-dioxolane) chain have a similar
structure to sections of poly(oxyethylene) and poly(oxy-
methylene) chains. Thus, three of the statistical weight
matrices (viz. Uy, Ug, U,) and all the statistical weight
parameters except ¥ and « were taken from Flory and
Mark’s analysis12. 13 of these polyethers. A consideration
of the non-bonded interactions involved led to the
conclusion that ¢¥~1 and w=0. The statistical weight
parameters for poly(l,3-dioxolane) at 333K are listed
in Table 1. Using these parameters, the characteristic
ratio (r2>o/5xI2 was calculated to be 4-4. This value is
close to Gorin and Monnerie’s experimental values!® of
3-9 at 318K and 4-2 at 280K.

Comparison of experiment with theory

Experimental molar cyclization equilibrium constants
for cyclics in the undiluted equilibrate (containing 81 %
linear polymer) and the solution equilibrate (containing
149 linear polymer) are plotted as log K, against log x
in Figure 2. The experimental values (which are believed
to be correct to within +109 for x=2-5 and to a
somewhat greater degree of uncertainty for x>5) are
compared with those calculated by equation (3) by substi-
tuting values of {r2>¢ computed for+CHOCH2CH20%,
chains. The latter were calculated by the exact mathe-
matical methods of Flory and Jerniganl8: 19 using the
rotational isomeric state model described above.

The plot of log K, against log x for cyclics in poly(1,3-
dioxolane) is strikingly similar to that for cyclics in
equilibrates of polydimethylsiloxane!-3 and nylon-620,
Although the experimental K values for the cyclic dimer
and trimer fall far below the calculated values, there is
close agreement between experiment and theory for
cyclics with 25 or more skeletal bonds and the limiting
slope of —2-5 predicted by the Jacobson-Stockmayer?
theory is attained for x>5. This result shows that 1,3-
dioxolane chains adopt random-coil conformations in
both the undiluted and solution equilibrates. Furthermore
1,3-dioxolane chains with as few as 25 skeletal bonds
obey the Gaussian relationship for the probability of
intramolecular cyclization.

Further studies on the concentrations of cyclics in
poly(1,3-dioxolane) samples prepared under a variety of
conditions are in progress.

Table 1 Statistical weight parameters for poly(1,3-dioxolane)

Distance
Interacting Number between Statistical
atoms or of bonds  their weight Value at
groups apart centres (A) parameter* 333K
CH:...CH: 3 2-81 o 0-26
0...0 3 2-84 o’ 1-9
CHz...0 3 2:75 o’ 9-7
CHz....0 4 3-54 ¥ 1
CH:....0 4 3-38 14 1
CHz....CH: 4 3-32 ' 1
CHz....0 4 2-35 @ 0
CH:....0 4 2-46 w’ 0-6
CH:....CH2 4 2-37 w” 0

* The values assigned to these parameters by Gorin and Mon-
nerie'4.15 were not used, because these authors used semi-
empirical equations to describe the attractions and repulsions
between non-bonded atoms in the chain. This approach has been
shown16.17 to give values of the parameters for polyethers that
are not in agreement with those deduced experimentally.
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Figure 2 Experimental molar cyclization equilibrium constants
Kx (in mol/l) in undiluted (O) and solution (@) equilibrates of
poly(1,3-dioxolane) at 333K compared with values calculated (x)
by the Jacobson~Stockmayer theory
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The measurement of molecular
orientation in drawn poly(vinyl
chloride) by broad line nuclear

magnetic resonance
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Measurements have been made of the anisotropy of the proton magnetic
resonance second moment at liquid nitrogen temperatures, for a series of drawn
poly(vinyl chloride) samples. The data were used to calculate orientation func-
tions which characterize the molecular orientation. This was done on an aggre-
gate model, where the polymer is regarded as an aggregate of transversely
isotropic units whose structure is postulated on considerations based on the
structure of crystalline poly(vinyl chloride). The orientation functions for the
drawn samples are shown to be consistent with those obtained from pseudo-
affine deformation of the aggregate units in the drawing process, and there is a
good correlation with birefringence data. The relevance of these results to other

deformation studies is discussed.

INTRODUCTION

In a recent publication we described the use of broad
line nuclear magnetic resonance to determine molecular
orientation in an amorphous polymer, poly(methyl
methacrylate)l. The present note describes a limited
investigation on poly(vinyl chloride) which demonstrates
the applicability of the technique to this polymer also.

Previous broad line nuclear magnetic resonance (n.m.r.)
studies of poly(vinyl chloride) have been limited to an
examination of the isotropic polymer?, It was shown that
the half-width of the proton resonance signal was
unchanged from 15°C to 75°C. Recent measurements of
the n.m.r. relaxation times by pulse techniques® have
confirmed that 7% is constant over the temperature range
from —200°C to 75°C, the relaxation processes occurring
at higher temperatures. It can therefore be concluded that
at liquid nitrogen temperatures, where the present
measurements were undertaken, there are no appreciable
molecular motions, and that the rigid lattice second
moment is being determined.

EXPERIMENTAL

The oriented poly(vinyl chloride) samples were in the
form of sheets, prepared by drawing 3-3 mm thick isotropic
sheets of a commercial polymer (‘Darvic’ sheet, manufac-

tured by Imperial Chemical Industries Ltd.) in a tenso-
meter at selected temperatures and strain rates. Only
three samples were selected for detailed examination, and
their specifications are given in Table 1.

It can be seen that the dimensional changes are close
to those for uniaxial drawing. It will therefore be assumed
that the drawn samples are transversely isotropic.

The n.m.r. measurements were undertaken using a
Robinson oscillating detector? at a frequency of 25 MHz,
a narrow band amplifier, and a phase sensitive detector.
A Time Average Computer was incorporated to give
improved signal/noise ratios. To obtain accurate second
moment values a modulation field of large amplitude
(peak-to-peak amplitude 3-2 G) was applied. The Andrew
correction was used in calculating the second moment.
The radio-frequency field was at the highest level possible
without introducing signal saturation. All measurements
were made at — 196°C to ensure that rigid lattice second
moments were being observed.

Table 1 Specification of poly(vinyl chloride) samples

Draw Strain  Draw ratio* Birefringence
temperature rate ——— x 103

Sample (°C) (min‘l) A A2 As

A 90 1 1:79 0-70 0-76  1-7

B 80 0-05 2:20 0-70 0-69 2-4

C 80 0-1 2-58 0:60 063 3-1

* On leave from Toray Industries, Inc., Basic Research Laboratories,
Tebiro, Kamakura, 248 Japan

* A1=along draw direction; Az=along normal to sheet; As=per-
pendicular to the draw direction in the plane of the sheet
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THEORY

In the present study of poly(vinyl chloride) we used
exactly the same procedure as was proposed for poly-
(methyl methacrylate) in the previous publication!. It is
assumed that the drawn polymer possesses uniaxial
orientation, and can be regarded as an aggregate of units
of structure each of which also possesses transverse
isotropy. The second moment (AH?2) when the steady
magnetic field makes an angle y with the draw direction
is given by the equation

(AH 2>=% S aiSiPi(cosy)Pi(cosA)
1=0,2,4

where G=3/2I(I+1)g%u2, I is the nuclear spin number,
g the nuclear g-factor, u, the nuclear magneton, N the
number of magnetic nuclei over which the sum is taken
and ag=1/5, az=2/7 and a4=18/35. The quantities P,
are Legendre polynomials and A is the angle between
the symmetry axis of the units and the draw direction.
The orientation functions, Py(cosA), define the distribu-
tion of units about the draw direction. The quantities S;
are the lattice sums.

As in the study of poly(methyl methacrylate) it will be
assumed that the magnetic anisotropy arises from the
intramolecular interactions only, and because the units
of structure possess transverse isotropy, that only the

Figure 1 Diagrammatic sketch of chain conformation of syndio-
tatic poly(vinyl chloride)
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So, Sz and §4 lattice sums concern us. Moreover, it will
also be assumed, as in the previous publication, that the
intermolecular interactions are isotropic and must be
determined on the basis of the best fit to to the experi-
mental data.

The intramolecular interactions were calculated assum-
ing that the local conformation of the molecule in the
amorphous specimens which we studied is identical to that
in the crystalline regions of crystalline syndiotactic
poly(vinyl chloride). The chain conformation adopted
was proposed by Natta and Corradini® and is shown in
diagrammatic form in Figure 1. The positions of the
hydrogen atoms were calculated assuming that the C-H
bond length is 1:094 A, the C-C bond length 1-54 A and,
for simplicity of calculation that both the H-C-H and
the H-C-Cl angles are 109°28'. The positions of the
hydrogen atoms obtained are shown in Table 2, and the
computed intramolecular lattice sums in Table 3. As has
been emphasized, the intermolecular interactions are
assumed to be isotropic and will therefore give rise to an
additional term in the Sy lattice sum, to be found from
the experimental data.

RESULTS AND DISCUSSION

Calculation of orientation distribution functions

The orientation functions Pa(cosA) and Py(cosA) were
calculated from the n.m.r. data by a similar method to
that proposed for poly(methyl methacrylate). The true
value of the isotropic lattice sums term S, differs from
the approximate value Sy based on intramolecular inter-
actions only, by a correction term 8. The best fit to the
experimental data is obtained, regarding Ps(cosA),
Py(cosA) and 8 as independent parameters. The measured
n.m.r. anisotropy of each sample together with the least
squares fit is shown in Figure 2.

Table 4 shows the values of Pa(cosA), Pa(cosA), cos2A,
cos?A, the isotropic second moment obtained from S,
and the root-mean-square deviation of the experimental
points from the predicted curve. It can be seen that the
predicted isotropic second moment is constant within
experimental error.

Table 2 Atomic coordinates of syndiotactic
poly(vinyl chloride)

Atom  x (A) y (A) z(A)

Hi 0-8931 —-0-6316 0
He —0-8931 —0-6316 0
Hs 0-8931 1-5208 1-2573
Hy 0-8931 —0-6316  2-5145
Hs —0-8931 —0-6316  2-5145
He —0-8931 1-5208  3-7118

Repeat unit="5-029 A

C-H=1-094 A; C-C=1-54A; C-C-C=
109°28"; H-C-H=109°28"; H-C-Cl=109°28"
(for simplification of calculation)

Table 3 Intramolecular lattice sums
for syndiotactic poly(viny Ichloride)

So Se S4

0-10683 —0-01412 0-03200

Number of hydrogen atoms=6
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Figure 2 Variation of second moment against orientation angle y
for various samples (A, B, C) of poly(vinyl chloride). The lines
represent the least squares fit to the experimental data, w hich
are shown as open circles (Q)

Comparison of n.m.r. anisotropy with optical measurements
The n.m.r. anisotropy will now be compared with the
optical anisotropy obtained from birefringence measure-
ments.
On the aggregate model®, the birefringence An of a
uniaxially oriented polymer is given by

An= AnmaxPa(cosA).

where Anmax is the maximum birefringence for a com-
pletely oriented polymer and A is the angle between the
draw direction and the symmetry axis of the polarizable
unit of structure. Thus, if the optical and mechanical
anisotropy relate to the orientation of similar units of
structure, there should be a good correlation between
the optical birefringence and the values of Ps(cosA)
obtained from the n.m.r. measurements.

The data obtained in the present work are shown in
Figure 3. It can be seen that there is a good correlation.
Furthermore, the values of cos?A and costA obtained
from the n.m.r. measurements are shown in Figure 4
together with a theoretical curve predicted on the basis
of the pseudo-affine deformation scheme. The latter
scheme proposes that during the drawing process the
unique axes of the units of structure undergo the same
changes of direction as lines connecting pairs of material
parts in a body undergoing uniaxial deformation, without
change of volume. It can be seen that the experimental
points lie on the theoretical curve to a very good approxi-
mation.

These results suggest firstly that the birefringence is a
good measure of molecular orientation in uniaxially
drawn poly(vinyl chloride) and secondly that the distribu-
tion of molecular orientation is close to that predicted
by the pseudo-affine deformation scheme. This does not
mean, however, that the measured values of cos2\ and
cos?A correspond to these predicted by the pseudo-affine
deformation scheme, assuming uniaxial drawing and
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Birefringence x 10’

Figure 3 Variation of Pa(cosA) obtained from n.m.r. measure-
ments with birefringence. Open circles (O) are experimental
values; the aggregate theory would predict a straight line through
the origin
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Figure 4 Comparison of measured values of cos?A and cos2A
with the line predicted on the basis of the pseudo-affine deforma-
tion scheme

using the values of draw ratio A given in Table /. In
Table 4, the measured draw ratios are compared with an
‘effective’ draw ratio based on the measured values of the
orientation functions. The values of the ‘effective’ draw
ratios are very much lower than the measured values,
showing that deformation processes during drawing at
high temperatures are much more complex than predicted
by the pseudo-affine deformation scheme. For purposes
of predicting properties such as the subsequent deforma-

Table 4 Orientation distribution functions obtained from the n.m.r. measurements

Isotropic* Root mean  Measured

second square draw ‘Effective’
Sample  Pa(cosd) Ps(cosld) cos2A cos?A moment, G2 deviation, G2 ratio, A1 draw ratio
A 0-1415 0-0127 0-4277 0-2837 14-8 0-10 1-79 1-26
B 0-1869 0-0397 0-4579 0-3159 14-7 0-12 2-20 1:36
C 0-2362 0-0495 0-4908 0-3463 15-0 0-25 2-58 1-47

* Intramolecular interactions: 12-7G?
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tion behaviour at room temperature it may, however,
still be of value to characterize the drawn polymer in
terms of an ‘effective’ draw ratio because this gives a
good first-order representation of the state of orientation,
providing a consistent prediction of Py(cosA) and
Py(cosA) in terms of a single parameter. This approach
was originally proposed for poly(ethylene terephthal-
ate)?> 8 and was subsequently used with some success in
studies of deformation bands in poly(vinyl chloride) by
Rider and Hargreaves®. The present study gives good
support for the latter work in this respect.

The data in Figure 3 predict 2 maximum birefringence
Anmax for poly(vinyl chloride) of 12-6 x 10-3. Rider and
Hargreaves attempted to obtain Anmax on the basis of
the pseudo-affine deformation scheme. It can be seen
from the present work that because of the large dis-
crepancy between the measured draw ratio and the
‘effective’ draw ratio this is a somewhat uncertain exercise
and Rider and Hargreaves were aware of this difficulty.
Their value of 7-2x 103 obtained by assuming that the
measured and ‘effective’ draw ratios are identical at 20°C
differs markedly from the value of 12:6 x 10-3 predicted
by the n.m.r. data. Both these values are very much less
than the values of 27 x 10-3 and 85 x 103 proposed by
Shindo et al.10 on the basis of measurements of dichroism
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and stress-optical data respectively, on dehydrohalo-
genated poly(vinyl chloride).

It is intended to undertake further work in this area,
combining studies of deformation bands in poly(vinyl
chloride) with measurements of molecular orientation by
n.m.r. and laser-Raman spectroscopy in an attempt to
resolve some of these problems.
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The simple molecular orbital method is employed to show that N-vinylpyrroli-
done and N-vinylcarbazole, monomers which possess the common group
CH2=CH-N<, must have almost the same Q and e parameters of the Alfrey—Price
treatment. In terms of these parameters, the reactivity ratios of N-vinylpyrrolidone
and N-vinylcarbazole with some monomers in radical copolymerization are
neighbouring and in good agreement with the experimental ones.

INTRODUCTION

Alfrey and Price!» 2 have proposed an empirical formula
which attempts to express the reactivity of any radical
and monomer pair in terms of two parameters related
only to the individual monomers. The parameters for a
monomer, once determined, can then be used in the
calculation of reactivity ratios for the copolymerization
of this monomer with any other monomer. These two
parameters are designed by Q and e, where the parameter
Q is assumed to denote the general reactivity of the
monomer, while e is assumed to indicate its polar
properties. According to the Q, e scheme, the corre-
sponding reactivity ratios are:

ri= Q1/Qaexp[—ei(e1—ez)]
re= Q2/ Q1 exp[—ez(e2—e1)]

These formulae have been found to be useful in the
prediction of reactivity ratios, although the assumptions
on which the derivation is based are questionable3.
Values of free radical reactivity ratios correlated with the
Q, e scheme have been tabulated for almost one thousand
monomer pairst: 5. The parameter Q should be related
to the increase in = electron energy in going from C=C-X
to C-C-X, and the parameter e, being attributed to the
charge-donating and charge-attracting properties of both
the monomer and radical, should be related to electron
affinities and ionization potential of the monomer and
radical; the electron-donating properties should be
related to the ionization potential of the species while
the electron-withdrawing properties (or electron affinities)
should be related to the energy of the lowest empty
orbital of the monomer and the energy of the singly
occupied orbital of the radical®. The specific reactivity
Q of the monomer has been considered by Evans and
co-workers, thus?:

Q=explK((Cr—Cum)/RT)] @

where T is the absolute temperature of the system, R is
the gas constant, and Cr, C represent the stabilization
energies when the conjugation across the single bond

(1)

takes place between = electrons localized in the two
parts A and B in a monomer and a radical.

Monomer, CH=CH=X (Cu) 3)
A B

Radical, —~CH=X (Cr)
A B

The formula which expresses the ¢ value has been
given by Alfrey and Price! as:

e=q'/(r DkT)2 )

where r is the distance of separation in the activated
complex, D is the effective dielectric constant and ¢’ is
related to the final charge at the carbon atoms to be
attacked in a monomer or a radical. It was assumed8
that the final charge can be expressed in terms of the
total = electron density g, at the position of attack in a
monomer or a radical as shown in equation (5):

ql - q;A\'/rt (5)

where N is the total number of = electrons and n is the
number of atoms in the conjugated system. Qualitative
correlations between copolymerization data and molecu-
lar orbital (MO) calculations have been presented in
relation to values of localization energies? 910 and
resonance-stabilization energies, AE,;7—9,11-13,

In the present paper the validity of the theory is further
tested by reference to the radical copolymerization of
some N-vinyl compounds, i.e. N-vinylpyrrolidone and
N-vinylcarbazole.

EXPERIMENTAL

The solvent (benzene, ‘Reactivul’—Bucharest) and the
monomer (styrene, industrial polymerization purity)
were distilled under reduced pressure in order to free
them from inhibitor. N-vinylcarbazole (Dr Schuchardt,
Miinchen) and azodiisobutyronitrile (Fluka), were
purified by recrystallizing twice from methanol. Mixtures
of the monomers in various chosen proportions and
solvent (the molar ratio between solvent and monomer
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mixture was maintained at 1 : 1 for the styrene-vinyl-
pyrrolidone system and 2 : 1 for the system with vinyl-
carbazole) were introduced into glass ampoules and 1%
(based on the monomer mixture) of azodiisobutyronitrile
was added. The ampoules were sealed under slight
nitrogen pressure after being alternately evacuated and
filled with nitrogen several times. They were then kept,
while occasionally shaken, in a water bath thermostated
at 60+ 0-1°C, for the time necessary to obtain a conver-
sion of a few per cent; the time required increased with
increasing vinylpyrrolidone and vinylcarbazole content
in the monomer mixture. The contents of the ampoules
were poured into methanol (or into octane in the case of
vinylpyrrolidone). The copolymers were collected by
filtration and after prolonged methanol or n-octane
washing (respectively) were then dried under vacuum for
24 h. Unreacted and unwashed vinylcarbazole monomer
was extracted from the copolymers with methanol. The
conversion was calculated from the weight of polymer
obtained from a known amount of reaction mixture.
Kjeldahl’s method gave the best results for the deter-
mination of the nitrogen content in copolymers.

RESULTS AND DISCUSSION

The N-vinyl group, CH:=CH-N< ,is common to N-vinyl-
pyrrolidone (NVP), N-vinylcarbazole (NVC), N-vinyl-
urethane (NVU) and N-vinyl-N’-ethylurea (NVUr);
since this group will dominate the copolymerization
behaviour, and considering that the influences of the
various N-substituents are almost identical, the behaviour
of these compounds in copolymerization reactions shall
also be rather similar, First, if the 7 electron density at the
N in the N-vinyl group, ¢¥, pyrrolidone, ¢¥, and carba-
zole, g¥ are compared, their values are found to be close
to one another: gN=1-67; g{=163; ¢¥=1-74. Further
a comparison made between the effects of the insertion
of the vinyl group on MO energies in benzene and
carbazole (the latter is supposed to be more conjugate
than pyrrolidone, urethane and urea), and shows that little
modification is required for the latter.

As a result of these comparisons, it was concluded that
the N-vinyl group could be considered in isolation from
the rest of the molecule, and all the calculations were subse-
quently made with MO parameters of this group. With
k=047, B=—20kcal/mol8, T=333K and Cum, Cr
from the following scheme:

Monomer, CH:=CH=—N<, Cpn=0724(p)
Radical,  ~CH—N< Cr=0-984 (8)

substituted in equation (2), the theoretical Q value is
found to be 23-300 or, relative to styrene (Qs;=280-811)8,
Q1=0288. The MO parameters were calculated using
the simple LCAO MO method (neglecting overlap
integrals). The Coulomb integral of a carbon atom being

Table 1 Parameters kx and /c-x in the Coulomb
integral and resonance integralls

Heteroatom X kx le-x
Nitrogen -N< 06 1-00
-NH- 1-0 1-00
Oxygen =0 2:0 1-41
Carbon adjacent to heteroatom 0-1 1-00
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Figure 1 Comparison of parameter Q with localization energy®

«, the Coulomb integrals of heteroatoms were expressed
as a+kzfB, where B is the resonance integral of C=C in
benzene. A carbon atom adjacent to a heteroatom was
assumed to have a Coulomb integral of a+0-1k;8 due
to the inductive effect of the heteroatom. The resonance
integral between C and the heteroatom X was written as
Bo—x=Ic—xfB, where lc_x is a parameter depending on
the nature of the C-X bond. Typical values employed
for the parameters k; and /g-x are shown in Table 115,

If, for the purpose of calculating Cr, k; is considered
to be zero for the carbon adjacent to heteroatom N, then
Cr=0-923(8) and equation (2) gives Q'=11-25 or,
relative to styrene, Q»=0-139; this value corresponds
well with the values calculated by Young? from experi-
mental data for NVP (Quvp=0-140), NVU (Qnvyu=
0-120) and NVUr (Qwxvur=0:130). With regard to
Levinson’s relationships between @ and localization
energy®, the plot of localization energy against log Q
(Figure 1), gives for the former [LB=1-767(8), calcu-
lated for the N-vinyl group] an average value between
01 and Qs, namely Qn,=0-210.

Inserting the appropriate values (r=2-5A, D=20x
477 x 10~10¢ s.u.)® in equation (4), with T=333K, one

obtainsecaic. = 0-68. The relative value of e,ecate, = — 1-48,
was obtained from the following equation:
ecale. = —€cale.— 08 (6)

this value is in agreement with the plot of e against the
average electron affinity of Levinson®.

As the data existing in the literature are very varied
with respect to the conditions of synthesis (temperature,
initiator, solvent, conversion), from one author to
another, the theoretical values obtained can be tested
experimentally. Thus, two N-vinyl derivatives, NVP and
NVC, were copolymerized with styrene as reference
monomer at 7=333K, and the results are listed in
Table 2.

From Figure 2 it is seen that the points for the NVC-
styrene system correspond very well to the monomer-
polymer composition curves of the NVP—styrene system.
Data for the runs with the lowest conversion were
examined by the Fineman—-Ross method!® and the plots
were used to determine the reactivity ratios in the usual
manner, e.g. in Figures 3 and 4, F(f—1)/f is plotted
against F2/f, where F i$ the initial molar ratio of the
two monomer concentrations and f is the same ratio in
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Table 2 Copolymerization of (A) NVP and (B) NVC with styrene
at T=333K

A: N-vinylpyrrolidone (1)-styrene(2) system

Feed composition Conv. Copolymer composition
(mol.%) (%) {mol.%)

My M. %N m me

90-93 9-06 4-65 4-77 36-39 63- 61
90-04 9-96 2-08 4-62 34-91 65-09
87-47 12-53 2-68 4-32 32-89 67-11
83:35 16-67 5-00 3-60 27-24 72-76
81-72 18-28 2-90 3-66 27-69 72-3
54-28 45-72 3-55 1-70 12-78 87-22
50-73 49-26 8-10 3-34 25-32 74-68
33-45 66-55 7-40 1-65 12-27 87-73
22-20 77-80 4-10 0-52 3-86 96-14
11-61 88-49 3-25 0-25 1-88 98-12
9-75 90-25 5-70 0-31 2:3 97-69

B: N-vinylcarbazole(1)-styrene(2) system

Feed composition Conv. Copolymer composition
(mol.%) (%) (mol.%)
MI M2 %N mi ma
82-24 17-76 3-40 3-53 23-58 76-42
7511 24-89 3-28 2-46 21-72 78-29
6655 33-45 4-85 215 18-50 81-50
58-16 41-84 3-90 1-90 15-99 84-01
50-00 50-00 5-50 1-41 11-51 8849
40-98 59-02 2-25 1-22 9-78 90-22
25-54 74-46 3-45 0-77 5-98 94-02
9-03 90-97 6-53 0-32 2-43 97-57

the copolymer. Inserting the reactivity ratios obtained
(r1=0012+£0003, re=6-5+02 for the NVP (1)-
styrene(2) system, and r1=0-062 + 0-009, re=5-6 + 0-5 for
the NVC (1)-styrene(2) system) in equation (7), Q and e
values are obtained from

e1=ex+ (—ln rlrg)l/z

01= Qsfro[ —esfes—er)] @

Copolymer composition (mol.©/c)

40

Initial monomer composition ({mol. %)

60 80 100

Figure 2 Monomer—polymer composition curves for the copoly-
merization of N-vinyl derivatives with styrene at 333K. O, NVP-
styrene system; A, NVC-styrene system; A, the curve of styrene;
B, the curve of vinylpyrrolidone

FLr=1)]r

I 1 [ I L |

@] e} 20 30

F2lr
Figure 3 Fineman-Ross plot for the copolymerization of NVP (1)
with styrene (2)

Flr=1)/f

200

120

2/ f

160

Figure 4 Fineman-Ross plot for the copolymerization of NVC (1)
with styrene (2)

The resultant Q and e data are collected in Table 3
together with the values theoretically calculated for
comparison.

The agreement with experiment observed in Table 3
seems to be satisfactory; it follows that the behaviour of
these two monomers must also be nearly the same for
the other systems. Results are listed in Table 4.

CONCLUSIONS

The MO method has the very important advantage of
requiring few empirical parameters; whereas the Alfrey-
Price method requires two empirical parameters for each
monomer, the MO method in general requires only two
parameters for each type of atom attached to the vinyl
group. Thus, it may be stated that the agreement between
the theoretically calculated Q and e parameters and
Alfrey and Price’s values is good, even if the MO calcu-
lations were not made for the whole molecule, and it is
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Table 3 Comparison between theoretical
and experimental Q and e parameters for
N-vinylpyrrolidone and N-vinylcarbazole

Qe Theoretical Experimental
" CH=CH-N< NVC _ NVP
Q 0-288* 0-28 0-25
0-210%
e —1-48 —1-49 —1-25

* Calculated with equation (2)
1 From the plotlog Q vs. Lg

Table 4 Comparison between reactivity ratios of N-vinylpyrroli-
done and N-vinylcarbazole with different monomers

Monomer (2)

N-vinylcarbazole (1)

n rs 0) Ref.
Styrene 0-062+0-009 5:6+0-5 60 —
0-012+0-002 5:5+0-8 70 17
Vinyl acetate 2:68+0-1 0-126+0-032 65 18
3-02+0-24 0-152+0-018 100 18
Methyl methacrylate 0-20+0-03 2:040-3 70 17
N-vinylpyrrolidone (1)
Monomer (2) " ra (7;0) Ref.
Styrene 0-012+0-003 6:5+0-2 60 —
0:045+0:05 15-7+0-5 50 19
0-11 9-0 80 4
Vinyl acetate 3:30+0-15 0-205+0-015 50 19
Methyl methacrylate 0-05+0-00 4:7+0'5 50 19
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possible to hope that MO calculation may make it
possible to estimate the Q, e parameters and to predict
reactivity ratios for new monomers [simpler by correla-
tion with equation (7)], while the Alfrey—Price method is
limited to only these molecules for which the said para-
meters have been experimentally determined.
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Production of organometallic
polymers by the interfacial technique:
24. Kinetics of polycondensation

and thermal properties of poly-
[oxy(dicyclopentadienylzirconium)-
oxycarbonylferrocenylcarbonyl]

C. E. Carraher Jr. and J. T. Reimer
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Poly[oxy(dicyclopentadienylzirconium)oxycarbonylferrocenylcarbonyl] is syn-
thesized using the interfacial technique. Polycondensation is first order with
respect to the Cp2ZrCls, zero order with respect to the 1,1'-ferrocene dicarboxylate
and pseudo first order overall. A kinetic model using a modified Langmuir
adsorption isotherm model is presented which is in agreement with the experi-
mental findings. The product exhibits moderate thermal stability in both air and
nitrogen. It undergoes oxidative degradation in air.

INTRODUCTION

We have been interested in the synthesis of polymers
containing organometallic moieties in their backbonel-4.
Recently we reported the synthesis, via the interfacial and
solution methods?, of Group IVB polyesters of the form:

Qg

; l
+M-0-

This represented the initial synthesis of such polyesters
via any method. We now report the synthesis of a similar
polyester containing both iron and zirconium in the
polymer backbone.

The possible advantages of including Fe and Zr in a
polymer are clearly evident. For instance zirconium
compounds similar to those employed in this study are
known to exhibit catalytic activity in certain systems.
One such system is the Ziegler catalysts system. The iron
is contained in a ferrocene moiety. Such ferrocene moieties
are known to be good ultra-violet absorbers. The actual
use of ferrocene derivatives in industry is well known and

I
R-C-0O+

has been recently reviewed®. Also the incorporation of
ferrocene moieties into polymers has been recently
reviewed”.

EXPERIMENTAL

Dicyclopentadienylzirconium dichloride (Alfa Inorganics,
Inc., Beverly, Mass.) and 1,1’-ferrocene dicarboxylic acid
(Research Organic/Inorganic Chem. Corp., Sun Valley,
Calif.) were used as received. The salt of 1,1-ferrocene
dicarboxylic acid was generated by addition of an equiva-
lent amount of sodium hydroxide in water.

The reaction procedure has been described in detail
elsewhere®. Briefly, aqueous solutions of disodium 1,1'-
ferrocene dicarboxylate were added to rapidly stirred
organic solutions containing Cp2ZrCl;. The poly-
condensations were conducted in a one pint Kimax
emulsifying jar placed on a Waring Blendor (Model
1043). The reactants were added through a large-mouthed
funnel placed through a hole in the jar cap. Addition is
such that 100ml of a solution can be added in about a
second so that the rate of addition of one phase to the
second is rapid, minimizing any reaction time error
owing to a variance in the time needed for addition of the
two phases. Polyester precipitates rapidly from the reac-
tion mixture as a ‘rust’ red solid.

POLYMER, 1972, Vol 13, April 153



Organometallic polymers (24): C. E. Carraher Jr. and J. T. Reimer

Infra-red spectra were obtained on samples using
Perkin-Elmer 237B and Beckman IR-12 spectrophoto-
meters. The spectra and elemental analysis are in agree-
ment with the repeating structure illustrated below:

Solubility studies were conducted in small test tubes con-
taining about 0-001 g of material with 2ml of liquid over
an observation period of two weeks. The polyester
exhibited poor solubility characteristics being insoluble
or unstable in most solvents tried. For instance the
product appeared to be soluble in triethyl phosphate but
on careful recovery (using a series of acetone and ethyl
ether washes coupled with the use of a vacuum oven at a
temperature less than 40°C and a pressure of about
20mmHg) it was found that reaction with the solvent
occurred. So far no suitable solvent has been found. Thus
no solution characterization is reported. The products are
probably of high molecular weight since the analogous
titanium, zirconium and hafnium polyesters (non-iron
containing products) are generally of high molecular
weight with weight-average degrees of polymerization via
light-scattering photometry of 103 to 104

Thermal gravimetric analysis (t.g.a.) was carried out on
a du Pont 950 TGA. Differential scanning calorimetry
(d.s.c.) was carried out employing a du Pont 900 DSC
cell fitted on a du Pont Thermal Analyzer console using a
linear baseline compensator to insure a constant energy
baseline. A Mettler H20T semi-micro balance was used
for weighing the d.s.c. samples. Measurements were
obtained on samples contained in open aluminium cups
to allow the free flow away from the solid of volatilized
materials thus closely simulating the conditions under
which the t.g.a. studies were conducted. Air and nitrogen
flows of about 0-31/min were used. Samples were ground
to a fine powder to aid in obtaining reproducible results.

RESULTS AND DISCUSSION

Kinetic study of the polycondensation of CpaZrCly with
disodium 1,1'-ferrocene dicarboxylate

Table I contains some results obtained from the con-
densing of Cp2ZrCls with disodium 1,1’-ferrocene
dicarboxylate. Yield increases as reaction time increases;
we attempted a kinetic treatment of the data.

Rate studies involving interfacial polycondensation
systems are not numerous for several reasons. One con-
cerns the difficulty of removing the polymer from the
reaction zone at a constant or known rate. Reproducible
polymer removal can be achieved by using rapidly stirred
systems. Another difficulty concerns the theoretical treat-
ment of concentrations of the reactants present in the two
immiscible phases. A third difficulty is the heterogeneity
of the interfacial system which complicates the gathering
and interpretation of data. In the condensing of Cp2ZrCl,
with disodium 1,1’-ferrocene dicarboxylate rates and
concentrations of reactants are based on the amount of
polymer formed. This is believed to be valid for this
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system since an investigation of the species present in
each phase does not indicate the presence of any (detect-
able by infra-red spectroscopy) side products.

The kinetic data are in agreement with a first order rate
expression as depicted by equation (1) (see Figure I). By
varying the amounts of reactants it is tentatively con-
cluded that rate is primarily dependent on the concentra-
tion of the Cp2TiCls but not greatly dependent on the
concentration of the acid salt (Table I). This is in agree-
ment with the rate expression given in equation (2).

Rate=k(4A)*(B)™ or k(A)mtn 4))
Rate=K[Cp:TiClz] ()
200
150}
. 100F
©
£
IOQ |
£ sof
o d
o -
715 15-0 221-5 3OI‘O

[Cp,ZrCly] xI03mol 1)

Figure1 First order kinetic plot for the interfacial condensation of
dicyclopentadienylzirconium dichloride with disodium 1,1’-
ferrocene dicarboxylate. Reaction conditions: 28°C; 17 000rev/min
stirring load (no foad) with 0-00125 moles of disodium 1,1’-
ferrocene dicarboxylate in 10mi of H:O added to rapidly stirred
solutions containing 0-00125 moles of Cp2ZrClz in 30ml of CHCIj

Table 1 Productyield as a function of reactant concentration and
reaction yield*

Moles of Reaction

ferrocene Moles of Volume of time Yield
salt Cp2ZrCls H20 (ml) (sec) (%)
0-00125 0-00125 10 5 14
0-00125 0-00125 10 10 43
0-00125 0-00125 10 30 66
0-00125 0-00125 10 40 74
0-00125 0-00125 10 60 85
0-00125 0-00125 30 20 61
0-00125 0-00125 30 20 72
0-00375 0-00125 30 20 61
0-000625 0-000625 30 20 33
0-00125 0- 000625 30 20 34

* Reaction conditions: CpsZrCl: was contained in 30mi CHCl3
whereas disodium 1,1’-ferrocene dicarboxylate was contained in
water. Reactions were conducted at 28°C with a stirring rate of
17 000rev/min (no load).
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The reaction is pseudo first order. Previous studies have
shown that the rate of polyester formation is dependent
on the nature of both reactants. Also the intercept of the
plot of rate vs. concentration is not zero (Figure I).
Thus the reaction expression given in equation (2) is
pseudo first order. The following model is offered as a
reasonable interpretation of the K value and is offered as a
basis for further study. The model is based on the
Langmuir adsorption isotherm treatment. For reasons
which become apparent later the model will treat the
1,1'-ferrocene dicarboxylate dianion (which will be
shortened to Cp,Fe(COO)%~) as the species which is
adsorbed. The simplest situation exists when
Cp2Fe(COO)3~ molecules occupy single sites on the

aqueous interface surface, indicated by ~HyO-. The
adsorption and desorption process may be represented as:

| ¢ —H20-
Cp2Fe(CO0)2~ +-H20- — | (3)
k-, Cp2Fe(CO0)3~

Langmuir’s kinetic description of the adsorption—
desorption process is well known. For solutions we can
substitute for gas pressure a concentration term desig-
nated as s. We can assume for calculation’s sake that reac-
tion rate is proportional to F and to the first power of
Cp2ZrCl; yielding the following expression where f1 and
f2 are functions.

Rate=/f1(F):foCp2ZrCle=

f (kifk-1)s
1+ (k1/k-1)s

If f1 and f> are simple, involving only proportionality
constants, and s be necessarily understood to be propor-
tional to Cp2Fe(COO)Z~ then equation (4) can be re-
written as:

'fg [szZl‘Clz] (4)

_ Ki[Cp2Fe(COO)[CpsTiCls]

Rate [+ K2[CpzFe(COO)Z ] ©)

The mathematics invoked to derive the Langmuir adsorp-
tion isotherm describes a situation where there exists a
high density population of gas molecules occupying the
surface. In a similar manner it would insist on a high
occupancy of the interfacial surface area by the
[Cp2Fe(COO0)2-] ions. The concentration involved in the
present study argue against this unless it can be shown
that [Cp2Fe(COO)Z -] ions preferentially ‘seek’ the surface
relative to occupying internal sites. While this has not yet
been demonstrated the authors have measured the surface
tension of the solutions used in the present study and
found that the surface tension is 209, lower than that of
pure water. This indicates the preferential occupancy of
surface sites by the [Cp2Fe(COO)3] ions.

It must be noted that for equation (5) to yield a linear
plot of rate vs. [Cp2ZrCls] the concentration of
[Cp2Fe(COO)%-] must be approximately constant. It can
be argued that the tendency to occupy surface ‘lattice’
sites by Cp2Fe(COO)3- is great so the surface concentra-
tion of Cp2Fe(COOY~ is approximately constant. This
would indicate that the rate of polycondensation is first
order in Cp2ZrCls concentration and is independent of
the CpaFe(COO)3- concentration. As previously noted
this is what is presently tentatively found.

In simple terms this would be in agreement with a two
step process, the first step being pictured in equation (3)
where the CpaFe(COO)%~ ion is seeking the interface
between the water layer and organic layer with secondary
bonding with the water being (probably including
hydrogen bonding between the Cp2Fe(COO)3- and
water) responsible for the adsorption of Cp:Fe(COO)3-.
The second step consists of a bimolecular engagement
between the Cp2Fe(COO)2~ and Cp2ZrCls resulting in
the formation of the ester linkage and regeneration of a
vacant water site.

Cp, Fe(CO0) 2~
|

~Hpo- + ~Ci

|

\ o
I "—@&@J‘)
+ Cl—Zr—-0-C C-0-(6)

Admittedly the above is an exercise to present a descrip-
tion to a term (rate=K [A], the term being K) which is
often not addressed usually because of a lack of sensing
tools and theoretical models upon which to base defini-
tive experiments. The above is an attempt to do the latter
and should be viewed as such.

This type of kinetic behaviour has been found to be
followed by the interfacial condensation of Cp2TiCls with
disodium terephthalate and is believed to be general for Ti
and Zr polyester formation via the interfacial routes. A
similar interfacial system involving the condensation of
dihalo-organosilanes and ethylene glycol was experi-
mentally found to be dependent on the surface area of the
phases®. The relationship was not that shown in equation
(2) but can be expressed as

Rate = k[silane][glycol]?/3 %)

which can be derived via a consideration of the surface
area of the glycol phase compared with glycol concentra-
tion. Thus surface area is important and experimentally
demonstrable for at least some interfacial systems. The
reasons for the difference in behaviour between the two
systems may be numerous. In the silane-glycol study one
phase consisted solely of the glycol so an adsorption—
desorption phenomenon is not critical.

The treatment must be considered with caution. More
work must be done before such a treatment or any treat-
ment can be confidently applied to the present system.
Even though other expressions can be derived which are
consistent with the kinetic data the present treatment
holds some particular merit. It is derived using a model
which is consistent with interface systems and utilizes
concepts which seem reasonable when considering such
systems,

Thermal characterization

This section presents some thermal characteristics (via
d.s.c., t.g.a. and visual observation) of the polyester. Such
products might be expected to offer some degree of
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Figure2 T.g.a. plot forthe product formed from the condensation
of Cp2ZrCl; with disodium 1,1’-ferrocene dicarboxylate in air
(—) and nitrogen (------- ) with a gas flow of 0-3|/min at a
heating rate of 20°C/min

thermal stability, at least under inert gas purges because
of the presence of (potentially) a high degree of polar
bonding between portions of one or more chains. The
oxidative stability will be dependent on the availability of
‘out-lying’ orbitals to oxygen which is more easily (and
accurately) experimentally tested than theorized.

Figure 2 presents some representative t.g.a. thermo-
grams. It exhibits moderately good thermal stability in
both air and nitrogen yielding less than 309, weight loss
to about 800°C. As expected the thermal stability is
greater in nitrogen than in air. The decrease in weight at
270°C in air is unusual because of its rapidity. This type
of rapid loss was also observed for the polyester formed
from Cp2TiCls and disodium terephthalate in air. D.s.c.
thermograms appear in Figure 38. There is a large, sharp
exothermic peak at 270 to 280°C which corresponds to the
rapid loss of weight but as previously noted is unusual
because of the sharpness of the exotherm. The products
remain solid in air and nitrogen up to 1000°C (via visual
observation).

Oxidation of Group IVB organometallic compounds is
not widely studied!®. The mechanism(s) of polymer
degradation is clearly different in nitrogen and air. The
degradations occurring in air are all exothermic whereas
the degradations occurring in nitrogen are generally
endothermic. The occurrence of highly exothermic
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Figure3 D.s.c. plot forthe product formed from the condensation
of Cp2ZrClz with disodium 1,1’-ferrocene dicarboxylate in air
(upper plot) and nitrogen(lower plot) at a gas flow of0-31/minand a
heating rate of 20°C/min with 0-0010g samples. The y axis setting
in air was 5°C/in (0-20mV/in) while the y axis setting in nitrogen
was 0-10°C/in (0-0040mV/in), - - - - - - represents AT=0

degradations in air is unusual for hydrocarbon products
but is more usual for heteroatomed productsil. Such
exothermic areas results from crosslinkage or oxidation
reactions!!, The former is not responsible for the highly
exothermic nature of the air degradations since similar
(non-oxidative) crosslinking should also occur in nitrogen,
which is not found. Thus oxidation is primarily respon-
sible for the degradation of the product in air to 600°C.
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Incoherent inelastic neutron scattering spectroscopy has been used to measure
the fundamental torsional frequencies of methyl groups in poly(propylene oxide)
and poly(methyl methacrylate). From these frequencies barriers hindering
internal rotation were calculated for each methyl group in the approximation of a
rigid 3-fold rotor attached to an asymmetric frame. The values of V3 so obtained
are compared with activation energies for methyl group relaxation obtained
primarily from n.m.r, T1 and T1p measurements. The barrier to internal rotation
makes the main contribution to the relaxation process. Consideration of quantum
mechanical tunnelling allows alternative estimates of Vs from the relaxation
studies; these values are in reasonable agreement with the values calculated

from the torsional frequencies.

INTRODUCTION

The dynamical physical properties of polymers are deter-
mined by the frequency spectra of their chain motions.
Dielectric, mechanical and nuclear magnetic resonance
{(n.m.r.) spin-lattice relaxation experiments are the
principal techniques used to investigate molecular motion
in polymers. Loss maxima and 77 minima are observed
when the time scales of the various conformational
changes pass through the time scale of the dynamical
experiment. An important aspect of these experiments is
to identify the molecular motion causing each of the
observed losses. A major loss phenomenon is always
observed at the rubber—glass transition temperature cor-
responding to the freezing in of main-chain motion of the
polymer molecules. Below the glass transition tempera-
ture, subsidiary loss maxima are found which in many
cases can be assigned to side-group motions. Such assign-
ments can be made with confidence from the evidence
provided by selective chemical substitution (or deuterium
substitution in the case of proton n.m.r. studies). If the
relaxation phenomena are treated as rate processes, the
temperature dependence of the frequencies of maximum
loss allows an activation energy, Eg, to be calculated!, 2
for each motion from a simple Arrhenius plot. The
magnitudes of the activation energies found in this way
suggest that the observed side-group motion is predomi-
nantly a torsional motion, and that the hindering barrier
is largely intramolecular in character.

In the case of torsional motion of side groups, vibra-
tional spectroscopy can provide useful additional
information. In contrast to the relaxation experiments

which essentially measure bulk properties of the sample
and from these deduce average transition rates over the
potential barrier hindering the motion, vibrational
spectroscopy observes directly transitions between energy
levels in the minima of molecular potential curves. The
spacings of these torsional vibrational levels are deter-
mined by the shape and height of the potential barrier. In
favourable cases, where the side group is symmetric, for
example CH3s, C¢Hs etc., and hence the potential barrier
to internal rotation is a symmetric function of the
torsional angle, reasonable assumptions concerning the
shape of the barrier enable its height to be estimated from
the spectroscopic observation of the fundamental
torsional frequency? 4.

The activation energy from the dynamical experiments
and the barrier height from the spectroscopic measure-
ments will be comparable if: (i) the motion causing the
dynamical loss is due to side-group reorientation about
its symmetry axis; (i) the hindering potential is pre-
dominantly intramolecular in origin and hence the usual
assumption of a sinusoidal barrier shape for the spectro-
scopic measurements is a good approximation (for
condensed phases this approximation should be treated
with some caution); (ii1) the relaxation measurements are
measuring transitions over the barrier and not a tunnelling
process through the barrier. In the latter case a barrier
height can be calculated for the relaxation measurements
by an alternative procedure (see below).

The torsional modes of all symmetrical side groups
attached to polymer chains are active in the infra-red and
Raman spectra, but in practice the respective changes in
dipole moment and polarization are so small that the
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corresponding bands are very weak and extremely diffi-
cult to identify. Inelastic incoherent neutron scattering
spectroscopy®: 8, however, is particularly well suited to the
observation of torsional motion and vibration, because
selection rules do not apply. In neutron spectroscopy a
mono-energetic beam of neutrons is scattered by a
molecular target and detected at one or more angles of
scatter. At each angle of scatter an energy analysis yields a
spectrum analogous to a Raman spectrum. Peaks occur in
the inelastic spectrum corresponding to neutrons gaining
or losing quanta of molecular rotational or vibrational
energy. In contrast to optical spectroscopy, the intensity of
the vibrational band is proportional to the square of the
amplitude of motion of the nuclei in the normal mode of
vibration. Furthermore, because the incoherent scattering
cross-section of protons is very much larger than that for
any other nucleus, modes involving the motion of protons
dominate the inelastic spectrum. Consequently torsional
modes of groups containing protons are relatively intense.
Identification of the torsional frequency is further assisted
by the fact that if, for example, in a CH3 group the
protons are replaced by deuterium, the scattering involv-
ing modes of vibration of that group is reduced by two
orders of magnitude.

This paper reports the use of inelastic incoherent
neutron spectroscopy to study the torsional motions in
side-groups in poly(propylene oxide), poly(methyl
methacrylate), poly(a-chloro methacrylate) and poly-
(methyl methacrylate-COOCD3).

EXPERIMENTAL

Neutron inelastic scattering

The neutron spectra described here were obtained using
the 6H long wavelength inelastic neutron spectrometer at
AERE, Harwell”. In this apparatus bursts of low energy
neutrons (A=4-2A or E=4-5meV in these experiments)
are produced by mechanical selection using twin-phased
rotors. High energy neutrons and y-rays are removed by
cooled crystal transmission filters. Scattered neutrons are
detected over 9 angles of scatter ranging from 18° to 90°,
and analysis is in terms of time-of-flight over a measured
path length of 1-2 metres from the sample to the counter
banks. The measured energy resolution in these experi-
ments was about 129, and remained constant across the
energy range involved.

The sample is cycled with a blank cell and a vanadium
standard during the experiment, providing internal
calibration of flight paths and detector efficiencies and
allowing corrections to be made for background scatter-
ing (including cell scattering where these are used).

The initial spectra which are produced at each angle of
scatter are time-of-flight cross-sections, d2¢/0Q2d+ against
7, where 7 is the time of flight in us/m and 9Q is an
element of solid angle around the direction Q.

From the time-of-flight cross-section the so-called
scattering law, S(K, ), can be obtained. This is a func-
tion of the scattering system only and is independent of
the particular neutron experiment performed to obtain it.

In this case:

# ko7 0%
b2 k moQor
m is the neutron mass, b is the ‘scattering length’ for the
neutron—nucleus interaction (in this case dominated by

S(K,w)=
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the 1H nuclei), iw is the energy transfer involved in the scat-
tering event, k and ko are the initial and final wave vectors
of the neutron, #K =#A(k — k) is the momentum transferred
to the neutron. This momentum transfer may be sub-
stantial and increases with increasing incident neutron
energy and scattering angles.

Considerable information about the dynamics of the
scattering system may be contained in the dependence of
the scattered spectra on the momentum transfer, particu-
larly in the energy transfer region well below the vibra-
tional energies, the so-called quasi-elastic region. This
aspect of neutron scattering technique has important
application for polymer systems, but discussion will be
deferred until a later paper. Another consequence of these
large momentum transfers is that dispersion effects may
become important in neutron spectra, leading to broaden-
ing and shifting of band centres as the scattering angle is
increased. Fortunately, it is likely that the dispersion
curves for torsional motions of symmetric side-groups are
essentially flat so that the bands should remain sharp and
unshifted over increasing scattering angle. (This was
confirmed; see Figures 2 and 3.)

Neutron results at several angles of scatter allow an
extrapolation to be made to zero momentum transfer.
The result of this extrapolation is the generalized fre-
quency function:

p(w)=w2K{irré [S(E’zw)exp(hw/ZkBT)]

1t has been shown®: 9: 19 that it is this function that should
be used if a comparison is to be made between neutron and
optical spectra. Since the extrapolation should remove
small effects of dispersion and produce a useful averaging
of the results at various scattering angles, the frequency
function has been quoted for each of the samples describ-
ed below.

Internal rotation barriers from vibrational spectroscopy

The potential function V(¢) for hindered internal
rotation of a three-fold symmetric top about its axis of
symmetry (in this case the bond joining the side group to
the main chain) is assumed to be of the form:

V(#)="1~cos3g)

If there is very little mixing of the side-group torsion with
the other normal modes of the polymer chain, the
torsional wave equation is then of the form:

[}Fa% - V(¢>] ook #) = Evetho($)

where F is a factor containing the reduced moment of
inertia of the side group with respect to the rest of the
molecule, determined by the molecular geometry. E,, are
the torsional energy levels characterized by a vibrational
quantum number, v, and an index o. The index o specifies
the periodicity of the eigen-functions .. For a three-fold
symmetric top =0 or +1 and the eigen-functions have
A or E species symmetry respectively. The energy dif-
ference between levels with the same quantum number, v,
but different o is due to tunnelling through the barrier and
is small for the lowest torsional levels in a potential of
moderate height. From the spectroscopic observation of
the transition from v=0 — v=1, the height of the barrier
(V3) can be calculated4.
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Figure 1 Time-of-flight spectrum at 90° scatter from poly(methyl
methacrylate-COOCD3) swollen with CDCls. The lower spectrum
is the scattering from the same volume of CDCI3 as used in
swelling the sample. Inset is the region between 250 and 450 us/m
on an expanded scale

Materials

Perspex was used as the sample of poly(methyl meth-
acrylate). The relative proportions of triad sequences, as
assessed by n.m.r. spectroscopy of polymer solution was:
syndio, 619%; hetero, 319%;; iso, 8%,.

Poly(methyl methacrylate-COOCD3) was prepared
from its monomer CH; : C(CH3)COOCDj3 using azobis-
butyronitrile at 40°C as a free radical initiator. The ratio
of syndiotactic sequences was slightly higher than in
Perspex.

Poly(a-chloro methacrylate) was kindly donated by
Dr J. B. Rose of ICI Plastics Division. It was not possible
to estimate the stereoregular nature of the material. It was,
however, an amorphous polymer prepared by free radical
polymerization and thus it is probably predominantly
syndiotactic.

Films of Perspex were obtained by a hot pressing
technique. Films of poly(methyl methacrylate-COOCD3),
and poly(a-chloro methacrylate) were obtained by flota-
tion off mercury using CDCl3 as a solvent.

The poly(propylene oxide) and poly(propylene oxide—
CD3) were similar to the sample used in a previous
investigation by Blears et al. 11. The polymers were 15—
209, crystalline as determined by dilatometry. Samples
for neutron scattering were pressed into thin films.

The thin film thicknesses were chosen to give approxi-
mately 10 % scatter of the incident neutron beam (this is a
compromise between reducing multiple scattering effects
and wasting valuable neutron flux).

The acrylic polymers were self-supporting and were
held in aluminium rings during the experiments. In these

cases the blank position was an empty ring and the
background effects subtracted were largely due to scatter
from the sample changer, monitors and helium atmo-
sphere surrounding the samples.

Samples of the acrylic polymers were also swollen with
an equal volume of deuterated chloroform (to investigate
the effect of separating the polymer molecules with
‘invisible’ solvent molecules). These samples were in the
form of gums and were held between thin aluminium
sheets clamped with O-ring seals. For these spectra the
blanks were similar aluminium cans containing an equal
thickness of CDClg. Figure I shows the scattering from
swollen Perspex, with, underneath, the spectrum from the
corresponding blank. It is clear that the can and solvent
background is very small. It is estimated that subtraction
of the background will introduce errors of less than 59/ in
p(w) in the final spectra.

The poly(propylene oxide) samples, which were
rubbery, were supported in thin aluminium sheets, the
blank in these cases being similar aluminium sheets.

RESULTS

Acrylic polymers

Figure 1 shows the time-of-flight spectrum for the
swollen sample of poly(methyl methacrylate-OCD3)
recorded at 90° angle of scatter. The large peak at
~ 1100 pus/m corresponds to the neutrons scattered with
approximately zero energy change, i.e. the quasi-elastic
peak. The remaining part of the spectrum corresponds to
the neutrons gaining energy from molecular modes—the
inelastic region. Inset in Figure I the inelastic spectrum of
the swollen sample is shown on an expanded scale. The
large inelastic feature at about 330 us/m corresponds to a
neutron energy gain of about 350cm=1. Figure 2 shows

plw)

cm™

Figure 2 p(w) function for swollen poly(methyl methacrylate
COOCD3). The length of the vertical lines is a measure of the
error
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Figure 3 p(w) for Perspex (upper spectrum) and Perspex swollen
with CDCla

E)
Q
A 1 - 1 1 1
200 400 600
cm!

Figure 4 p(w) for three Perspex samples. —, Perspex; - --
poly(methyl methacrylate-COOCDs3); .... poly(a-chloro meth-
acrylate)

the effect of extrapolation over the nine scattering angles
to produce the frequency function at zero momentum
transfer for this sample. The good agreement of the band
position in Figures 1 and 2 is strong evidence that dis-
persion effects are relatively small in the observed spectra.
Similar agreement was obtained for the other acrylic
samples. The extrapolation has somewhat sharpened the
band at 350 cm~! and resolved another at 550 cm~! which
cannot clearly be seen in the 90° data.

The effect of swelling the sample is shown in Figure 3.
The molecules of CDCl3, essentially ‘invisible’ to the
neutrons, separate the polymer chains, and bring about a
‘sharpening’ of the spectrum. The region between 100 and
400cm~1 appears continuous for the poly(methyl
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methacrylate) sample, but after swelling, is resolved into
three bands centred at ~ 100, 240 and 350cm™1.

In Figure 4 the frequency functions for the three
swollen samples of acrylic polymers are compared. The
ordinate is in absolute units (within experimental errors)
so that the effects of substitution for the «- and ester-
methyl groups are seen quantitatively from the relative
intensities at each frequency.

The spectrum of these acrylic samples divides into
three principal regions—the three bands seen in Figure 3
for the unsubstituted sample. Comparison of the three
spectra assigns the energy transfer at 350cm—! to the
presence of an a-methyl group in the polymer repeat unit.
The band at 100cm™! is associated with the ester methyl
group since it is observed only in the spectrum of Perspex
and poly(a-chloro methacrylate).

The band at 240cm~! is probably due to the small
percentage of isotactic sequences in poly(methyl meth-
acrylate). Figure 5 compares p(w) for a predominantly
isotactic sample of poly(methyl methacrylate) with the
corresponding p(w) for the commercial sample and it will
be noted that in the isotactic sample the peak at 350 cm—!
is absent, but instead there is a peak at 250 cm~! of com-
parable intensity. An isotactic sample of poly(methyl
methacrylate-COOD3) is now required to enable a more
precise value of this frequency to be obtained for the
isotactic stereoisomer.

Poly(propylene oxide)

Figure 6 compares the frequency functions of poly-
(propylene oxide)} and poly(propylene oxide-CDj3). The
sharp, intense band at 230 cm~1 is completely removed by
deuterium substitution of the methyl group, indicating
that this spectral feature is peculiar to the methyl group
alone. Comparison of data taken at different angles of
scatter shows once again (Figure 6) that dispersion effects
are small. The weak shoulder observed at 163 cm~1 prob-
ably also disappears on deuteration of the methyl group,
but this cannot be asserted with confidence.

DISCUSSION

Barriers to internal rotation

From the inelastic incoherent scattering spectrum the
torsional frequencies of the methyl group in poly(methyl
methacrylate) and poly(propylene oxide) can be identified
in terms of the following criteria: (a) the torsional mode is
expected to occur in the region below 400cm—1 and the
intensity of the inelastic band should be high due to the
large amplitude of motion of the protons; (b) selective
substitution of chlorine or deuterium in the methyl group
removes the CH3z band; (c) the relative intensities of
higher transition V=2-—1, 3 - 2 etc. will be low com-
pared with the fundamental transition V'=1- 0.

In our experiments with poly(methyl methacrylate) we
have found the spectral frequencies to be independent of
swelling. The bands sharpen but do not move in position,
so that it is reasonably certain that the bands we are
looking at are intramolecular in origin. The assignment of
the observed bands to torsional frequencies is given in
Table 1 and values of V3 have been calculated on the
assumption that the CHj group is an independent rotor
attached to a polymer chain of infinite mass.
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Table 1 Values of V3 calculated from torsional frequencies

vtor Vs
(cm™1) (kd mot-1)

CHs in PPO 228 13-8
a-CHs in PMMA: predominantly syndiotactic 350 34-3

isotactic (240) (16-7)
OCHs in PMMA 100 4-2

In assessing the reliability of these values, we must take
into account: (i) that the spectra are recorded in the con-
densed phase and the influence of intermolecular inter-
actions. However, the torsional frequencies of methyl
groups in simple molecules only move 5-10cm-! on
transferring from vapour to the liquid phase’; (ii) the lack
of precise geometrical data. In calculating the structure
factor we have assumed rcu=108A, rcc=1-54 A, and
tetrahedral angles; (iii) the experimental error in wior,
which is ~ + 10cm—1.

The most difficult problem is to estimate the uncertainty
in V3 arising from the separation of the contribution to the
total Hamiltonian from internal rotation, i.e. coupling
with other vibrational modes etc. Factors (i), (i) and (ii1)
are most probably adequately covered by assigning an
error of 209 to the values of V'3 quoted above. In order to
estimate the errors arising from the separation of the
internal rotation contribution to the Hamiltonian it would
be necessary to perturb the very low lying frequencies of
the polymer molecule by isotopic substitution. Unfortu-
nately the synthesis of suitable molecules is a major
undertaking, and in any case, it is doubtful whether a
sufficient perturbation could be obtained to fully analyse
the effects of coupling on the torsional frequencies.

The most interesting feature of the values quoted for V3
is the surprisingly high value ¥3=34-3 kJ mol~! found for
the «-methyl group in predominantly syndiotactic
poly(methyl methacrylate). V3=13-8 must be regarded as
a more normal value for a methyl group with an aliphatic
main chain, since the torsional frequency quoted for
polypropylenelé is 210cm~1, and although there are

p(w)
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kv ....
A o
[ -Z (o' ®
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Figure 6 p(w) for poly(propylene oxide) (——) and poly(propylene
oxide-CD3) (.. ... ). Inset time-of-flight spectrum at 81° scattering
angle between 40 and 650cm~! for poly(propylene oxide)

complications because of the highly crystalline nature of
this polymer, the literature indicates that the torsional
frequency in the amorphous phase must lie very close to
210cm~1. The corresponding value for Vs for poly-
propylene is 12-6 kJ mol-1,

Another feature which merits further investigation (if
our tentative assignment of v for isotactic poly(methyl
methacrylate) proves to be correct) is the marked dif-
ference in V3 for the «-CHj groups in iso- and syndio-
tactic sequences of poly(methyl methacrylate). Such a
large difference has never been reported for stereoisomers
of small molecules and we have not observed correspond-
ing effects in other polymers arising from variations in
stereoregular character. Nevertheless, there may be smaller
changes in other polymers which are difficult to observe
because of the widths of the torsional bands of the limited
resolution of the neutron spectrometer.

Relaxation phenomena associated with methyl group
re-orientation

Poly(propylene oxide) and polypropylene. Dielectrical,
mechanical and n.m.r. (including T, and T1,) relaxation
studies have been made for poly(propylene oxide)
samples?: 11 similar to the ones used in this work. The
results are summarized in Figure 7. Itis clear that the y-loss
peak is observed both in n.m.r. and mechanical and
dielectric measurements, and studies of Ty values for
deuterated samples undoubtedly prove that this loss
mechanism is associated with methyl group re-orienta-
tion. Furthermore dilution of the polymer sample with
CS2 does not shift the location of the 7y minimum associ-
ated with methyl group re-orientation, which suggests
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Figure 7 Logarithm of loss frequency maxima, v againstinverse
temperature for relaxation studies of poly(propylene oxide)? 11.17
and poly(methyl methacrylate)!3. @, T: measurements; O, T,
measurements; X, mechanical; ——, syndiotactic poly(methyl
methacrylate); - - -, isotactic poly(methyl methacrylate); — - —,
poly(propylene oxide)

that the motion is predominantly intramolecular in
character. Thus it is reasonable to assign the relaxation
process to the torsional motion of the methyl group about
its C3 axis. The activation energy measured from the
relaxation data for this loss mechanism is 159+ 1-7kJ
mol-1. It is interesting to note that the activation energy
and V3 are very similar in magnitude, and so it is likely
that the barrier to internal rotation is largely responsible
for the magnitude of the activation energy.

In a recent detailed study of spin-lattice relaxation in
polypropylene over a range of n.m.r. frequencies, Noack
et al.l? found that the activation energy for the methyl
group reorientation is 12-1 kJ mol~1. Again there is close
agreement between the activation energy and the value for
V3 obtained from vibrational spectroscopy.

Poly(methyl methacrylate). The poly(methyl meth-
acrylate) used in the present neutron scattering studies is
predominantly syndiotactic. For the syndiotactic polymer,
activation energy of the a-methyl group reorientation is
23-25kJmol-1, determined by n.m.r., T and Ty,
measurements!3. Again the origin of this loss mechanism
is assigned as a hindered internal rotation of the methyl
group. All the data available are plotted in Figure 7. In
this case the activation energy is somewhat lower than the
value of V3 for this motion obtained from our neutron
scattering studies, but in view of the uncertainties in the
value of V3 and the difficulty of precisely assigning the
temperature of the minima in the 71, curve, the dis-
agreement is not definitely outside experimental error. In
view of the tentative lower value of V3 for a-CHjz groups
in isotactic sequences than in syndiotactic sequences, it is
particularly interesting to note that n.m.r. studies on
isotactic poly(methyl methacrylate) yield a lower value for
E, too. The value is E,=15-5kI mol~1 compared with
Eg,=23-25kImol-! for the syndiotactic material. It thus
lends support to the tentative conclusion from our pre-
liminary neutron studies.

Unfortunately the activation energy for the ester methyl
group reorientation has not been determined by relaxa-
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tion spectroscopy because the 71 minima are broad and
lie at very low temperatures. Only the minimum in 7 has
been reported. Although a direct comparison between
activation energy and V3 is therefore not possible for this
particular torsional motion, the low value of V3=4-2kJ
mol-1 is consistent with the fact that the loss peaks lie at
very low temperatures.

QUANTUM MECHANICAL TUNNELLING

The sets of eigen values for the torsional oscillation of a
threefold symmetric rotor are identical in each well so
that conditions are favourable for tunnelling to occur
between the wells. The energy levels in fact occur in pairs
and the separation of each pair of levels is a direct measure
of the rate at which tunnelling occurs through the barrier.
The separation is small for the lowest levels where tun-
nelling is a less likely process and increases for succes-
sively higher pairs.

If tunnelling is an important relaxation process, then
values of E, cannot be estimated from 7’1 measurements
by simple Arrhenius type plots because the v— T -1 plots
are no longer linear at lower temperatures (see Figure 8).
Stejskal and Gutowsky!4 have calculated the average
tunnelling frequency »; for the set of eigen values as a
function of temperature for a series of values of V3. A
regular set of curves is obtained which converge at an
infinite temperature limit vs=2-5 x 1012 Hz.

Assuming tunnelling to be the major relaxation process,
values for the potential barriers, V3, have been calculated
from the T1 and 71, data using these curves. Eisenberg!®
has already used this method to estimate V3 values for a
variety of polymers including poly(methyl methacrylate).
We have revised these estimates by including further 7,
and T, results which are now available for poly(methyl
methacrylate), poly(propylene oxide) and polypropylene.
In Figure 8 the T1 and T1, measurements from these
polymers are compared to Stejskal and Gutowsky’s
curves.

It will be noted that a fairly consistent value of
V3=29kJ mol-1 is obtained for the «-CHjs in poly(methyl

tnvy (HZ)

. 1532
1886 [ <™
— o417
5 e} 15
103/ 7(K)

Figure 8 Curves of logarithm of tunnelling frequency v; against
inverse temperaturel4 for four barrier heights. Also shown is
n.m.r. relaxation data for: +, isotactic Perspex!3; O, syndiotactic
Perspex!3; [, polypropylene!?; ll, poly(propylene oxide)2 1!
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Table 2 Comparison of activation energies and barriers for CHs
side-group motion (kd mol-1)

Vs Ea Vs
Polymer (vibrational) (Arrhenius) (tunnelling)
Propylene 12-516 12-1 16-7
Propylene oxide 13-8 15-9 18-4
Methyl methacrylate
a-CHs
predominantly
syndiotactic 34 23-25 28-9
isotactic 16-7 15-5 22-6
OCHs
all stereo-
isomers 4-2 very low 8-4*

* From one datum only

methacrylate) and this value is in better agreement with
the value calculated from the neutron results than the
value of Eact=23-25kJmol-1 obtained from a simple
Arrhenius plot. The value calculated on the basis of
tunnelling for the isotactic sample is V3=23kJmol-!
which compares with V3=17 from neutron scattering.
Only one point is recorded for the methoxy group and this
suggests V'3 =_8-8 kJ mol~1 to be compared with V3=4-2kJ
mol-! from vibrational spectroscopy. Further relaxation
data are clearly required for this -CHj process.

The relaxation data for poly(propylene oxide) scatter
about V3=184+2kJmol~} in Figure 7 compared with
V3=13-8kJmol-1 from vibrational spectroscopy and
1599kJmol-1 from the Arrhenius plot. The relatively
poor fit to the w;~temperature curve may reflect the
inadequacy of Stejskal and Gutowsky’s model of quan-
tum mechanical ~CH3 tunnelling to produce a precise
value of V3.

The results for polypropylene are similarly scattered
between the curves but again a value of V3=17kJ mol-1is
estimated. Based on a single relaxation datum Eisenberg
estimated V3=29kJmol-! for the CHjz group in poly-
propylene. This high value must be discounted in favour
of V3~ 12-5 to 17kJmol-! in view of the similar results
obtained for polypropylene and poly(propylene oxide)
both from 71 measurements and also from neutron
scattering results.

CONCLUSION

The precise significance of the corrections for tunnelling is
difficult to assess. However, inspection of the data
presented in Table 2 shows that there is a correlation
between values of V3 obtained from torsional frequencies

and the activation energies for the corresponding CHgs
group re-orientation obtained from Arrhenius plots.

There is a slightly better correlation between these
values of V3 and the corresponding values extracted from
the relevant data using Stejskal and Gutowsky’s model for
quantum mechanical tunnelling of the CH3 group. Thus
both analyses of the experimental results lead to the
conclusion that the potential barrier hindering —-CHj3 side-
group rotation in polymer molecules is a major factor
governing the frequency-temperature dependence of the
corresponding relaxation phenomena observed in bulk
properties of the polymers. These processes are therefore
primarily intramolecular in character.
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Although light scattering has become a standard method for determining the
geometric parameters of macromolecular solutes in solution, it has serious
theoretical and experimental limitations when the solutions partly absorb the
incident light. When subjected to pulsed electric fields, electrically anisotropic
molecules orientate. This changes the scattered intensity. By making measure-
ments of the relative scattered intensity changes as the molecules revert to a
random array after the electric pulse has ceased, the molecular relaxation times,
and hence the molecular dimensions, may be evaluated whether or not the
material is absorbing. Typical measurements are made on vanadium pentoxide
and benzopurpurine suspensions and tobacco mosaic virus solutions at a variety

of wavelengths to demonstrate the method.

INTRODUCTION

Light-scattering measurements have become a standard
means of determining the molecular weight and size of
macromolecules and particles in solution or suspension.
The method is particularly suited to those molecules
whose major dimension is similar to the wavelength (A)
of the incident light. It is common to utilize the so-called
‘Rayleigh-Gans-Debye’ (RGD) theory!—3 and to measure
the scattered intensity (/) from solutions of varying
concentration (c) at a number of angles (6) to the forward
direction of the incident light beam. The experimental
data are usually analysed in the form of a Zimm# plot.
The Rayleigh! theory is based on the assumption that
the scattering particles are transparent or non-absorbing,
and are in a non-absorbing medium. In such a case, the
oscillating electric vector of the incident light beam
induces electric dipoles in the scattering particles. These
then act as secondary sources of radiation of the same
frequency as the incident light beam if, and only if, this
frequency is far removed from the natural frequency of the
outer bound electrons. Many polymer, and in particular
biopolymer, solutions are coloured. In this case, the
incident light beam is attenuated through both scattering
and selective absorption. If the absorption is an inherent
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property of the solute, then the frequency of the incident
radiation is close to the natural frequency of the electrons
and a complex refractive index must be used in the
fundamental Rayleigh equation, so that the RGD theory
becomes inappropriate. Attempts have been made to
calculate theoretical factors which would suitably modify
the RGD theory for an absorbing solute5- 6. However,
they apply only for specific optical geometries and experi-
mental conditions, such as an extremely well positioned
cell in a Brice Phoenix photometer when rectangular
collimating slits and square scattering cells are used for
observations at 90° to the incident beam direction?.
Corrections for dissymmetry measurements have also
been suggesteds.

Apart from the aforementioned difficulty, there are
three secondary problems. Firstly, the refractive index
increment (dn/d¢) ceases to be a linear function of wave-
length and so must be measured under practical condi-
tions. This increment is needed in the evaluation of the
scattering data using the RGD theory?. Secondly, selec-
tive absorption may also come from the solvent or
impurities in the same. The recorded intensity will not be
that scattered by the solute molecules on account of the
attenuation of the incident and scattered beams in the
scattering cell. Putzeys and Dory5 have proposed a cor-
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rection factor for this, once the extinction coefficient of
the sample solution has been measured at the wavelength
concerned. Thirdly, with highly absorbing solutions, it
may prove difficult to obtain sufficient light penetration of
the cell. Dilution overcomes this problem, but also
reduces the scattered intensity.

Because of these difficulties, it is unusual to undertake
scattering experiments on absorbing solutions. One is
faced with the problem of using the various correction
factors and modifying the experimental conditions to suit
them? or of working in a spectral region where the solu-
tions absorb negligibly!0. The latter case, may be imprac-
ticable or correspond to wavelengths for which the
scattering is small.

There has been a growing interest of late in the electro-
optical properties of molecular solutions. In general, a
stable solution consists of solute molecules which are
randomly distributed and orientated in the body of the
solvent. Under the influence of an external electric field,
polar or electrically anisotropic molecules orientate
towards the applied field direction. Such alignment
enables any optically anisotropic (or tensor) property,
such as the refractive index!!: 12, extinction coefficient!2, 13
or optical rotatory power!l4 15 of the individual molecules
to be manifest. With large molecules, whose dimensions
are close to that of A, the polar scattering intensity
diagram (of I as a function of ) is not symmetric. This is
accounted for in the particle scattering factor P(#) in con-
ventional scattering theory®. In an electric field, particle
alignment will be accompanied by changes in P(6) and
hence in the scattered intensity at any angle of observa-
tion. In non-absorbing media, measurements of the
intensity changes as a function of the applied field
amplitude, frequency and shape have enabled solute
dipole moments (y), sizes, electric polarizabilities and
rotary diffusion constants (D) to be determinedi6. The
latter is very dependent upon particle size, and can be
determined with ease from perturbed scattering data
whether or not the medium is absorbing, provided that
the light scattered from the solution is measurable.

Thus, the object of this paper is to show that measure-
ments of the changes in the scattered light intensity from
macromolecular solutions under the influence of applied
electric fields, affords a method of determining solute
rotary diffusion constants and hence particle sizes even if
the solutions are absorbing.

OUTLINE OF METHOD

If continuous alternating current electric fields are
applied to macromolecular solutions, rotary diffusion
constants and molecular relaxation times (= 1/6 D) may
be determined by observing the changes (Af) in the
scattered intensity (/) as a function of the angular
frequency (w) of the applied fields. Polar molecules show
a dispersion of Al with w in much the same way as the
real dielectric constant does in dielectric dispersion
measurementsl?. Measurements of Al would thus be
required at various w. As these are relative measurements,
one does not need to determine the absolute scattered
intensity and hence avoids all the difficulties of conven-
tional scattering measurements mentioned above. Ab-
sorption is not a problem therefore as long as enough
light is scattered to register on the photodetector. In addi-

tion, solution concentration need not be known, especi-
ally if data are extrapolated to zero concentration.
Details of the apparatus and procedures for evaluation of
D using continuous sinusoidal fields were reviewed by
Jennings1®,

A more convenient and rapid method is to use pulsed
electric fields, as was first developed for d.c. fields by
Stoylov and Sokerov!®. Changes in the scattered intensity
can be considered in three temporal regions: (a) as the
puise is switched on, (b) during the steady influence of the
pulse, and (c) after the pulse has terminated. During the
first region, the molecules will start to orientate towards
their position of least potential energy in the field. This
process will take a finite time owing to the opposition of
the molecular torque due to Brownian forces and the
electrostatic orienting couple. The scattered intensity will
thus increase (or decrease) in a transient manner, until it
reaches a steady saturation condition in region (b). The
magnitude of Al during regions (a) and (b) is a complicated
function of the field strength and frequency, the electrical
and geometrical properties of the solute molecules and the
viscosity of the solvent. For absorbing solutions it will
also depend upon the absorption of the incident light by
the solution. After the pulse has terminated, the molecules
will revert to a random array under Brownian forces
alone. The corresponding transient decay in Al will thus
be a function of the particles’ geometry and size and the
solvent viscosity alone. For a monodisperse solute, it will
follow the equation!?:

Al'=Algexp(—t/7) = Aloexp(—6Dt) (1)

where Al is the scattered intensity change at time =0
when the pulse is terminated. Hence, analysis of the field-
free decay in the scattered intensity yields ~ and D
directly. If the particle shape is known, size parameters
can be derived directly from D using the Broersma2¢ or
Burgers?! equation for rods, Perrin’s??2 equations for
discs or ellipsoids or the Stockmayer and Bauer2?
equations for flexible coils.

The use of pulsed rather than continuous electric fields
has specific advantages. The method is quick as all data
are obtained from a single photographic measurement.
Heating and electrophoretic effects are greatly reduced.
Rotary diffusion constants are obtained without know-
ledge of the electrical and geometrical properties of the
molecules. Fields of any (reasonable) amplitude can be
used; restriction to small degrees!l:16 of molecular
orientation is not necessary.

Details of the apparatus and method, which will not be
appreciably different for absorbing systems, have
appeared elsewherel6: 18,

A further improved method is to use sinusoidal pulsed
fields. The scattered intensity will again follow a transient
shape with the three regions described above. The
method retains the advantages of the d.c. pulsed method
but has three additional features. Firstly, it prevents
electrophoretic effects. Secondly, it reduces the problems
associated with the migration of mobile charge carriers in
conducting solutions. Thirdly, by using high frequency
fields, contributions from any permanent dipole orienta-
tion can be excluded and analysis made in terms of induced
dipolar contributions alone.

Using this method, measurements were made on a
modified16. 24 Sofica photometer. A diagramatic represen-
tation of both the optic and electronic apparatus used to
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Figure 1 Schematic diagram of the apparatus for transient
scattering measurements using pulsed, sinusoidal electric fields.
Optical components are the source (s), lens (I), diaphragm (d) and
interference filter (f). Electric components are: PM, photomulti-
plier; A, amplifier; CRO, oscilloscope; C, camera; PG, low voltage
pulse generator; R, relay; SO, sine wave oscillator; PA, pulse
amplifier

deliver the pulses and detect the resulting transients is
given in Figure I. The Sofica light source was replaced by
a 500 W mercury arc powered by a stabilized d.c. supply.
A low noise EMI 9635 QB photomultiplier was used to
detect the transients. The electrodes, of separation 1cm,
were positioned so that the field was applied perpendicular
to the incident light beam. The short bursts of sinusoidal
electric field were generated as follows. The output from a
low voltage, sine wave, oscillator was fed through a relay
which was triggered by a low voltage pulse generator. The
relay was obtained from Astralux Dynamics Ltd (of
Brightlingsea, Essex), and could handle pulses longer than
1 ms with a switching time of less than 100 xs. The output
from the relay was amplified using a 150 W power ampli-
fier with a frequency response from 30Hz to 30KHz
supplied by Airmec-Racal Ltd (of Reading, Berkshire).
Since the intensity of the scattered beam was relatively
low in an absorbing spectral region, the signal to noise
ratio was reduced. All measurements were made at an
angle of 30° where the scattered intensity was propor-
tionately larger than at higher angles.

REPRESENTATIVE RESULTS

As a feasibility study, three systems were investigated.
Suspensions of vanadium pentoxide in methanol were
studied at 546, 436 and 365 nm wavelengths. The suspen-
sions were pale green in colour. Measurements were made
at three wavelengths corresponding to different degrees of
absorption. White light was used to study suspensions of
benzopurpurine in methanol, which were deep orange-
red in colour. Finally, aqueous solutions of tobacco mosaic
virus (TMV) were examined at 436 and 310nm wave-
length. The TMYV solutions exhibited negligible absorp-
tion in the visible region of the spectrum, but absorbed
strongly in the ultra-violet. Measurements were thus
made in the visible and ultra-violet for comparison.
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Figure 2 Typical transient scattering traces. (A), vanadium
pentoxide in methanol, A=436nm, E=635V/cm; (B), benzopur-
purine in methanol, white light, E=1-13kV/cm; (C), TMV in water,
A=310nm, E=320V/cm. Time scales of 20ms, 15-5ms and 10ms
per division for (A), (B) and (C) respectively. Pulsed sinusoidal
fields of 5KHz frequency were used. The field duration is indicated
in frame (B) for that particular case
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Typical transient responses are shown in Figure 2. The
decays of these transients were analysed by plotting
graphs of the natural logarithms of (AI/Aly) against
time. All such graphs were curved (Figures 3 and 4)
indicating that more than one diffusion constant was
involved (equation 1) and that the samples were all poly-
disperse. From the initial slopes of the graphs, the rotary
diffusion constants listed in Table I were obtained. Such
values of D were not truly representative of all material
present in the polydisperse systems. They have been
designated D’ for clarity. Data for V2O5 suspensions and
TMY solutions show that within the limits of the experi-
mental error, the same value of D’ is obtained within or
without the absorption regions, thereby confirming the
validity of the method. The identical decay rates for the
TMYV solutions is especially gratifying. The small varia-
tion between wavelengths for the V205 suspensions
shows no obvious wavelength dependence and is con-
sidered to be insignificant. In general, the scattered light is
reduced in the absorbing region so that the noise on the
traces is relatively greater. This is seen in the case of
benzopurpurine, which was so strongly absorbing that
white light was used to increase the scattered intensity.
The error in D’ was thus larger in this case. Increased
noise in the absorbing region was not evidenced for the
TMY solutions as the scattering was greater at lower
wavelengths owing to the dependence of I on A as
predicted by the Rayleigh theory.

Two further points are of interest. Firstly, an electron
microscope study on the TMV sample indicated the
presence of monomer, dimer and fragmentary virus
particles, thereby confirming the polydisperse nature of

o8-

06 -

AI/AIL

04 |-

02 !

Time (ms)

Figure 3 Decay analysis for vanadium pentoxide. E=635V/cm.
@, A=546nm; O, A=436 nm; x, A=365nm.
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Figure 4 Decay analysis for TMV and benzopurpurine. x, benzo-
purpurine in white light, E=1-13kV/cm; O, @, TMV at 310 and
436nm respectively, £E=320V/cm. Note the different abscissa
scales

Table 1 Analysis of scattering transients
¢ (approx) D*
Material Solvent (g/mi) A(nm)  (s71)
Vanadium Methanol 5x 10 546 11-9+1-5
pentoxide 436 12:5+1-5
365 10-5+1-5
Benzopurpurine Methanol 1x10"*  White 13:0+3-0
light
Tobacco mosaic Water 1x10¢ 436 37-8+30
virus 310 37-8+3-0

* Rotary diffusion constants (D’) are from the initial slopes alone,
and are not necessarily comparable directly with results for D in
the literature (see text)

the material. Our value of D’ is in very good agreement
with that reported by Stoylov and Sokerovl8 at a similar
field strength and for a sample of similar polydispersity. It
should be noted that with polydisperse samples, the
initial slope of the transient depends upon both the nature
of the polydispersity distribution and the field strength.
Information about the distribution of particle sizes can be
determined by adjusting the field strength and pulse
duration. The results presented here are not to be com-
pared with ‘weighted’ or ‘averaged’ values of D obtained
by other experimental methods which are generally
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equivalent to data obtained in electric field scattering
experiments at high field strengths. By demonstrating the
agreement with Stoylov and Sokerov’sl® results, who did
make a study of the field strength dependence, the present
work illustrates that measurements are possible in or near
an absorption band without influencing unduly the value
of D’. For clarity, it is emphasized that the value of D’
obtained here (to be compared with D=-300s-1 for TMV
when obtained by methods which weight over the com-
plete distribution) is simply a reflection of the sample
polydispersity. With a monodisperse system, the decay
rate would reflect a single, consistent value for D'=D
whatever the field strength employed. A full study of the
dependence of the initial slope of transient electro-optic
decay rates has been made in this laboratory and will be
published elsewhere.

Secondly, D can be determined from electrically
induced transient changes in other optical properties
such as the birefringencell: 12, dichroism!? and optical
rotation!5. Because these are essentially transmission
methods they are inapplicable for absorbing solutions.
The scattering method is superior in this respect, as long
as the particles are large enough to give a dissymmetric
polar scattering diagram.
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Tensile failure properties of some
branched polyurethane elastomers

R. E. Whittaker

Shoe and Allied Trades Research Association, Kettering, Northants, UK
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Earlier papers have shown that the energy input to break obtained from tensile
stress-strain curves for a crosslinked amorphous vulcanized rubber is exponen-
tially related to the reciprocal of absolute temperature. These earlier investiga-
tions also showed that for both amorphous and crystalline rubbers the energy
input to break over a range of temperature was related by a square law to the
strain at break. This paper demonstrates that these relationships are obeyed by a
series of branched polyurethane elastomers. By multiplying the strains at break
on the energy input to break/strain at break graph by the parameter V., the
number of network chains per unit volume, the results for various degrees of
branching are made coincident. When compared with earlier results from cross-
linked rubber, it is found that a unique relationship involving only one numerical
constant can be derived which is applicable to amorphous, crystalline and
branched polymers at different degrees of crosslinking, whether filled or unfilled.

INTRODUCTION

Harwood et al.1-3 have found in recent years that quanti-
tative failure relationships can be obtained for amorphous
rubbers between the energy input to break and hysteresis
at break and secondly between the energy input and
strain at break in a uniaxial tensile stress—strain test.

These failure relationships have also been applied to
amorphous rubbers filled with carbon black when it was
shown that under conditions of constant energy input,
both the strains at break and the hysteresis at break of
the filled rubbers could be corrected and unified with the
gum rubber by use of a hydrodynamic factor. A recent
paper? has shown a correlation between these relation-
ships and parameters from cut growth and fatigue
theory.

Another investigation® showed that a strain-crystalliz-
ing rubber such as natural rubber diverged from the
hysteresis failure law between 80 and 130°C. This
divergence is due to the material between these two
temperatures being in neither a uniformly crystalline nor
totally amorphous state. Natural rubber was, however,
found to obey the failure relationship between energy
input to break and strain at break. This latter relationship
was also obeyed® by several dicumyl peroxide-cured
natural rubber vulcanisates of differing crosslink densities.
Under conditions of constant energy input to break, the
strains at break of the different crosslinked mixes, when
corrected by a parameter from rubber elasticity theory
became coincident.

Whittaker® has recently shown that a similar correla-
tion on the energy input to break/strain at break relation-
ships can be obtained for sulphur-cured vulcanisates of

styrene-butadiene rubber (SBR) taken to different
degrees of crosslinking. The hysteresis at break failure
criterion was found, however, to be markedly dependent
on the degree of crosslinking.

The paper extends these earlier studies by considering
the failure properties of a range of polyurethane elasto-
mers where the degree of branching associated with the
polyol component is varied.

CAST POLYURETHANE ELASTOMERS

The elastomers used in this study were identical with those
previously considered by Buist ef al.7.8. A usual pro-
cedure for the preparation of cast polyurethane elasto-
mers with a lightly crosslinked structure is to use
formulations containing at least one component with
more than two reactive end-groups, such as the reaction
of a diisocyanate with a lightly branched, or mixture of
linear and branched, polyester or polyether. The pro-
perties of the elastomers are determined mainly by the
chain structure and degree of branching of the polymeric
intermediate and by the stoichiometric balance of the
components.

Processing characteristics and properties of the pro-
ducts can be varied by use of more than one polyol com-
ponent. This allows not only the degree of branching
associated with the polyol component to be varied but by
varying order of interaction of the polyols with the di-
isocyanate it is possible to vary processing factors such as
temperature of reaction, viscosity and cure of casting
mix; this also facilitates the incorporation of fillers. In
addition to using polymeric polyol components, low
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molecular weight polyols may be included and branching
can be introduced by use of a polyol such as glycerol or
trimethylolpropane? 8. This system was adopted for the
cast polyurethane mixes used in this investigation which
are shown in Table 1.

Daltorol PR1* is a slightly branched polyester based on
adipic acid and Suprasec PR* is toluene diisocyanate
(TDI). The reaction of Daltorol PR1 with somewhat less
than an equivalent of Suprasec PR yields a soft elastomer
but by including trimethylolpropane in the formulation,
the hardness and tensile strength can be increased. Small
amounts of trimethylolpropane increase resilience but
high proportions give resinous products of low resilience
and low ultimate elongation rather than elastomers.

The procedure used for preparation of the polyurethane
sheets was to add trimethylolpropane to Daltorol PR1 at
the start of the dehydration stage. The dehydration was
carried out in the normal manner but because of the more
exothermic reaction obtained with the trimethylolpropane
process, the mixtures were cooled to about 40°C at the
end of the dehydration period before additions of the
Suprasec PR. The sheets were prepared by a simple
casting technique.

EXPERIMENTAL

The test pieces used in the investigation were in the form
of rings with inner diameters of 23 mm and wall thickness
2mm cut by a rotating cutter from rubber sheets approxi-
mately 2-5 mm thickness. The samples were extended on an
Instron Tensile Tester over a temperature range 21—
110°C. The rate of strain was 2509, per minute in every
case.

The experimental procedure to determine the energy
input and hysteresis at break was to obtain, at each
temperature, three tensile stress-strain curves up to
failure on new samples. A fourth sample was then extend-
ed and the crosshead reversed at just below the average
breaking stress of the three tensile curves. The energy
input was obtained from the area under the extension
curve and the hysteresis from the area between the
extension and retraction curves directly by use of an
integrator unit attached to the Instron Tester.

RESULTS

Effect of temperature

The tensile strength and hysteresis of all the mixes were
found to be very low. The hysteresis ratio at break (ratio
of hysteresis at break to energy input to break) at 21°C was
found to be 10-99; for mix D and approximately 4%/ for

Table 1 Formulations of cast elastomers used

Compound A B C D
Daltorol PR1 100 100 100 100
Trimethylolpropane 3-5 7-0 10 13
Suprasec PR (TDI) 16-2 22-9 290 34-9
Cure (hours at 110°C) 3 3 3 3

* Registered ICI Ltd Trade Names
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mixes A and B. The hysteresis was negligible at tempera-
tures above 50°C and hence a full study on the effect of
branching in polyurethanes on the energy at break/
hysteresis at break failure criterion could not be carried
out.

The effect of temperature on energy input to break for
all the mixes is shown in Figure I where the average value
of energy input to break for each of the four rubbers is
plotted on semi-logarithmic paper against the reciprocal
of absolute temperature.

Earlier studies?: ¢ on optimum crosslinked amorphous
rubbers showed that the energy input to break was
related to the reciprocal of absolute temperature by an
equation which was considered analagous to the van’t
Hoff isochore:

Up=Dexp(G/T) 0y

where D and G are constants.

Straight lines have been drawn through the experi-
mental points in Figure I and hence equation (1) is shown
to be obeyed. The lines for the different compounds are
also approximately parallel indicating that the constant G
is independent of the degree of branching in the poly-
urethane and hence must be a parameter associated with
the base constituents of the rubber. Similar results® were
found on a series of SBR vulcanisates of differing cross-
link densities.

Failure envelope

Work on both amorphous and strain-crystallizing
vulcanized rubbers has shown that the energy input to
break (Up) is related to the strain at break (eg) up to the
maximum extensibility of the network (epmax.) by a
relationship of the following form:

(2974) Us=A(es)? V)
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Figure 1 Variation of energy input to break with reciprocal of
absolute temperature for branched polyurethane rubbers. O,
Mix A; x, mix B; A, mix C; @, mix D
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Figure 2 Variation of reduced energy input to break for branched polyurethane rubbers with (a) strain at break and (b) strain at break

multiplied by Vel/2, O, Mix A; x, mix B; A, mixC; @, mix D

where A is a constant and T is the temperature of test. The
energy is reduced by the term 294/T to allow for the
temperature dependence of rubberlike elasticity as pre-
dicted by the kinetic theory?®. This relationship is a modifi-
cation of the ‘failure envelope’ approach of Smith!0, 11
and others!2 who plot stress or real stress at break against
the strain at break. The use of the parameter, energy
input to break allows, however, a quantitative relation-
ship between the failure parameters to be derived.

The variation of energy input to break with strain at
break is shown in Figure 2a. The results as predicted by
equation (2) produce a square law relationship, up to the
maximum extensibility of the network (egmax.), but are
displaced along the strain axis.

Earlier work® 6 on natural and styrene-butadiene
rubber has shown that at the same energy input to break,
the strains at break are in the ratio of their respective Ve!/2
values provided that the strains are below the maximum
extensibility of the network. Ve represents the number of
network chains per unit volume of the rubber network
and is usually expressed in mol/cm3. The value of Ve can

be obtained from the equilibrium modulus E, by the
following relationship!3, 14;

E,=3VeRT 3)

where R is the gas constant.

It is usually assumed that in the case of branched
polymers Ve, which represents the number of chains
between effective crosslinks of vulcanized rubbers,
includes chains between the branch points.

At high temperatures (about 100°C), the hysteresis was
negligible and hence the polyurethane rubbers were con-
sidered to be in a equilibrium condition. The modulus at
these temperatures could therefore be considered as the
equilibrium value and values of Ve were obtained by use
of equation (3). These are shown for the four mixes in
Table 2.

The strains at break of mixes A-D were multiplied by
their respective Vel/2 values and the resulting graph is
shown in Figure 2b. The agreement between the four
mixes on this type of graph is shown to be remarkably
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Table 2 Values of Vet/2

Mix Vel/2 (mol/cm3)1/2
A 1-39x 1072
B 1-66% 102
Cc 2-07x10°2
D 2-36x 1072

good and therefore the equation to the line for different
crosslink densities can be expressed as

( 294

where B is a constant.

C)

a )UB=BVeezB

COMPARISON WITH VULCANIZED RUBBERS

A similar graph to that shown in Figure 2a was found in
an earlier investigation® into the failure properties of
natural rubber vulcanisates and this is shown in Figure 3a.
It is found that a square law relationship predicted by
equation (2) is obeyed for three vulcanisates cured with 1,
2 and 4 phr (phr=parts per hundred) dicumyl peroxide.

investigation, agreement between the vulcanisates on this
type of graph was obtained by multiplying the strains at
break for the 2 and 4 phr dicumyl peroxide vulcanisates
by the ratio of the respective Vel/2 value to the value of
Vel/2 for the 1 phr dicumyl peroxide mix.

The results shown in Figure 3b have, however, been
obtained by multiplying the strain directly by Vel/2 and
hence can be used as a direct comparison with branched
polyurethane rubber results shown in Figure 2b.

A similar graph was obtained from work® on styrene—
butadiene rubbers of differing crosslink densities and the
composite plots for the three systems are compared in
Figure 4. 1t is seen that the generalized failure relationship,
equation (4), is approximately the same line for the three
different polymer systems, amorphous, crystalline and
branched, and is given by:

294

Us e =(1x109)Vess, )

if Up is expressed in joules/cm3,

CONCLUSIONS

The tensile failure properties of a typical branched poly-
ester polyurethane have been compared with earlier work

Values of Ve for these mixes was obtained from the on natural rubber and styrene-butadiene rubber
data of Porter (personal communication). In this early vulcanisates.
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atural rubber with 1 phr dicumyl peroxide; x, natural rubber with
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Figure 4 Variation of reduced energy input to break with strain at
break multiplied by Vel/2 for natural rubber-dicumyl peroxide
cured vulcanisates (x ), sulphur cured SBR vulcanisates (@) and
branched polyurethane rubbers (O)

Although the low values of hysteresis at break excluded
from the present investigation a comparison of the
hysteresis properties and their effect on failure, a similar
type of relationship to that found in vulcanized rubbers
between energy input to break and reciprocal of absolute
temperature has been established. The constant in this
equation appeared to be independent of the degree of
branching of the polyurethane.

The square law relationship between energy input and
strain at break was found to be obeyed by polyurethane
elastomers and correction by a parameter from rubber
elasticity theory unified the results as found for both
natural and styrene-butadiene rubber. The relationship
was found, however, to be the same for the three polymer
systems and hence must represent a basic material

property.

The work on SBR and natural rubber showed that
vulcanisates filled with various concentrations of carbon
black could also be correlated on the energy input to
break/strain at break graph by multiplying the strains at
break of the filled vulcanisates by a hydrodynamic factor,
(X) first derived by Guth and Gold!5 for expressing the
viscosity of a liquid containing small spherical particles to
that of the liquid alone and given by:

X=1+25c+141c? (6)

The general failure relationship then can be expressed
as

Up=(4-1x 103)Ve(Xep)? (7

which is obeyed by amorphous, crystalline and branched
polymers at different degrees of crosslinking, whether
filled or unfilled.
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Birefringence of plastically deformed
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S. Raha™ and P. B. Bowden

Department of Metallurgy and Materials Science, University of Cambridge,
Pembroke Street, Cambridge CB2 3QZ, UK
(Received 2 September 1971)

The birefringence of poly(methyl methacrylate) (PMMA) has been studied for
samples deformed plastically in plane strain compression. The results have
been analysed in a semi-quantitative manner based on the theory of birefringence
for rubbers. The results suggest that the molecular chains are bound by
cohesion points which are dissociated by increasing temperature or under the
influence of plastic strain. It is suggested that these cohesion points can be

attributed to interactions between the dipoles of the ester side groups.

INTRODUCTION

A reliable theory of plastic yield in amorphous polymers
has yet to be established. An early theory that localized
adiabatic heating caused the temperature to increase to
the glass-transition temperature (7¢) has been disproved
and has been replaced by the belief that stress induces a
reduction of the T¢ to the test temperaturel. Bryant’s
tensile recovery experiments? on a modacrylic fibre have
been interpreted as showing a progressive reduction of the
T¢ with increasing strain. Andrews and Kazama3 have
shown that there is a stress—temperature equivalence in
the creep curves of poly(vinyl chloride) (PVC). Others4: 5
have preferred to consider a stress-induced increase in
free volume which may be regarded either as an equivalent
statement to the above or an intermediate step leading to
an apparent lowering of the 7¢. Attempts have been made
to relate the volume increase accompanying tensile strain to
an increase in free volume®. Litt and Koch® have
presented evidence that an applied uniaxial stress
allows internal stresses to relax in all three dimensions,
both in the direction of the applied stress and per-
pendicular to it. The conclusion drawn was that the
free volume increase at yield produced a condition
analogous to that at the 7@ An apparent conflict
arises in extending this simple volume expansion hypo-
thesis to the case of compression where, on similar
arguments to the tensile case, there would be a reduction
in free volume. On the basis of the concavity of the curve
of volume decrease with increasing compressive stress,
Whitney and Andrews? have postulated that the total

* Present address: ICI (India) Private Limited, ICI House, 34
Chowringhee, Calcutta 16, India
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volume decrease in compression contains a positive
contribution from an increase of ‘plastic volume’, but
applying their argument to the tensile case would lead to
the prediction of a plastic volume decrease in tension. A
consistent model embracing both tensile and compressive
situations has not yet been produced but there is accumu-
lating evidence that a state analogous to the glass transi-
tion plays a crucial role in yield. Associated with such
theories should be a model of what yield entails on the
molecular scale. The precise molecular motion involved is
a matter of conjecture although it is evident that the
movement of whole polymer chains relative to one
another does not occur. The irrecoverable flow that this
would imply is inconsistent with observations8; nor does
it provide an adequate explanation of strain-hardening.
Melt-viscosity measurements show that units of length
several orders of magnitude smaller than the macro-
molecular chain length are the effective units in mechani-
cal properties?, and co-operative motions between
similarly short sections are generally ascribed to be the
motion operative at the T¢.

Treloar!® commented that the discrepancy between the
theoretical and experimental stress-strain behaviour of
rubber could be attributed to the breakdown of cohesion
points under certain states of strain. Vincent! visualized
rigid plastics as a tighter network (i.e. with more frequent
cohesion points) than allowed for in normal rubber
elasticity theory. The cohesion points were likely to be of
secondary valence forces and as the material was stressed
these bonds would be broken. As the number of effective
cohesion points was reduced, the material would become
‘less like diamond and more like rubber’, with consequent
reduction in the modulus. Bartenev and Zuyevll con-
sidered deformation in terms of a spatial network of
temporary nodes and concluded that with increasing



Birefringence of plastically deformed PMMA : S. Raha and P. B. Bowden

stress the probability of renewal of the temporary nodes
decreased and the average number of broken nodes grew.

To these proposals should be added that unloading or
stress relaxation will create the renewal of cohesion points
(nodes) tending towards the thermal equilibrium value.
Vincent!, and Whitney and Andrews?, among others,
have noted that the stress relaxation following an inter-
ruption in loading apparently ‘hardens’ the material and
that a second yield point may be exhibited on reloading.
Nielsen!? feels that the shape of the creep curve is
indicative of the progressive decrease in the number of
cohesion points on stretching. He reports that when creep
is interrupted, the creep curve may on reloading be
identical to the first curve provided a sufficiently long rest
period has been allowed and after correction for the small
amounts of non-recoverable deformation from the first
test, suggesting that in the intervening time the number of
cohesion points was restored to the equilibrium concen-
tration.

The basis of the work to be described is a study of the
structural changes associated with yield in glassy poly-
mers. Some of the results on polystyrene and poly(methyl
methacrylate) (PMMA) have already been reported else-
where!3 and we shall be concerned here more specifically
with the birefringence results obtained on PMMA.
Measurements of birefringence during loading and after
unloading were made on samples deformed in plane-
strain compression over a temperature range 20°C to
190°C. These have been analysed in a semi-quantitative
manner to present further evidence of the nature of
cohesion points in PMMA and their breakdown at yield.

BIREFRINGENCE

The results have been analysed in terms of the theory of
the birefringence of rubbersl* which considers the change
in angular distribution of optical anisotropic units on
deformation. The theory gives the result:

Agy=nz—ny=CNa(A2— A2) (1

where nz, ny are the refractive indices in the x and y direc-
tions respectively, and N is the number of ‘chains’ per
unit volume, a ‘chain’ referring to a segment between two
cohesion points. The quantity « is the polarizability
anisotropy of a repeat unit of the molecular chain and A,
Ay are the extension ratios in the x and y directions.

The precision of the results and the assumptions in-
volved do not justify attempts at a more rigorous analysis
by considering advances from this simple theory such as
applying the modified statistics for short chains!®. It is
appreciated that extension of such a theory to glasses is
questionable, particularly for birefringence under stress
where non-equilibrium distortions certainly take place in
addition to the ‘orientational’ birefringence considered by
the theory of rubbers. In the discussion below we shall
show that the theory may be an adequate representation
of the birefringence of drawn material in the absence of
external stress. Quantitative appraisal of stress-birefrin-
gence data is precluded by the lack of an established
general theory for the birefringence of glasses. Neverthe-
less, trends in the magnitude and sign of the birefringence
under stress provide qualitative information on molecular
behaviour.

Polarized

B

Figure 1 Experimental arrangement for plane strain compression
and schematic diagram of sections cut from deformed specimens
for observation in the optical microscope

SAMPLES AND EXPERIMENTAL METHOD

Samples were cut from 1:6 mm thick sheets of commercial
ICI ‘Perspex’. The cut surfaces were polished to allow
optical measurements by grinding on emery paper flooded
with water followed by polishing on a soft cloth impreg-
nated with ‘Silvo’ metal polish. Samples were annealed at
110°C for a day and cooled over the space of another day
to eliminate any residual strains and absorbed moisture.

Details of the experimental arrangement have been
previously described!3. The arrangement is shown sche-
matically in Figure 1. Samples of width 25 mm were com-
pressed in plane strain between polished and lubricated
parallel dies 6:35mm wide which were longer than the
specimen width. The dies could be heated to 150°C with a
temperature control accurate to +3°C. Birefringence
measurements under load were made by isolating the
5461 A line of a collimated mercury arc source and view-
ing through the specimen width between the dies. On
compression the central region of the sample became
bright and dark as successive extinctions occurred. The
retardation was calculated from the order of the extinc-
tion. Intermediate measurements were made by inserting a
six-order Berek compensator which was also used to
check the sign of the birefringence and to measure the
birefringence of samples after unloading. For measure-
ments after unloading sections were cut out of the sample
as shown in Figure | and then polished to a thickness of
about 0-:2mm by a procedure similar to that described
above.
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Figure2 Relationship between (negative) birefringence and strain
for PMMA during loading and unloading in plane strain com-
pression at 22°C. O, A, A denote measurements during loading.
Loading was interrupted at points A (A, A) B(v,¥)and C(O, @)
and the load reduced to zero

RESULTS

Birefringence measurements were made on PMMA
under load. Up to yield, the birefringence field was
homogeneous. Figure 2 shows the relationship between
birefringence and strain observed during loading and un-
loading at 22°C. A typical stress-strain cycle correspond-
ing to the first point of interrupted loading (A in Figure 2)
is shown in Figure 3. Tt is evident that birefringence is a
univalued function of strain almost up to the yield point
and is not related to stress in any obvious way. This is
further borne out by interrupting the loading at some
point before yield and holding the material at constant
strain. Although there is a relaxation of stress there is no
noticeable change in the birefringence. Similarly, although
the elastic modulus increases with increase of strain-rate,
the relationship between birefringence and strain under
load remains the same. This relationship appears to be
linear and reversible up to approximately 109 strain. As
diffuse shear zones initiate from the die-corners, the
birefringence field becomes inhomogeneous!3. It is still
possible to measure the birefringence increase with con-
tinued straining at any fixed point of the specimen. Since
the variation of birefringence across the specimen is small
(about 10%) the measurement of birefringence at a fixed
point will remain a close approximation to the overall
birefringence behaviour with continued straining beyond
yield, although the absolute magnitude of the birefrin-
gence will vary from point to point until the region of the
minimum of the stress—strain curve when the birefrin-
gence field becomes approximately homogeneous once
again. The birefringence-strain relationship under load
up to 509 nominal strain is shown in Figure 4. In the
region of yield there is a marked decrease in the magnitude
of the gradient 8(— An)/8c. Beyond yield, the birefrin-
gence-strain path is not retraced on unloading (Figure 2),
the birefringence being smaller at each strain whilst
unloading.
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The strain-birefringence measured under load at a
constant strain rate of 3-6 x 10-4sec~1is shown in Figure 5
as a function of temperature. At strains below 29 the
strain-optical coefficient is independent of temperature.
As temperature is increased the divergence from a linear
strain-birefringence relationship occurs at lower strains
so that above 29 strain the negative birefringence
decreases with increasing temperature,

80|
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Figure 3 Stress-strain curve for PMMA deformed in plane strain
compression at 22°C at a strain rate of 5-0x10-4sec~l. The
specimen was loaded to the point A (below the yield point) and
then unloaded at the same strain rate. Birefringence measure-
ments during the loading and unloading portions of the curve are
plotted in Figure 2
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Figure 4 Relationship between (negative) birefringence and
strain for a PMMA sample deformed in plane strain compression
at 22°C at a strain rate of 5-1x10-4sec~1, Measurements were
made under load
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Figure 5 Birefringence of PMMA under load as a function of
nominal strain at a strain rate of 3-6x10~4sec~!. Results were
obtained at 20°C: O, A, V; 70°C: A, V¥, R; 80°C: +, @; 90°C:
[1, x. The results for 40°C and 60°C have been omitted for clarity

Discussion of birefringence data under load

The observation that the birefringence of PMMA under
stress is a single-valued function of strain has also been
made by Kolsky!6 from tensile experiments. Le Grand!?
and Read!8 have measured the dynamic birefringence of
PMMA over the temperature range —130°C to +140°C
and the frequency range 3 x 10-3 to 16 Hz. Their results
show that the strain-optical coefficient at low strain is
independent of temperature and frequency between 20°C
and 80°C which is the approximate temperature range of
our measurements. Below 20°C the strain-optical coeffi-
cient becomes increasingly negative with decreasing
temperature or increasing frequency. In contrast, the
stress-optical coefficient is constant up to 20°C and then
becomes increasingly negative between 20°C and 80°C.
This is in accordance with our results since a constant
strain-optical-coefficient and a decreasing elastic modulus
with increasing temperature leads immediately to an
increase in the stress-optical coefficient. Above 80°C the
negative stress-optical coefficient passes through a maxi-
mum and the stress-optical coefficient becomes positive
above about 150°C18-20,

The variation of optical properties with temperature
has been attributed to rotational isomerism within the
ester side-groupt?- 21, Read!® has shown how enhanced
freedom of rotation within the ester group leads to a
decreasingly negative polarizability anisotropy of a repeat
unit. Andrews and Hammack2? stretched samples of
PMMA at a temperature ‘slightly higher than the 7¢” and
then cooled them to ambient temperature maintaining the

stretching load. On temperature-cycling their oriented
samples below the T¢, they found the birefringence of the
samples to be a reversible function of temperature.
Furthermore, the changes in birefringence occurred in-
stantaneously with change of temperature with no
observable time-delay effects. The instantaneous rever-
sible nature of the birefringence rules out large-scale
molecular rearrangements and suggests that the observed
birefringence is a thermal equilibrium value associated
with the thermal energy of the material. Clearly thermally
induced side-chain rotation would be consistent with the
observations. However, Andrews and Hammack’s obser-
vations were on pre-oriented samples in the absence of
external stress and their conclusions are not wholly rele-
vant to the stressed condition. They indicated the dis-
agreement of the trends in their data with other data in the
literature. Checking the literature we find that the
reference data were strain-birefringence measurements on
PMMA samples under stress in contrast to Andrews’s
experiment. More precisely, Andrews’s results show a
gradual fall of negative birefringenee with temperature
increase from —200°C to + 100°C with no indication of
the region of constancy between 20°C and 80°C observed
by us and by Read, nor the changes in slope of the
birefringence-temperature plot below —100°C observed
by Trapeznikova. Andrews’s birefringence measurements
were made below the T¢ and since the birefringence
extrapolated to zero in the region of the T he assumed
that the birefringence would become positive above the
Tc. We feel that this assumption is incorrect. Moreover, it
is in direct contrast to the results of Trapeznikova and
Zhurina?? and Peukert?3 who observed the positive
birefringence at high temperatures only in the presence of
applied stress and reported that the positive birefringence
could not be ‘frozen-in’ on removal of the stress even with
very rapid cooling. Read!® has shown that even complete
freedom of rotation of the ester group does not produce a
positive polarizability anisotropy unless transverse iso-
tropy of the C=0 bond is assumed. We feel that the data
from the two types of experiments can only be reconciled
by the presumption that in the stressed condition the
side-chains are distorted and that these distortions relax
on removal of the stress. In a relaxed condition in the
absence of external stress, as in Andrews’s experiments,
the observed birefringence would be independent of these
distortional forces and will reflect the thermal equilibrium
value associated with side-chain motion. In the following
section we will show that the enhanced freedom of the
ester group may be a consequence of thermal dissociation
of dipole-dipole interactions which bind the ester groups.
Since the conclusions of that section are relevant to
birefringence observation under stress it is convenient to
discuss the results of this section more fully at that stage.

Residual birefringence after deformation and relaxation:
evidence for thermal dissociation of cohesion points

A serious complication to the analysis of the birefrin-
gence of a glass in a stressed condition is the presence of
distortional or non-equilibrium situations. However, if
the material is deformed beyond yield, unloaded, and
allowed to relax, it is plausible that the birefringence
refers to an equilibrium conformation. On this basis we
have endeavoured to examine the orientational contribu-
tion to the strain-birefringence relationship in the absence
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of a distortional contribution. Samples were deformed
through yield to a series of strains, unloaded and allowed
to relax at the temperature of deformation. The tempera-
ture range investigated was 22°C to 100°C. The time
required for the birefringence to reach a constant relaxed
value was found to be several minutes at 100°C, 10h at
50°C, and approximately 100h at 22°C. In each case
measurements were made only after a time greater than
these minimum times and the results were re-checked at
successive intervals afterwards. To eliminate the effect of
the intrinsic temperature dependence of birefringence
observed by Andrews and Hammack?9, all the samples
were slowly cooled to room temperature (22°C) after
relaxation and all the birefringence measurements were
made at this same temperature on polished sections of the
deformed samples.

Figure 6 shows the relationship between birefringence
and strain after relaxation for samples deformed at 22°C
and 100°C (cf. Figure 8). We emphasize the point that the
‘100°C’ curve refers to samples that have been deformed
at 100°C and relaxed after unloading at 100°C and have
subsequently been slowly cooled to 22°C at which tem-
perature the birefringence measurements have been made.
Birefringence has been plotted against (AZ—AZ) where
Ay, Az, are respectively the extension ratios in the com-
pression direction, and the direction perpendicular to this
and the long axis of the dies (Figure I). By the theory of
birefringence for rubber mentioned at the beginning of
the paper the birefringence in the x—y plane would cor-
respond to equation (1).

The fall in the gradient of the plot with increasing
strain or temperature may be attributed to a decrease in «
or a decrease in N. Although Andrews and Hammack sug-
gested that « was dependent only on the temperature of
birefringence measurement they did not prove con-
clusively that this was so. Remembering that our bi-
refringence data refer to the same temperature of mea-
surement we shall show that a decrease in « is inconsistent
with observations. If a sample deformed at 22°C is heated
to 100°C, allowed to reach equilibrium and then cooled to
22°C for birefringence measurement, the birefringence
falls from A to B. There is a small decrease in strain and a
large decrease in (negative) birefringence. If now at 22°C
the sample is re-deformed to a slightly higher residual
strain, the birefringence increases to the region of C. If
the birefringence changes are attributed solely to changes
in « then the only change that would produce a birefrin-
gence increase of the magnitude observed in traversing
from B to C is rotation of the ester group as a whole.
From consideration of the magnitude of the changes in
strain-optical coefficient with temperaturel® and the
changes effected by substituting bulkier side-groups for
the methyl group in the side-chain? it has been shown
that only limited rotation within the ester group exists
below the glass-transition temperature and that rotation
of the ester group as a whole is extremely unlikely.

On the assumption that the changes are attributable
solely to changes in o« we are also faced with the following
inconsistency. Consider two rotational isomers a, b of
which b has the lower negative polarizability anisotropy.
The decrease in slope of the birefringence-strain plots
with increasing strain or temperature is attributed to an
increase in population of the b isomer to the a isomer.
Thus in traversing the paths O to A to B, the population
of b is successively increased. In traversing BC the stain is
increased, yet in contradiction to our original hypothesis
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we need to propose an increase in the population of ¢ to
account for the increase of birefringence.

If instead we propose a model where the density of
chains N is a function of temperature and strain, a con-
sistent picture is obtained. Since the cohesion points
determining the density of chains are likely to be due to
secondary valence bonds, it is plausible that they should
be subject to dissociation as a result of increasing thermal
energy or the distortional forces produced by continued
straining. We visualize that, at a constant temperature,
increased strain causes a breakdown of cohesion points so
that the chain conformations correspond to a decreasing
value of N. In common with the models discussed in the
introduction, it is assumed that rubber-like freedom is
introduced at yield, permitting' the use of Treloar’s
theory. On unloading intermediate cohesion points
reform so that on relaxation the number of cohesion
points is at the thermal equilibrium value. Assuming
limited chain mobility below the glass-transition tempera-
ture the chains will, however, have retained the conforma-
tion corresponding to the decreased value of N. This
would have been ‘frozen’ by the formation of new inter-
mediate cohesion points preventing any significant
molecular rearrangement. Figure 7 shows the effect of
annealing temperature on a series of residual strains after
yielding at 22°C. At each temperature annealing was
continued until any further strain relaxation was in-
appreciable. It can be seen that the extent of the recovered
strain is not strongly dependent on the magnitude of the
initial orientation suggesting that molecular rearrange-
ment occurs only to a limited extent characteristic of the
temperature rather than the value of the strain. Further-
more, large-scale rearrangement does not occur until the
neighbourhood of the T¢ (110°C). Returning to the
temperature cycle of Figure 6, heating of sample A to

wn
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Figure 6 Residual birefringence of a sample of PMMA deformed
at 22°C, heated to 100°C, cooled to 22°C and then deformed fur-
ther at 22°C. The sample was initially deformed at 22°C and
unloaded. The strain and birefringence then corresponded to the
point A. In the unloaded state it was heated to 100°C and held at
this temperature for several hours until further strain relaxation
could not be detected. After slowly cooling to 22°C, the bire-
fringence and strain corresponded to the point B. On re-deform-
ing the sample at 22°C and unloading, the birefringence and
strain were in the region of C
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Figure 7 Eftect of annealing temperature on PMMA samples
deformed to a series of strains at 22°C. At each temperature the
samples were annealed until further strain relaxation was inap-
preciable. The time required for this anneal decreased from
10h at 50°C to 0-5h at 100°C

100°C would produce chain conformations correspond-
ing to the reduced thermal equilibrium value of cohesion
points at 100°C. On cooling to 22°C new intermediate
cohesion points will form so that at the time of the
birefringence measurement, although the number of
cohesion points is increased in the thermal equilibrium
value at 22°C, the chains will have retained the conforma-
tion corresponding to the reduced value at 100°C. On
subsequent deformation at 22°C the birefringence increase
will be determined by the thermal equilibrium value at
22°C and will increase accordingly along BC.

Strain-induced dissociation of cohesion points

Stein and Norris?4 have presented a model in which each
chain was regarded as having a limited extensibility deter-
mined by its contour length. Our results indicated that the
maximum extension proposed by this model was an
underestimate of the extensions attainable in PMMA but,
owing to specimen damage, they were confined to too low
strains to confirm this point. However, Shishkin and
Milagin’s data2> on PMMA appear to show that exten-
sions are possible in excess of the predictions of this
model and Rider (personal communication) has shown
this explicitly for PVC. In view of the probable weakness
of cohesion points formed from secondary valence bonds
and the distortional forces which must be set up on
stretching a system of predominantly rigid links it seems
likely that as the strain is increased cohesion points will
break progressively, leading to an increase in the effective
number of molecular chains per unit volume. This would
lead to a relation of the form

SN
— 5% N )
where « is the applied compressive strain. Longer chains
will contain more links and will be capable of extending

further before the cohesion points are broken. (Strictly
speaking the parameter used to describe strain should be a
function such as [(Az — Ay)| or | | which is positive for both
tensile and compressive strains since any plastic strain
will cause a decrease in N. Wé have used ¢ for con-
venience.)

Integrating equation (2) gives:

N=Nj exp(—ke) 3)

where N is the thermal equilibrium value of chain density
prior to any breakdown of cohesion points as a result of
strain and k is a constant determined by the extensibility
of the chains. Ng will itself be a function of temperature so
equation (1) may be rewritten:

Angy=CNo(T).o(A2— A)exp(—ke) “@

For plane strain compression Ay=1—e¢ and A;=1/(1 —¢)
assuming that the volume is constant. Measurements of
birefringence and strain are made in the relaxed state and
in this condition we could not detect any changes in
volume with the accuracy of a density gradient column
(+£0-1% change in density). Equation (4) can be re-
arranged to give:

K

log1o =log1o[CNo(T).o] - 2.3€ (5)

(7\2 °

Thus a plot of log[Anzy/(A2— A2)] against € should give a
straight line of slope —k/2-3 and intercept log[C. No(T )a].
Figure 8 shows the experimentally determined points and
Figures 9a and b are plots of log[An,, /(A7 — A})] against €
for deformations in the temperature range 22° to 100°C.

wn

Negative birefringence x I0%

i 1 i |

O I-O 5 20
Strain (Af-Ay)

Figure 8 Relationship between residual birefringence and resi-
dual strain for PMMA after deformation and relaxation at a series
of temperatures. After relaxation at the temperature of deforma-
tion all samples were slowly cooled to 22°C and birefringence and
strain measurements were made at this temperature. (0, 22°C;
A, 60°C; v, 70°C; W, 80°C; 1, 90°C; @, 100°C
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Figures 9a and b Plots of logio[ An/f(A)] against € for PMMA in accordance with equation (5) to determine CNox and k
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Within experimental error the plots are linear and
Figures 10 and 11 show the variation of (CNy«) and k with
temperature determined from the intercepts and slopes of
Figures 9a and 9b. Since C and « are assumed constant at
the temperature of measurement Figure 10 reflects the
variation of Ny with temperature. No extrapolates to zero
at the glass-transition temperature (110°C for this
material). We anticipate that finer measurements around
the 7¢ and above would show continued dependence of
No on temperature as the character of the controlling
cohesion points altered from secondary valence bonds to
more widely spaced mechanical entanglements. The
influence of mechanical entanglements is apparent even in
the melt?. Though the curve drawn for k in Figure 11 is
only one of several that could have been drawn through
the experimental points, it is clear that k£ falls steadily
with temperature increase as may be expected from the
increased thermal mobility of each link with increase of
temperature permitting a greater degree of flexibility
between cohesion points displaced by strain. The extra-
polated value of zero in the region of the T is consistent
with the well-known rubbery behaviour above the T

Thermal dissociation of cohesion points: evidence for
dipole-dipole association

The temperature dependence of Ny may be examined
further. Suppose we attribute a dissociation energy £, (per
mole of repeat units) to the cohesion points. On the as-
sumption that the thermal dissociation of the secondary
bonds is governed in some way by a Boltzmann distribu-
tion of energy modes, the number of bonds with energy
less than E, is proportional to [I —exp(— Eo/RT)] so
that:

No(T)= A"+ B[l —exp(— E4/RT)] (6)

where A’ and B’ are constants. A’ refers to the number of
points which are not subject to significant thermal
influence e.g. points of mechanical entanglements and
side-branching. Implicit in the foregoing discussion of
strain-induced bond dissociation has been the assumption
that A’ is much smaller than the term containing B’
Since C and « are constants, equation (6) may be
rewritten:

CNo(TYx=A+ B[l —exp(— Ea/RT)] (7)
Putting 0=1/T, this gives:

5 _ BE. Edf

and

8 | E.0
log1a BQ(CN()OL):D— L e

223 R ()

where D is a constant.

A plot of log[8(CNox)/30] against 6 should then give a
straight line of slope — E£4/2:3R. Figure 12 shows such a
plot of the experimental points. From the gradient £, is
calculated to be 5:9(+0-5)kcal/mol. The dissociation
energy could equally have been derived from the tem-
perature dependence of the equilibrium constant of an
association—dissociation reaction. It yields an equation

identical with equation (8). Mark?é lists a table of co-
hesive energies of secondary valence bonds determined
from heats of vaporization. For the dipole-dipole inter-
action of —-COOCH 3 groups he quotes the figure of
5-6 kcal/mol.

Several assumptions have been used in these calcula-
tions and need to be clarified. Stein and Norris’s sugges-
tion24 of a distribution of chain lengths is likely to be
correct. Our data are insufficiently precise to distinguish
between this and an ‘average value’ approach and, ac-
cordingly, No(T) must be regarded as an average over all
the chains. It is unlikely that each segment of the molecular
chain will be in an identical environment and one must
presume a spectrum of cohesive energies in accordance
with a spectrum of segmental separations of which, once
again, the calculated value must be some average. Mark’s
dipole interaction figure® must be a similar average value.
Niklas and von Schmeling?? have given a more critical
discussion of the possible distribution of energy modes
which is likely to be more complex than a simple Boltz-
mann distribution. The form of equation (6) would,
however, be relatively unchanged, certainly within the
precision of our measurements. although constants such as
A’ and B’ would be modified.

From the calculated values of (CNyx) and experi-
mental values for C and « in the literature, Ny may be
estimated. The refractive index of Perspex for the wave-
length of light used for the birefringence measurements is
1-48. From this C is calculated to be 1:67. From the
limiting values of the strain-optical coefficient at low and
high temperatures and the height of the strain-optical
relaxation peak Read!® has calculated the polarizability
anisotropy at 20°C to be between —10-2x [0~25¢m? and

30
o=/ =103 (K"

Figure 12 Plot of log10{8/(CNyx)86} in accordance with equation
(8) to determine Ea
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—87x10-25¢m3. His calculations are based on the
changes in the side-group. If we introduce the concept of
an increase in chain length with increase of temperature,
the mean value of « is slightly raised to approximately
10 x 10-25cm3. Substituting these values in our data for
CNoa, Ny is approximately 12 x 1021¢cm—3 at 22°C and
1:9x 1021 cm=3 at 100°C. From the measured density of
1-19 g/cm?® for PMMA this is equivalent to a chain length
of six segments at 22°C and forty segments at 100°C.
From the melt viscosity measurements on PMMA,
mechanical entanglements are thought to be spaced by
about 400 segments?® so that the assumption that dis-
sociable interaction points are the controlling parameter
below the T is justifiable.

Shishkin and Milagin2® have analysed the elastic
modulus data of McLoughlin and Tobolsky2® in the
temperature range 30° to 112°C on the basis of a ther-
mally activated dissociation process of secondary bonds
and have found that the temperature dependence of the
modulus indicates a dissociation energy of 5-5kcal/mol.
They also measured the dependence of birefringence on
stretching temperature and found an activation energy of
approximately 5 kcal/mol. This paper was unknown to us
during the course of our work and, although our conclu-
sions are similar, there are marked differences between
our birefringence data and theirs. This may be attribut-
able to the fact that after orientation their samples were
cooled under stress which raises the possibility of frozen
distortions or non-equilibrium structures. Andrews and
Kimmel30 have shown for polyacrylonitrile that there is a
distinct difference in the magnitude and the temperature
dependence of birefringence depending on whether the
material is cooled under load or after relaxation and this
is likely to be true generally. Shishkin cites unpublished
work by Veselovskii and Matveev showing that the inter-
molecular cohesive energy of the —COOCH3s bonds
determined from dielectric measurements on solutions of
PMMA in toluene is 6-4 kcal/mol. In the absence of any
specification by Mark of the material used to determine
his figure of 5-6 kcal/mol the higher figure may be more
directly relevant to PMMA.

In view of the above work and ours there seems strong
evidence that intermolecular secondary valence bonding
in PMMA is attributable to dipole-dipole interactions
and that increased strain beyond yield or increasing
temperature causes dissociation of these bonds. 1t is pos-
sible that the pre-yield part of the stress—strain curve is
associated with the distortional extension that the chains
can sustain before strain-rupture of the secondary bonds
occurs. If there is no large-scale molecular rearrangement
involving breakdown of the cohesive bonding the
birefringence-strain curve is retraceable on unloading. At
yield some limiting chain extensibility condition is
reached and rupture of secondary bonds occurs. Sub-
sequent chain conformations are retained on unloading as
new intermediate cohesion points form, and the bi-
refringence-strain path is no longer retraceable. On un-
loading and relaxation the oriented samples will contain
the thermal equilibrium value of cohesion points. On re-
loading each sample will show similar strain-birefringence
curves until the limiting extensibility condition is again
reached and the material will yield once again. As
secondary bond rupture increases the chain length and
consequently the chain extensibility (equation 2), the
modulus would be expected to fall and the material will
strain-soften. The extent of the strain-softening will be
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Figure 13 Stress-strain curves for a PMMA sample compressed
at 20°C. The sample was successively loaded, unloaded and then
loaded again. The unloading portions of the curves have been
omitted for clarity. The strain axis refers to the strain calculated
from the original undeformed thickness

determined by the counter-effect of strain-hardening due
to an increased number of covalent bonds opposing the
stress!, so that with increasing orientation a decreasing
extent of strain-softening will be observed in practice as is
shown in Figure 13.

As a check of this model it is necessary to estimate
whether a sensible amount of distortional energy is avail-
able at the yield point to provoke rupture of secondary
bonds. Since E, is the dissociation energy per mole of
repeat units, the energy of a single bond is (Eq/A) where A4
is Avogadro’s number. As a simple approximation Ny
chains will have associated with them N cohesion points
so that the total energy per unit volume will be E,Ny/A,
which, for No=12x1020cm—3 at 22°Cis 5 x 108ergcm—3,
At 22°C the yield stress is 13kgmm=2 and occurs at a
strain of 159, so the energy density is approximately
(13 x 108 x 0-15)ergcm~3 which is 108 ergcm~3. Thus the
order of magnitude of the energy available at yield is
consistent with the energy required for bond dissociation.

Since the model associates a distortional mode with the
elastic portion of the stress-strain curve a quantitative
appraisal of the birefringence-strain relationship under
stress is not possible. In the absence of any data on bond
polarizabilities in a stressed condition or precise informa-
tion on the distortional influences on the highly polarizable
side-groups it is not possible to carry out a rigorous
analysis.

CONCLUSIONS

Although several assumptions have been made in the
foregoing discussion, the model of dissociable cohesion
points produces a consistent picture of many of the
features of the mechanical and optical behaviour of
PMMA. In common with other suggestions in the litera-
ture our results support the view that these cohesion
points are attributable to interactions between the dipoles
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from the ester side-groups. In the undeformed condition
the concentration of these interaction points is governed
by thermally activated dissociation. Strain-induced
rupture of the secondary bonds occurs during yield and
subsequent drawing.
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Linear, high molecular weight
poly(2-alkyl-4-vinyl-6-(dialkylamino-
methyl)phenols) and poly(2,6-bis
(dialkylaminomethyl)-4-vinylphenols)
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Poly(2-alkyl-4-vinyl-6-(dialkylaminomethyl)phenols) and poly(2,6-bis(dialkyl-
aminomethyl)-4-vinylphenols) were prepared in high yields from poly(3-alkyl-4-
vinylphenols) or poly(4-vinylphenol), by a Mannich-type reaction. Some pro-
perties of the new poly(aminomethylvinylphenols) are given, and their solubility
behaviour is discussed.

INTRODUCTION
—CH,~CH-
Tertiary amino polymers have potential applications in CH.O. R'NH
some fields of experimental surgeryl. They may show - 2 >
pharmacological properties, owing to their ability to Dioxane, 100°C
interact with biological macromolecules such as
heparin!- 2, and the N-oxides of many of them have been | OH B T
extensively studied as antisilicotigen agents, with con- — X —-CH,~CH-
siderable success3. Furthermore, polymers which have I, R=CHs

both a phenolic hydroxyl and an amino group in the 11, R = CH(CH3),
monomeric unit may be expected to show other interesting

properties. For example, they might act as chelating Ry'N-CH; :
agents?, and probably also as macromolecular inhibitors L OH

as the related poly(4-vinylphenols) and poly(2-alkyl-4- -
vinylphenols) do5. I, R=R'=CHj3;

The synthesis and properties of several poly(2-alkyl-4- _ R
vinyl-6-(dialkylaminomethyl) phenols) and poly(2,6- IV, R=CHs; R, =(CHo)s
bis(dialkylaminomethyl)-4-vinylphenols) are reported V, R=CH(CHs)z; R'=CHs
here. This work was mainly performed in order to find new
polymers for biological and pharmacological purposes. Under similar conditions, poly(4-vinylphenol) (VI)
It is part of an extensive research on the synthesis of gave poly(2,6-bis(dialkylaminomethyl)-4-vinylphenols):
tertiary amino polymers®.

Some crosslinked polymers having the structure of — -
poly(2-aminomethyl-4-vinylphenol) have been previously —~CH,-CH-
prepared? by reaction of ammonia with the correspond-
ing chloro- or bromo-methyl derivatives. To our know- CH,0, R,;NH
ledge, however, no linear polymers such as that described Dioxane, 100°C
in the present paper have so far been described.

OH ]
L — x f_ ~CH,—CH-

SYNTHESIS AND PROPERTIES OF THE POLYMERS A\ |

When high molecular weight poly(2-alkyl-4-vinylphenols)
were allowed to react in a suitable solvent, such as dioxane,
with an excess of formaldehyde and a secondary amine, a OH
smooth Mannich reaction ensued and poly(2-alkyl-4- - 1 ox
vinyl-6-(dialkylaminomethyl)phenols) were obtained in VIL. R=CH

very high yields. The degree of substitution, as indicated P TS

by elemental analysis, was essentially complete: VIII, Re=(CH32)s

R,N—CH, CH,NR,
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Although we limited our investigation to dimethyl-
amino- and piperidino-derivatives, the above reactions
may be reasonably expected to be quite general, thus
opening a facile and apparently clean route to several
amino derivatives of poly(vinylphenols), which would not
be easily accessible, in a pure state, by other means.

Elemental analysis and viscosity data of the new poly-
(aminomethylvinylphenols) are given in Table /. By con-
sidering the intrinsic viscosities, it does not seem probable
that a significant change in the average molecular weight
generally occurs during the reaction.

The poly(aminomethylvinylphenols) were white
powders, with a very poor wettability with water, on
whose surface, when dry, they usually floated. Some
solubility data on these polymers are given in Table 2. As a
rule they are insoluble in lower alcohols, with the excep-
tion of VII, but they are all soluble in aromatic hydro-
carbons and chlorinated solvents.

On the other hand, the parent poly(vinylphenols)3. 7
were easily soluble in alcohols, but insoluble in aromatics
and most chlorinated solvents. This also holds true for
other similar, high molecular weight poly(vinylphenols).
such as poly(3-vinylphenol)® and even poly(2-t-butyl-4-
vinylphenol) (unpublished results), in spite of the bulki-
ness of the 2-substituent in the latter.

In our opinion, this different behaviour of the two
classes of polymers is not probably due to steric effects
only. It is known that when both the nature of the
chemical groups involved and the geometry of the
molecule are favourable, the formation of intramolecular
hydrogen bonds commonly takes place in 2-substituted
phenols®. Therefore, a strong intra-mono-molecular
hydrogen bond may be expected to be formed between
the phenolic hydroxyl and the tertiary amino groups in the
monomeric unit of the poly(2-alkyl-4-vinyl-6-(diatkyl-
aminomethyl)phenols):

Table 1 Elemental analysis and intrinsic viscosities of poly(2-alkyl-4-vinyl-6-(dialkylaminomethyl)phenols), and of poly(2,6-bis(dialkyl-

aminomethyl)4-vinylphenois)

[n] of the parent

Compound Formula of the monomeric unit [n]* poly(vinylphenol)t Elemental analysis (%)
—-CH,—CH-
Hi 0-54 0-49 Calcd: C, 75-35; H, 8-96; N, 7-32
Found: C, 75-19; H, 8-80; N, 7-30
(CH4),N—-CH, CH,
OH
CH,-CH-
v 0-50 0-49 Calcd: C, 77-88; H, 9:15; N, 6-06
Found: C, 77-76; H, 9-02; N, 6-20
N-CH, CH,
OH
—CH,-CH-
\Y 1-36 1-55 Caled: C, 76-67; H, 9-65; N, 6-39
Found: C, 76-47; H, 9-53; N, 6-21
(CH,4),N—CH, CH(CH,),
OH
—CH,—CH-
Vil 0-35 0-32 Calcd: C, 71-75; H, 9-46; N, 11-95
Found: C, 71-90; H,9-35; N, 11-77
(CH;);N—-CH, CH,N(CH;),
OH
—CH,-CH-
Vill 0-32 0-27 Calcd: C, 76-39; H, 9-62; N, 8-91

{ N-CH, CH,N )

ot

Found: C, 76-55; H, 9-75; N, 8-87

* in chloroform at 30°C (100cm?/g)
1 In 2-butanone at 30°C (100cm3/g)
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[ ]
—~CH,-CH-
R CH,
O NR;
\H,'
T — X

The same should occur also in poly(2,6-bis(dialkyl-
aminomethyl)-4-vinylphenols), perhaps with a tauto-
meric shift of the hydrogen bond from one amino group
to the other and wvice versa. Tt is also known that for
ortho-substituted phenols in which intramolecular hydro-
gen bonds are possible, intermolecular hydrogen bonding
may be reducedl®. Consequently, poly(dialkylamino-
methylvinylphenols) may be expected to be less easily
solvated than poly(vinylphenols) by hydroxylated solvents
through hydrogen bond formation. For the same reason,
the formation of intermolecular hydrogen bonds, such as
are probably responsible for the insolubility of high
molecular weight poly(vinylphenols) in aromatic and
related solvents, should be consistently depressed in
poly(aminomethylvinylphenols), thus allowing the latter
polymers to dissolve in most of these solvents.

The poly(aminomethylvinylphenols) are very weak
acids. Most of them, in fact, do not seem to react with
aqueous diluted sodium hydroxide, unlikely the parent
poly(vinylphenols). On the other hand, these new
polymers appear to be fairly strongly basic. The latter
property is of interest in view of some biological applica-
tions!- 2,

EXPERIMENTAL

Poly(2-methyl-4-vinyl-6-(dimethylamino-
methyl)phenol) (11T

To a cooled solution of 7-7g poly(2-methyl-4-vinyl-
phenol) (I)> in 170 ml dioxane and 16 g dimethylamine,
17-2ml of aqueous 38 % formaldehyde were added drop-
wise while stirring. The reacting mixture was allowed to
warm up spontaneously at room temperature, and then
refluxed for 3 h. The mixture was poured into an excess of
saturated NaCl solution; the precipitated III was col-
lected, washed with water, dried and finally purified by
dissolving it in benzene and reprecipitating in n-heptane.
The yield, apart from mechanical losses, was practically
quantitative.

Poly(2-methyl-4-vinyl-6-(piperidinomethyl)phenol) (IV )

The same procedure as in the previous case, starting
from 3-04g of I, 70ml dioxane, 17-4ml piperidine and
6-8 ml formaldehyde solution was used. The polymer (IV),
also obtained in essentially quantitative yield, was
recovered and purified in the same way.

Poly(2-isopropyl-4-vinyl-6-(dimethylamino-
methyphenol) (V)

Starting with 1-4g poly(2-isopropyl-4-vinylphenol)
(IN)%, 30ml dioxane, 2-6g dimethylamine and 3 ml
formaldehyde solution, the same procedure was adopted.
Isolation and purification were performed in a similar
manner. The yield of V was essentially quantitative.
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Table 2 Solubility data on poly(2-alkyl-4-vinyi-6-(dialkylamino-
methyl)phenols) (111-V), and poly(2,6-bis(dialkylaminomethy!)-4-
vinylphenols) (VI and VilI)*

Compound

\' Vil VHI

<

Solvent

n-Heptane

Benzene

Toluene

Dioxane

Chloroform

Carbon tetrachloride
Methanol

959%, Ethanol
n-Butanol

Acetone
2-Butanone

Ethyl acetate

Water

1% ag. acetic acid
5% aq. sodium hydroxide

=2
o>

-w? OO T Lo nn -
=T

—_—wm T OO N T TTn0nnn =
= OO0
OO TTBOO NN nwnnn -

*=gsoluble; sh=soluble at the b.p.; sw=swells; i=insoluble

Poly(2,6-bis(dimethylaminomethyl)-4-vinylphenol) (VII)

Using 4g poly(4-vinylphenol) (VI)?, 200ml dioxane,
17-5 g dimethylamine and 22-6 ml formaldehyde solution
in a similar procedure, the mixture was finally refluxed for
12 h. The product was isolated as previously, and purified
by dissolving in a little dioxane and reprecipitating with
water. The yield was over 90 9.

Poly(2,6-bis(dipiperidinomethy!)-4-vinylphenol) (VIII)

The same method as used previously, starting with 4 g
VI, 46 ml piperidine and the same quantities of dioxane
and formaldehyde solution was employed. The polymer
(VIII) was isolated and purified as described before. The
yield was over 90%,.
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Preparation of carbamoylated polyethylenimine
and its flocculation property*

Norio Ise, Hiroyuki Moritani and Tsuneo Okubo

Department of Polymer Chemistry, Kyoto University, Kyoto, Japan

(Received 3 January 1972)

In 1828 Wohler discovered the conversion of ammonium
cyanate into urea:

NH + OCN-=(NH2);CO 0

Cyanate ions were later found to be reactive also to
primary and secondary amino cations!. Thus it is to be
expected that polymers having primary and secondary
amino groups such as polyethylenimine and poly(L-
lysine) would react with cyanate anions to produce
carbamoylated polymers.

In this work we investigated carbamoylated polyethylen-
imine derived from polyethylenimine and cyanate ions by
an interionic reaction process:

+
—CH2>-CH>-NH>- + OCN-=-CH>-CH>-N-

CONH: (2)

Carbamoylated polyethylenimine (carb. PEI) was
prepared by mixing poly(ethylenimine hydrochloride)
(PEI'HCI) with silver cyanate or with sodium cyanate.
Polyethylenimine was obtained from the Nippon Shyo-
kubai Chemicals Co., Osaka, Japan (P-1000). The fraction
of the tertiary amino groups was found to be 0-25 by
acetylation. Silver cyanate was obtained by the method of
Warner and Warrick?. Sodium cyanate was commercially
available.

A solution of PEI'-HC! (0-180equiv./l; 1000 ml) was
mixed with a slight excess of silver cyanate (27-1 g) with
strong agitation and silver chloride was filtered off after
centrifugation. The aqueous solution of poly(ethylen-
imine cyanate) (PEIFOCN) was then kept for 24 h. The
solution was then frozen and dried under vacuum: a
white powder (yield 959%;) was obtained.

The degree of carbamoylation of the primary and
secondary amino groups of PEI was 0-99 as determined
by the Volhard method. The carbamoylation reaction
proceeded almost quantitatively. The degree of carba
moylation could be easily changed by varying the amounts
of NaOCN and AgOCN.

The results of the elemental analyses of PEI-HCI and
999, carb. PEI are shown in Table 1. The calculated
values were obtained by assuming that PEI is composed
of secondary amino groups (75%) and tertiary amino

* Presented in part at the 28th Annual Meeting of the Research
Institute for Chemical Fibers, Japan, on 8 October 1971.

Table 1 Elemental analyses of PEI-HCI and 999, carb. PE!

H C N Cl 0]
PEI-HCI obsd. (%) 8-45 357 17-7 32-4 0
cald. (%) 7-55 30-2 17:6 447 0
999, carb. obsd. (%) 8-74 45-6 251 2:23 190
PEI cald. (%) 7-33 44-0 32:7 0 160

groups (25%). The agreement between observed and
calculated values is reasonably good.

The infra-red (i.r.) spectra of PEI-HCI and 999 carb.
PEI were taken using an infra-red spectrophotometer,
model IR-27 (Shimazu Manufacturing Co., Kyoto,
Japan). The peaks of 720, 1370, 1458, 2861, and
1919cm~! are due to ethylene groups and appeared in
both samples of PEI'HCI and carb. PEI. The peaks of
primary amide groups at 3050-3200, 1650 and 1640cm™!
appeared in carb. PEI, whereas they disappeared in
PEI-HCI. Furthermore, the absorption band at 1655¢m~!
ascribed to the secondary amide group existed in 999,
carb. PEI but not in PEI-HCI. Thus, the main structure
of the new polymer will be concluded to have carbamoyl
groups attached to the nitrogen atom of the secondary
amino group.

Carbamoylated polyethylenimines for flocculation test
were prepared by mixing PEI'HCI and NaOCN as
follows: PEI (product of Dow Chemical Co., Separane
C-120) was diluted to 1-:065 equiv./l and neutralized with
2M HCI. 0, 3-70, 1111, 18-51, and 27-77g of sodium
cyanate (commercially pure grade) were added to five
fractions of PEI-HCI solutions (250 ml for each). The
degrees of carbamoylation attained after 24 h were 0, 19-9,
58-0, 94-0 and 98-0%,, respectively. A suspended solution
of kaolin (100ml) and a certain amount of a carb. PEI
solution of 0-1% concentration were mixed in a measur-
ing cylinder with a stopper, and the pH of the solution
was adjusted with NaOH. The resulting mixture was then
suspended completely by rapidly turning the cylinder up
and down 10 times. Then, the velocity of precipitation
was recorded. After 10 min the transparency of the super-
natant liquid at 660 nm and the precipitate volume were
read. All measurements were performed at 20 + 2°C.

Figure I gives the flocculation velocity of a 1%, suspen-
sion of kaolin at pH 8-0. The flocculation velocity is
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20
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Figure1 Precipitation velocity of aqueous 1% kaolin suspension
(pH=8"0) with carbh. PEIl. A, 0%; @, 19:9%; A, 58%,; x, 94%,;
O, 98%.

clearly larger with carb. PEI than with PEI, especially
when the degree of carbamoylation is over 90 %;. It should
be noted that the increase in the flocculation velocity
becomes larger when the pH of the suspension is high.
For example, the velocities for the 29/ kaolin suspension
at pH 107 and at flocculant concentrations of 30-
100 ppm were 2-4, 4-6, §-14, and 19-21 cm/min for the
carb. PEI with degrees of carbamoylation of 0, 19-9, 58-0
and 98-0%, respectively. It should be further noted that
the flocculation velocity with polyacrylamide could not be
measured because of the unclear precipitate interface
under the present experimental condition.

The maximum value of the transparency did not de-
crease by carbamoylation of PEI (Figure 2). The amount
of polymer required for the attainment of the maximum,
however, increased with increasing degree of carbamoyla-
tion. For comparison, the effectiveness for the trans-
parency of a cationic derivative of polyacrylamide
(CPAAm) and polyacrylamide (PAAm) were also shown
in the Figure. Both samples did not give satisfactory
transparency. The fact that the efficiency for the trans-
parency was not depressed by the carbamoylation will be
attributed in part to the ionizable tertiary amino groups
of carb. PEI remaining unreacted with OCN-,

100

Transparency (%)

PRI PP SN

| o 1
O 10 20 30 40 50
Flocculant added {ppm)

Figure 2 Transparency of supernatant liquid of aqueous 1%
kaolin suspension (pH=8-0) with carb. PEIl. A, 0%; @, 19-9%;
A, 58%; %, 94%; O, 98%; ——--, PAAm; ..... , CPAAmM

25

Precipitate volume (ml}

O 10 20 30 40 50
Flocculant added {ppm)

Figure 3 Precipitate volume of aqueous 1% kaolin suspension
(pH=8-0) with carb. PEl. A, 0%,; @, 19-9%; A, 58%; x, 94%;
O, 98%, ----, CPAAm

The volume of precipitate decreased with increasing
degree of carbamoylation especially in the range larger
than 0-9 as is shown in Figure 3.

A detailed account of this work will be published
shortly.

REFERENCES

1 Frost, A. A. and Pearson, R. G. "Kinetics and Mechanism’, 2nd
edn, John Wiley, New York, 1961

2 Warner, J. C. and Warrick, E. L. J. Am. Chem. Soc. 1935, 57,
1491
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Polysaccharide synthesis from
mono- and oligo-saccharides by the
action of phosphorus pentoxide in
dimethyl sulphoxide®

Shigehiro Hiranot, Naoki Kashimura, Noboru Kosaka
and Konoshin Onodera

Department of Agricultural Chemistry, Kyoto University, Kyoto, Japan
(Received 10 August 1971)

Phosphorus pentoxide-dimethyl sulphoxide (P4010~-DMSO) was found predomi-
nantly to catalyse the polymerization reaction of carbohydrates at below 35°C and
the oxidation reaction at 60-65°C. A series of new synthetic polysaccharides
were prepared from mono- and oligo-saccharides including 2-acetamido-2-
deoxy-D-glucose and hexuronic acids in up to 48% yield by the action of P4O10~
DMSO at 10-25°C. These synthetic polysaccharides showed s20,y 0:68-1-34S,
and the degree of polymerization fell in 15:3-4-7 monosaccharide units per
polysaccharide chain on the basis of reducing end-group assay. A structural
analysis by the methylation of the synthetic glucan (2) revealed «-1,4- and
a-1,6-glucosidic linkages as main chains with various branchings. The syn-
thetic polysaccharides contained 1-3-15-9%, phosphorus, but the linkages are

unknown.

INTRODUCTION

In previous years, a number of attempts have been made
to synthesize naturally occurring polysaccharides and the
related polymers of increasing interest from biochemical
and industrial points of view!. Fischer and Delbriick? first
reported a procedure for the synthesis of an oligosac-
charide from substituted monosaccharides by the action
of P4O10. Since then, the simple principle in that a water
molecule is eliminated with P4O1¢ has been applied to the
synthesis of various glycosides and polysaccharides from
mono- and oligo-saccharides without significant success.
In 1961, Micheel et al.3 prepared a series of branched
polysaccharides from mono- and oligo-saccharides by the
action of P40 in the presence of HCl or HBr as catalyst
in dimethyl sulphoxide (DMSO). In the course of our
studies on catalytic action of phosphorus compounds4-7,
we found, in addition to the oxidation4: 8, the formation of
polysaccharides (O-glycosides) and glycosylamines (N-
glycosides) by the action of P4O1¢ without any addition of
catalyst in DMSO at below 35°C. More recently, Huse-
mann and Miiller® prepared a cellulose-like polysaccharide

* Presented at the annual meeting of the Agricultural Chemical
Society of Japan, Tokyo, 1-4 April 1965, and a preliminary note of
the present work appeared in a footnote of ref. 4

+ To whom inquiries should be addressed. Present address:
Department of Agricultural Chemistry, Tottori University, Tottori,
Japan
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from 2,3,6-tri-O-(N-phenylcarbamyl)-D-glucopyranose by
the action of P40 in DMSO-CHCIl3. Independently
Mizunol® confirmed P4O10 as a good dehydrating agent
for polysaccharide synthesis in DMSO and prepared a
series of polysaccharides from monosaccharides. Partial
structural analysis of the synthetic galactan and xylan
indicated considerable branchings!!.

The present work reports that P4O10-DMSO catalyses
polycondensation and oxidation depending on the reac-
tion temperature. The synthesis of a series of new
synthetic polysaccharides is described. These are prepared
from mono- and oligo-saccharides including 2-acetamido-
2-deoxy-D-glucose and hexuronic acids by the action of
P4O10-DMSO at 10-35°C. Furthermore, a structural
analysis by the methylation of the synthetic glucan (2) is
for the first time described.

EXPERIMENTAL

Analytical methods

Hexoses and pentoses were analysed by the anthrone
method!2, hexosamine by the Elson-Morgan method13,
hexuronic acids by the carbazole method4, phosphorus
by the Allen method!5, and reducing sugar values by both
the ferricyanidel® and 3,5-dinitrosalicylic acid!? methods.
Sedimentation patterns were obtained with a synthetic

“boundary cell at 59 780 rev/min with a Spinco Model E
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ultracentrlfuge in ~1% solution of the sample as dis-
solved in 0-15M KCI. Sedimentation constants are
expressed as sg0,. Tiselius electrophoresis was carried
out in two different buffer solutions at 4-0-4:5°C: (a)
sodium borate (01 M), pH 8-98, n 0-15, 9-8mA; (b)
acetic acid-sodium acetate (0-1M), pH 50, u 0-10,
10-0 mA. Periodate oxidation was carried out at 4-0°C in
the dark!8, and the periodate consumed is calculated in
terms of the corresponding monosaccharide unit which is
free of phosphorus. Infra-red (i.r.) spectra were recorded
with a Shimadzu AR-6spectrometer in Nujol or KBr pellet,
and optical rotatory dispersion (o.r.d.) with a JASCOauto-
matic recording spectropolarimeter with 1%, solution of the
sample at 17°Cinwater. Paperchromatography wascarried
out on Toyo Roshi No. 51 filter paper by descending method
with a solvent: 1-butanol/ethanol/1 9% ammonia (4 : 1 : 5,
v/v), and the alkali silver nitrate reagent was utilized for
the detection of reducing sugars. Enzyme digestion was
carried out with «-amylase originated from Asperigillus
oryzae (Sigma Chemical Co.) at 35°C at pH 5-5, and with
B-amylase originated from barley malt (Sigma Chemical
Co.) at 35°C at pH 5-01°.

The change of specific rotation was measured during
the mild acid hydrolysis of the synthetic polysaccharides:
each of the polysaccharides was dissolved in 1-0% con-
centration in both 0:01 N and 1:-0 N HCI and the solution
was hydrolysed in a boiling water bath. Specific rotation
was measured with a Yanagimoto direct reading
polarimeter.

General procedure for polysaccharide synthesis

To 50ml of anhydrous DMSO, 10g of P40 were
added in small portions with stirring to produce a homo-
geneous solution in an ice bath. To the solution was
added 10g of the corresponding carbohydrate or the
mixture, and the solution was shaken at 15-35°C for 3-5
days. In some cases, 0-5 g of dried Dowex SO(H™) resin was
additionally added as a catalyst to the reaction mixture at
the beginning of the reaction. The reaction mixture was
poured into a large volume of acetone, and the mixture
was stirred to produce an amorphous product. The super-
natant solution was decanted and the residue was dis-

I
m&ﬁ

1 1 [ - i L I 1
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cm™!
Figure 1 Infra-red spectra at each step of the methylation of

synthetic glucan (2). (a) Synthetic glucan (2); (b) after Hakomori's
methylation (Found: CH3O, 35:6%); (c) after Hakomori and
Purdie’s methylations (Found: CH3O, 38-8%,); (d) after Hakomori,
Purdie and Kuhn's methylations (Found: CH30, 41-7%)

solved in ~300ml of ice water. The solution was dialysed
against running water through a cellophane tubing for
two days and concentrated in vacuo at below 45°C to give a
syrupy product. Residual DMSO was removed from the
syrup by evaporating three times after addition of 50 ml
each of 1,4-dioxane. The polysaccharide thus obtained
was precipitated by addition of five volumes of acetone.
The mixture was kept at room temperature for 24 h. The
precipitates produced were collected by centrifugation,
washed with ether and dried over calcium chloride in a
desiccator (see Table I).

Structural analysis by the methylation of the synthetic
glucan (2)

The synthetic glucan (2) (5-0 g) was dissolved in 200 ml
of DMSO. The methylation was carried out by Hako-
mori’s procedure2?, twice by Purdie’s procedure of con-
tinuous refluxing for 5 days?l, and finally by Kuhn’s
procedure of treating for continuous 6 days22, Further
methylation did not give the increase of methoxyl content.
No OH absorption was detected in 3000-3500cm—!
region in the ir. spectrum (see Figure I). Yield, 4-2g;
[«]3+74° (¢ 1-0, methanol). Calcd for (CoH160s5)n:
CH30, 45-6%,. Found: CH30, 41-2%.

The fully methylated product (3g) was refluxed in
200ml! of 85% HCOOH for 1h and then refluxed in
200ml of 0-5N H2SOy4 for 17h. After neutralizing with
solid BaCQg3, the filtrate was concentrated in vacuo to a
syrup {2-8 g). Paper chromatography indicated nine spots
of methylated D-glucoses. At the first step, the hydro-
lysate was separated into four fractions of mono-, di-, tri-
and tetra-O-methylated D-glucoses by the preparative
paper chromatography (Whatman 3MM). At the second
step, the mono-O-methyl fraction was separated into three
compounds, the di-O-methyl fraction into three com-
pounds and tri-O-methyl fraction into two compounds,
respectively by the second preparative paper chromato-
graphy (see Table 4).

Spot 1. The fraction was 2,3,4,6-tetra-O-methyl-p-
glucose which was identified by mixture melting point and
i.r. spectroscopy as 2,3,4,6-tetra-O-methyl- N-phenyl D-
glucopyranosylamine: m.p. 138-139°C; [«]J}#+230° (c
0-5, acetone); reported2? m.p. 137-138°C; [a]p+228-
239-5° (acetone). Caled for C16H25NO5: CH30, 3999,
Found: CH30, 40-39;.

Spot 2. The fraction was 2,3,4-tri-O-methyl-D-glucose
which was identified by mixture melting point and i.r.
spectroscopy as  2,3,4-tri-Q-methyl- N-phenyl-D-gluco-
pyranosylamine: m.p. 150°C; [«]}f — 103° (¢ 0-7, ethanol);
reported2? m.p. 150°, [«]Jp—103° (ethanol). Calcd for
C15H23NOs: CH30, 31-3%,. Found: CH30, 30-6%.

Spot 3. The fraction was identified by mixture melting
point and ir. spectroscopy as 2,3,6-tri-O-methyl-a-D-
glucopyranose: m.p. 120-122°C, [a]ff +83 - +20° (c
0-2, water); reported?s m.p. 121-123°C, [a]p+90 —
+70-5° (water). Calcd for CoH1306: CH30, 41-9%.
Found: CH30, 41-3%.

Spot 8. The fraction was identified by mixture melting
point,i.r.and nuclear magnetic resonance (n.m.r.)spectros-
copies as 3-O-methyl-a-D-glucopyranose: m.p. 161°C, [«]}f
+85— +56° (¢ 0-3, water); reported2® m.p. 160-161°C,
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Table 1 Polysaccharide synthesis from mono- and oligo-saccharides

Reaction condition

Synthetic Yield
polysaccharide Carbohydrates used for polycondensation Temperature (°C)  Time (h) (%)
1) D-glucose* 20-35 120 48
(03] D-glucose 35 120 48
(3) D-glucose and «-D-glucose-1-phosphate (K salt) (1000 : 1, w/w) 30-35 120 45

4) D-glucose 10-15 340 0-5
(5) 2-acetamido-2-deoxy-D-glucose* 20-35 72 24
6) 2-acetamido-2-deoxy-D-glucose 35 72 38
7 L-arabinose 35 72 12
(8) D-xylose 35 72 36
9) D-xylose and xylan (4 : 1, w/w) 15 72 45
(10) D-xylose and xylan (100 : 1, w/w) 15 72 39
1) lactose* 20-35 120 24
(12) lactose 10-15 340 5
(13) maltose 10-15 340 16
(14) cellobiose 10-15 340 11
(15) 2-acetamido-2-deoxy-D-glucose and D-glucose (1 : 1, w/w) 10-15 340 14
(16) D-glucofuranuronolactone and D-glucose (1 : 1, w/w) 10-15 340 15
a7 2-acetamido-2-deoxy-D-glucose and D-gluco furanuronolactone (1:1,w/w) 10-15 340 12

* Dry Dowex 50(H*) was used as a catalyst (see text)

[«]p +104 — +55° (water). §(D20)3:61 (s 3H, MeO-3),
520 (d 1H, H-1, J1,2 3-0Hz).

Other spots could not be crystallized, but a tentative
assignment of the spots was carried out by paper chroma-
tography with the reference of reported Ry values??. 28
(Rig: mobility rate on the paper chromatogram with
reference to 2,3,4,6-tetra-0-methyl-p-glucose) (Table 4).

RESULTS AND DISCUSSION

P40190-DMSO catalyses not only the oxidation but also
the polycondensation of carbohydrates. Maximum yield of
the oxidation products was obtained in the reaction at
60-65°C as reported in our previous papers? 8, On the
other hand, maximum yield of the synthetic polysac-
charides was obtained in the reaction at 30-35°C (see
Table I1). 1t was found that the reaction temperature
influences significantly to the type of predominant
reactions. The yield of the synthetic polysaccharides was
up to 48 %, which is in agreement with a reported result!l.
Catalytic action of Dowex 50(H*) was not significant in
the polymerization reaction. This indicates that P4O10
may act as dehydrating agent as well as acidic catalyst.
The reaction with methyl-a-D-glucopyranoside, ao-D-
glucopyranose-1-phosphate and methyl-2-acetamido-2-
deoxy-a-D-galactopyranoside did not produce the cor-
responding polymer. This substantiates the view that the
polysaccharides have mainly glycosidic linkages.

It is of interest to examine an action of naturally
occurring polysaccharides as a starter or an action of
monosaccharide phosphates as an intermediate in the
polycondensation reaction. The experiments were carried
out in the polycondensation of D-xylose in the presence of
natural xylan and in the polycondensation of D-glucose in
the presence of «-D-glucopyranose-1-phosphate (see
Table I). As a result, no significant action of these com-
pounds was found in the yield and the physical properties
of the products.

The synthetic polysaccharides are soluble in water and
DMSO, and the 15 % aqueous solution showed almost no
viscosity in comparison with water.
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The synthetic polysaccharides were hydrolysed with
2N H2SO4 at 100°C for 8-16h. Paper chromatographic
examination indicated mainly the corresponding mono-
saccharide (~90 %)) together with one or two minor spots
which are considered to be oxidized products. The
detailed structure of the minor spots is unknown. Partial
acid hydrolysis (1IN H2SO4 at 100°C for 30 min) of the
synthetic glucan (2) showed more than two spots of oligo-
saccharides in small quantity in addition to the large
amount of D-glucose. One of the spots was identical with
maltose on paper chromatogram. In the case of hetero-
polycondensation, (15)showed an equivalent proportion of
the component sugars, but the proportion was changed in
(16) and (17), with which low contents of uronic acid was
observed. The synthetic polysaccharides contained 1-3-
20-9% phosphorus. The phosphorus could not be
removed by repeating the procedure of mild methano-
lysis?9, and the treatment was attended with partial
degradation of some glycosidic linkages of the poly-
saccharides (see Table 2).

The synthetic polysaccharides showed relatively narrow
distribution 'in the molecular weight from behaviour in
sedimentation patterns. The s20, w fell in 0-69-1-348S.
Tiselius electrophoresis revealed that each of the poly-
saccharides consists of two or more components. These
results indicate no typical difference of molecular weight
with regard to the products, but there is some hetero-
geneous distribution of the phosphorus content. Reduc-
ing values of the products is relatively high in comparison
with that of naturally occurring polysaccharides and the
value indicates the degree of polymerization in 15-3-4-7
monosaccharide units per polysaccharide chain. The
high reducing value may be due to the participation of
new reducing groups produced in a small quantity during
the polymerization by partial oxidation of the polymers*, 8
or by decomposition of DMSOS.

The stability of the polymers towards dilute acid
solutions was characteristic of pyranoside linkages more
than furanoside ones or acyclic ones®?-32, and the change
of specific rotation during acid hydrolysis suggests occur-
rence of the predominance of «-D- or S-L-configuration.
Moreover, the a-D-configuration was confirmed by both
the positive plain curves in the o.r.d. analysis and the
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Table 2 Analysis of the synthetic polysaccharides

[
Carbohydrate (%) Reducing sugar value* (c1-0,
Sample Uronic N P Periodate  water)
Hexose Hexosamine Pentose acid (%) (%) S20, w Method 1 Method 2  oxidationt (degrees)

(1) 69-0 — — — — 7-0 0-90 14-7 9-3 1-62 +87-5
@ 72-0 — — — — 71 n.d. 13-2 10-4 1.12 +87-5
3) 70-7 —_ —_ — — 6-9 0-80 126 9-6 0-90 +88:0
(6) — 526 — — 4-13 3-6 1-34 17-6 n.d. 0-89 +27-0
%) — — 65-0 — 12-0 0-69 13-3 n.d. 1-65 +20-0
(8) —_ —_ 40-0 — — 15-9 n.d. n.d. 6-5 n.d. +15-0
) — — 50-0 — — 11-0 n.d. n.d. n.d. n.d. +10-0
(10) — — 30-0 — — 20-9 n.d. n.d. n.d. n.d. +8:0
11) 76-5 —_ —_ —_ — 4-7 111 n.d. 9-6 0-73 +24-0
12) 66-8 — — — —_ 6-4 n.d. n.d. n.d. n.d. +35-0
(13) 83-9 — — — —_ 1-3 1-27 13:0 10-8 1-02 +95-0
(14) 47-6 — — —_ —_ 35 1-00 20-9 n.d. n.d. +17-3
(15) 49-3 40-6 — —_— 2-04 3-5 0-86 14-6 n.d. n.d. +6-1
(16) 415 — — 9-4 —_ 6-5 0-83 15-0 n.d. n.d. +42-3
17) — 66-3 — 15-6 3-68 2-3 0-89 n.d. n.d. 10-0 +12-0

* Method 1, the 3,5-dinitrosalicylic acid method; method 2, the ferricyanide method
1 Periodate consumed during 150h per monosaccharide unit (moles)

850cm-1 absorption in the i.r. spectra. (7) showed a
positive plain curve in the o.r.d. analysis, which supports
B-L-configuration (see Table 3). It is of interest to note
that (1) was not hydrolysed with any of «- and B-amylases,
but (2) was hydrolysed with only a-amylase. On the other
hand, both the enzymes hydrolysed (13). These observa-
tions were on the basis of increase of the reducing sugar
values in the reaction mixture. This indicates a structural
difference between the synthetic glucans (1) and (2). (1)
was prepared in the presence of Dowex 50(H*) and (2) in
the absence of the reagent. The selective oxidation of
primary hydroxyl groups in (1) and (2) with nitrogen
dioxide?3 did not produce any of uronic acids, which were
examined by the carbazole reaction. The iodine reaction
for starch was negative for (1), (2), (3), (4), and (13).

Structure of the synthetic glucan (2)
Hakomori’s methylation procedure did not give the

ments (Found: CH3O, 35-6%,). As shown in Figure I,
successive methylations by Hakomori, Purdie and Kuhn’s
procedures gave a fully methylated product, which
showed almost no OH absorption. Further additional
methylations did not increase the methoxyl contents. The
methoxyl content as observed is ~49% less than that
calculated. This may be due to the presence of oxy-
methylene bridges as originated from DMSOS, partly
oxidized products?: 8, and phosphorus.

The recovery of total methylated derivatives was in
549 yield. As shown in Table 4, molar ratio of tetra-, tri-,
di- and mono-0-methyl-D-glucoses was in 4 :5:2:5: 1.
1n the tri-O-methyl fraction, the molar ratio of 2,3,4- and
2,3,6-tri-O-methyl-D-glucoses was in ~1 :1. Taking
a-D-anomeric configuration into consideration as de-
scribed above, it is concluded that the synthetic glucan (2)
has «-1,4- and «-1,6-glucosidic linkages as main chains
with various branchings. Especially it is noteworthy that
almost the same amount of tri-O-methyl fraction was

fully methylated product of (2) even after twice treat- tetra-O-methyl-D-glucose originating from the non-
Table 3 Infra-red and o.r.d. data of the synthetic polysaccharides
Nujol
v max (cm—1)* o.r.d. (c 1-0, water, 17°C) (degrees)
Sample COO- -CONH- P=0 Anomeric 700 600 500 400 350 300nm
1) _ — 1240w 850w +38 +72 +158 +303 +418 + 638
2) — — 1240w 850w n.d.
(3) — — 1240w 850w +3 + 66 +154 +307 +430 + 655
(6) — 1640-1670s — - n.d.
7 — - 1230w — +17 +18 +33 +58 +75 +84
8) — — 1240w - +10 +10 +18 +29 +33 +48
9) — — 1260w — n.d.
(10) — — 1260w — n.d.
(11) — — — - +20 +25 + 32 +52 +67 +100
(12) — - 1240w — n.d.
13) — —_ — 850w +70 +90 +130 +210 +295 + 425
(14) — — 1240w — +2 +16 +30 +62 +93 + 148
(15) — — — 850w +5 +14 +45 +65 +176 +108
(16) 1630-1650w  — 1240w 850w +24 +39 +66 +130 +17 +249
7n 1640-1670s 1640-1670s  — 850w n.d.

* In addition to these absorptions, strong absorption of HO at 3300-3400cm~! appeared in all samples

s, strong; w, weak
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Table 4 O-Methyl derivatives of D-glucose as isolated from the
acid hydrolysate of the fully methylated product of synthetic
glucan (2)

Paper chromatography

Spot  (Rig)* Assignment
of O-methyl- Yieldt Molar
Solvent1  Solvent 2 D-glucose (mg) ratio

1 1-00 2,3,4,6- 550 4-0
2 0-79 2,3,4-

3 o0n 2,3,6- 647 50
4 0-54(0-57) 0-65(0-66) 2,3-1

5 0-49(0-51) 0-50(0-51) 2,6-f 301 2-5
6 0-44(0-46) 0-62(0-61) 2,4-1

7 0-37 0-44 Not assigned

8 0-32 3- 133 1-0
9 0-31 0-41 Not assigned

* Rig, mobility rate on the paper chromatograms with reference to
2,3,4-tetra-O-methyl-D-glucose. Solvent 1, 1-butanol/ethanol/1%
ammonia (4 : 1 : 5, v/v). Solvent 2, 1-butanol/ethanol/water (4 :1 : 5,
v/v)

1 The synthetic glucan (2) (5-0g) was used for the methylation.
The recovery of the methylated fractions was in 54% yield

t Tentative assignment on the basis of paper chromatography

reducing end group. The presence of a large amount of
the tetra-O-methyl fraction may be because of low
molecular weight of the synthetic glucan. This is also in
agreement with the high reducing value.
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Note added in proof.—A further proof of polymer was
obtained by the molecular weight analysis according to
the Archibald method3? (time=38min, 7=299°C,
w?=1:3633 x 106). Molecular weights of (3), (6) and (11)
are calculated as 7600, 16000 and 9500, respectively, by
assuming the partial specific volumes34 of (3)and (11) to be
0-613 and that34 of (6) to be 0-666.
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L. R. G. Treloar

Department of Polymer and Fibre Science, Universily of Manchester Institute of
Science and Technology, Sackville Street, Manchester M60 1QD, UK
(Received 14 September 1971)

The Flory-Huggins theory of the swelling of a crosslinked rubber by a liquid of
low molecular weight is applied to the problem of a cylinder subjected to com-
bined axial extension and torsion about the axis. Equations are developed which
enable the radial distribution of stress, strain and swelling to be derived. For the
case when the torsion is small an explicit (approximate) expression is obtainable
for the change of swollen volume (AV/V) resulting from the torsion. The effect
is a reduction of swollen volume by an amount proportional to the square of the
torsion. For large torsional strains the problem can only be solved by numerical
computation, using an iterative process. This is illustrated by a typical numerical
example, in which the radial distributions of stress, strain and swelling are
calculated and compared with the approximate distributions valid for small

torsional strains.

STATEMENT OF PROBLEM

The equilibrium degree of swelling of a crosslinked rubber
immersed in an organic liquid and subjected to strain has
already been examined theoretically for the case of a pure
homogeneous strain of the most general typels 2, and also
for particular types of strain, such as simple extension or
uniaxial compression3. Experiments involving both
simple extension and uniaxial compression® have been
found to give a dependence of equilibrium 'swelling on
strain in quantitative agreement with the theory, the
swelling increasing in the case of extension and decreasing
in the case of compression.

The relation between swelling and strain for a rubber
cylinder subjected to torsion can be treated on the same
basis as that employed in the problems previously
examined. Although no new physical principles are
involved, the treatment is, however, considerably more
complicated mathematically, owing to the fact that the
state of strain is not homogeneous. As a result the equili-
brium degree of swelling is likewise not homogeneous, but
varies from point to point in the body. For such a system
an explicit analytical solution cannot be obtained (except
for the limiting case when the torsional strain is small),
and numerical methods of analysis have to be employed.

The theoretical conclusions are of particular interest.
Whereas for the types of strain previously examined the
change in swelling due to the strain is approximately
proportional to the amount of the strain, for the case of
torsion the theory gives the result that the resultant

decrease of swelling is approximately proportional to the
square of the torsional strain. This decrease of swelling due
to torsion may be associated with the presence of normal
(compressive) components of stress in the axial and
radial directions which are likewise proportional to the
square of the torsion2. The decrease of swelling on
torsion may be regarded as analogous to the reduction of
volume which accompanies the twisting of a compressible
(dry) rubber, which has been shown theoretically to be
proportional to the normal components of stress and
hence also to the square of the torsion4.

In the present paper the theoretical treatment for a
cylinder subjected to combined axial extension (or com-
pression) and torsion about the axis is presented. Equa-
tions are derived giving the radial variation of the com-
ponents of stress and of the equilibrium swelling. These
equations provide the basis for the numerical computa-
tion of the overall reduction of swelling due to torsion.

An approximate form of the theory, which enables an
explicit solution to be obtained for the case when the
torsional strain is small, is also included.

These theoretical conclusions are compared with
experimental observations in Part 25.

PHYSICAL BASIS AND ASSUMPTIONS
It will be assumed that the elastic properties of the rubber

in the most general state of strain may be represented by
the usual Gaussian network theory, according to which
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the free energy A4, of the network in the strained swollen
state is given by:

Ae=3G(i+ M+ 23-3) 14))

In this expression A1, A2 and Az are the principal extension
ratios, referred to the unswollen unstrained state, and:

G=NkT=pRT/M. (1a)

where N is the number of chains per unit volume of the
unswollen rubber, p the density of the rubber and M, the
‘chain molecular weight’. The degree of swelling is con-
veniently represented in terms of the volume fraction vz of
the rubber in the swollen state. The ratio of swollen
volume ¥ to unswollen volume ¥V is related to the strain
parameters and to vz thus:

VIVu=2A1A2Az3=1/vs )

In the standard theory of swelling it is assumed that
both components (rubber and liquid) are incompressible
and that their volumes are additive. With these assump-
tions the relations between the principal (tensile) stresses
t1, t2 and 73 and the corresponding extension ratios are of
the type$:

=" 1 Goad? etc. o)
V1

in which V1 is the molar volume of the swelling liquid and

Aom is the molar free energy of dilution of the polymer

molecules in the un-crosslinked state. For the latter, the

Flory-Huggins relation:

Aom = RT [In(1 —v3) + v+ xv3] @

will be used, y being an interaction parameter character-
istic of the particular polymer-liquid system.

Since Aom is a function of vg, equation (3) expresses the
relation between the three variables 71, A; and vs. If any
two of these (e.g. A1 and v3) are fixed, the third is therefore
determined.

METHOD OF ANALYSIS

Geometry of strain: compatibility conditions

We shall consider a cylinder of radius ao and length /o
in theunswollenstate subjected to combined axial extension
and torsionand swollen toequilibrium. If /isthe axiallength
in the final state, the axial extension ratio B3 is defined as

b

Figure 1 Coordinates in (a) unstrained unswollen and (b) strained
swollen state
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I/lo. The torsion ¢ is defined as the angular rotation per
unit axial length, measured in the final state.

It will be assumed, in accotdance with the classical
theory of torsion, that the state of strain in an element of
the material at the radial position r is a function of r only,
and independent of its axial coordinate. With this
assumption the strain distribution is identical for all
transverse sections of the cylinder. The dimensional
changes in the transverse plane are therefore definable in
terms of rp, the radial coordinate of a point in the
unswollen unstrained state, and the corresponding
coordinate r in the strained swollen state (Figure 1). The
strains in the transverse plane are defined by a circum-
ferential extension ratio 81 and a radial extension ratio Bo,
referred to the unswollen unstrained state. The three
extension ratios B1, B2 and Bs satisfy the equations

d 1
gi="', ﬂz:cl_r:]’ Ba =/ =constant

ro
B1B2B3=1/v2

The first two of equations (5) are obvious from inspection
of Figure 1.

It is important to note that 81, B2 and B3 are not the
three principal extension ratios, i.e., they do not (except
for B2) coincide with the principal axes of the strain
ellipsoid.

The requirement of compatibility of the strains imposes
restrictions on the variations of strain with radial position.
Thus from equations (5):

. dr _d(,31ro)_ dﬁl
ﬁz—d—ro— dre —.31+ro.m

®

whence

df1_B2—H1

o ©
To obtain df;/dr we put

dp1_dpy dry_B2—P1 dro
dr dro dr ro dr
Substituting for ro and dro/dr from equations (5) this gives

Equation (7) implies that if the state of strain at any
point is given, the rate of change of 81 with respect to r is
determined by purely geometrical considerations.

Stress—strain relations

We are concerned with the normal components of
stress in the circumferential and radial directions. These
{which are not principal stresses) will be designated by 711
and 722 respectively. Considering an element at the radial
position r, the final state of strain is equivalent to a pure
homogeneous strain with principal extension ratios equal
to B1, B2 and B3 in the circumferential, radial and axial
directions, together with a shear strain y, equal to r,
corresponding to a sliding in the circumferential direction
of planes normal to the axis of the cylinder. This system
has been treated elsewhere? and leads to a stress-strain
relation which, when adapted to take account of the
swelling, may be written:

111— 122 =Gra(B} — B3+ B3¥7r2) ®



in which G is defined by equation (1a). (This equation is
obtained by putting G’/V»=G and V[V =v2 in equation
(4) of ref. 4).

Equilibrium of stresses

The conditions for equilibrium of the stresses in the
transverse plane, for a cylindrical system, lead to an
equation determining the radial variation of the stress
component {22, namely?:

d%:tl,.l:’.zz )
Introducing equation (8) this becomes:
dree G 2
= B B+ B (10)

Swelling equilibrium
Since the normal stress 732 is also a principal stress,
equation (3) is immediately applicable. Hence
Aom

tos= I7I'+Gl’2/3~3 (11)

Radial variation of ve

From equation (9), giving the radial variation of ts9,
together with equation (11), which relates the swelling
parameter vz to this stress component, it is possible to
obtain the radial variation of the swelling. From equations
(5) we have B2=1/81B3vs. Insertion in equation (11) to-
gether with the Flory-Huggins expression (4) for Aom
gives:

RT,
too= v, [In(1 —v2)+ v+ xv3]+ G/ B3 B2 (12)

Differentiation with respect to r gives:

dfee _RT[, 1 ] drs_

dr ~ Vil X T 1=V ar
g i dl)z 2 dﬂl
B%[ﬂ‘fu%ﬁ %Fz“dT] (13)

Introducing the expression (7) for dBi/dr, and making
use of equations (5), we obtain, on collecting terms:

d RT 1 2
e L TR P LRI

An alternative expression for t22 is provided by equation
{9). Equating the right-hand sides of equations (9) and
(14) leads to the relation:

dve _ t11—t22+2G(B2/B1—1)/Bs (15)
"dr TRTV)2x—1/(1 - v2)lvz - GBS

Dividing numerator and denominator by G and utilizing
equation (1a) we obtain finally

doz _ (f11—122)/G+2(B2/B1—1)/Bs (16)
"dr T (MofpV)2x— 1/(1 —v2)lo2— B3

in which t;1—1722 is related to the strains through
equation (10).
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Application of foregoing relations

Let us assume that the state of strain, as defined by the
parameters 81, B2 and B3, and hence the swelling para-
meter vg, at a particular radial position r, are given. The
corresponding components of stress f11 and 32 are then
automatically determined (equations 8 and 11). The fore-
going equations are sufficient to enable the state of strain
(and stress) at a neighbouring point r+ér to be derived.
For this purpose we note that the radial variation of 8, is
given by equation (7), and the radial variation of ve by
equation (16). We are thus able to obtain the values of 8
and v, at the point r+8r, and hence, since B3 is constant,
of Bs also. The complete state of strain at the point
r+38r is thus determined. By repeating this procedure for
successive increments &r it is therefore possible, in
principle, to obtain the strain distribution throughout the
cylinder.

The application of this principle is complicated by the
necessity of satisfying certain boundary conditions. It is
assumed that the axial extension ratio 83 and the torsion
¢ are fixed. Of the three remaining parameters 1, B2 and
v2, any two are independently variable. Let us suppose
that we arbitrarily fix 8, and B2 at the outer boundary
(r=a), where 122=0, and apply the iterative procedure
outlined above to obtain the variation of these para-
meters for successively decreasing values of r. This will
not (except by accident) satisfy the condition which must
be satisfied at the axis, namely:

B1=P2, t11=122

since at r=0 the distinction between radial and circum-
ferential strains must vanish. This method is therefore not
applicable.

If, on the other hand, we commence our calculations by
assigning values of Bi(=Bz) and hence v at the axis, we
encounter the difficulty that dB:/dr=0 (equation 6) and
dve/dr=0 (equation 16), which implies that in the axial
region the strains are constant. The above equations are
therefore not applicable in the immediate vicinity of the
axis.

It would appear, therefore, that the iterative procedure
cannot be applied by starting directly from either the
outer boundary or the axis.

THE AXJAL REGION

The difficulty encountered in attempting to start from the
axis, may, however, be circumvented by the adoption of a

- special analytical treatment which takes into account the

peculiar conditions of strain in the axial region. This
treatment, which is only approximate, may be applied up
to a certain small value of r, namely r=ri, beyond which
point numerical computation by the iterative procedure
outlined above becomes practicable. The value of ry is
chosen to be sufficiently large to yield a significant dif-
ference between the radial and circumferential strains.
The analytical method makes use of the equations for
the stress distribution for a rubber cylinder (i.e. un-
swollen) originally given by Rivlin?. In this case the
variation of the radial stress 29 is found to be parabolic,
with a maximum numerical value at r=0. The same
distribution applies to a swollen cylinder, provided that
the degree of swelling is constant throughout. As already
noted, however, the presence of the non-uniform strain
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distribution will lead to a variation of the state of swelling
with radial position, as a result of which there will be a
subsequent change in the stress distribution. Nevertheless
in the axial region the deviations from homogeneity in the
state of swelling will be slight, and their effect on the stress
distribution may be ignored, i.e., it may be assumed that
in this region the variation of tg2 with radius remains
parabolic, as for a homogeneously swollen cylinder. (This
assumption can always be justified if the inhomogeneity
in t22 is sufficiently small, i.e., for sufficiently small values
of r)

A parabolic variation of #¢2 implies a parabolic varia-
tion of v2 and also of the strain parameters B1and B2. We
may therefore write, for the axial region:

B1=PBo(l +c1r?) (17a)
ﬁz = /30(1 +Czl‘2) (17b)
va=v20(1 +c3r?) (17¢)

taa="rto(l +cqr?) (17d)

where Bo, to and vz are the values of 8 (or B2), 22 (or
t11) and vz at r=0, and ¢, ¢3, ¢3 and ¢4 are constants, as
yet unspecified.

It is not necessary to know in advance the range of r
over which the parabolic relations (17) are sufficiently
valid. This will be apparent on examination of the results
of the subsequent numerical computations.

EVALUATION OF CONSTANTS

The constants ¢1 to ¢4 in equation (17) are not indepen-
dent, and cannot therefore be assigned arbitrary values.
In fact, if one of them is arbitrarily chosen, the other
three are completely determined, as will now be shown.

c1 and ¢
The basis for the relation between ¢; and ¢ is provided
by equation (7). From equation (17a) we have:
dﬂlldr=2clﬁor (18)

Substitution of this result, together with the expressions
(17a) and (17b) for B1 and B3, into equation (7) gives

14+c1r?
1 +cor?

2¢180r2 = t’fri’(l +c1r2)( 1- (19)

Since we are concerned only with small differences from
the axial values of By etc., cir2, car?, etc., are small com-
pared with unity. Neglecting terms containing c3r¢ etc.,
and higher powers, equation (19) reduces to:

2¢1Bor2=Bo(ca —c1)r2

c2=3c1 (20)

c1and c3

From equations (5), with (17a) and (17b) together with
(20), we have (neglecting higher-order terms):

1/va=PB182B3
=B3Bo(1+ c1r2)(1 + c2r?)
=B3B(1+4car?) 1)
Similarly from equation (17¢):

1/v2=(1/v20)(1 — c3r?) = B3 B82(1 — car?) (22)
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Comparing equations (21) and (22)
c3=—4cy 23)

csand cy
From equation (17d):

dtas/dr=2tocar (24)

while from equations (8) and (9):

dta2 _tii—tea_Gos
“dr r

——(Bi— B3+ B3yer?) (25)

Hence
2tgcar? = Gua(B} — B3+ Bp2r?) (26)

From equations (17a) and (17b), together with equation
(20):

— B8 =(B1—B2)(B1+ B2)= —2c1r?B0.2B0(1 +4c1r?)
B1—Ba= —dcir®fF} 27

Inserting the results given by equations (23) and (27) into
equation (26):

2tocar?=Guzo(1 —4c1r2)(—4crr2f3+ B3gere)  (28)

For finite values of 4 (the shear strain at the surface) the
range of r may always be chosen so that ¢r is small com-
pared with unity, so that the product ¢172(¥2r2) may be
neglected. Equation (28) then gives

2tocar2 = Guzo(B3y2r2 —4c1r2py)
or

=g 21285-201) @)

Evaluation of 1

The preceding results [equations (20), (23) and (29)]
give the relations between the four constants in equation
(17), but are not sufficient to determine their values in
terms of the parameters So and vgo which together with
B3 and ¢ completely define the system. To do this it is
necessary to derive a fourth relation between these
quantities. This is more complicated, and involves the
second differential of the stress, d2¢»2/dr2. This may be
obtained by double differentiation of equation (11), the
result so derived being then compared with that obtained
from double differentiation of equation (17d).

From equation (11):

dtzz 1 ddom
dr " |V1 dvz

dztzz_ 1 dAom
dr2 _[71 doe +Gﬂz]

+terms involving squares and products of dve/dr and
dBz/dr.

We are interested only in the limiting valueof “—-2% as

+Gﬁz]%+20 vaff %9;2

i o +2Gvss dﬁz- (30)

r — 0, where the first derivatives of vz and B2 with respect
to r also tend to zero, while the second derivatives remain



finite. We may therefore neglect all higher-order terms in
dvg/dr and dBs/dr in obtaining this limiting value. Thus:

dtyg\ [ 1 (d4om ] (s
( dr? )r=0_ [I_/i( dog )v,=v,, +GB°](dr2 )r=0 +
42
2GvaoPo (—d%)wo €2

where v20 and Bo are the values of vs and B2 at r=0. The
second differentials of ve and B2 may be expressed in
terms of the constant ¢; in equation (17a), thus

a2
TU:=263020= —8c1v20 .
4B 5caBo=6c18

dr? 2 0

while the Flory-Huggins equation (equation 4) gives:

dAom _ _ ~1__
( dog )v,=v,., B RT(ZX 1—- vzo)vzo ¢3)

Insertion of the above expressions into equation (31)
gives:

d2tes _ 5_7: _ 1 2
(—dr—z—)r=o— SClvzo[Vl(Zx T—os0 veo +GRE| +

12c1G,02  (34)

We have to compare this result with that obtained from
equation (17d). The latter gives:

<C1(12_£222) o™ 2cqtg= ZGUZOB?)(ﬂalﬁz/ZB% —2c1) (35)

from equation (29). Comparing equations (34) and (35),
and collecting terms in c1,

RT 1
—sea[ 5 (2= L oo+ O8]+ 16c,G= G o6

Dividing throughout by G and substituting the expression
(1a) for G, this reduces to:

— 801 [;A_Il/il (2x - ii}‘ll—z(—)) Uoo— B(z)] = ﬂ§¢2 (37)
giving finally:
Bay2/8
~ MoV 10 ~vlom B CD)

This result, together with equation (17) provides a
complete solution to the problem.

c1=

MINOR MODIFICATIONS TO METHOD OF
CALCULATION

The calculations may be facilitated somewhat by the
introduction of certain minor modifications.

Integration with respect to r?

Since the functions representing the radial distributions
are approximately parabolic, increased accuracy (for an
equivalent step length) is obtainable by adopting r2, rather
than r, as a basis for the stepwise integration. This involves
converting dz22/dr and dvs/dr in equations (14) and (16) to
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dt2/d(r?) and dpa/d(r2) respectively. The modifications
are obvious and need not be written out.

Elimination of r

Using integration with respect to r2it was found practic-
able effectively to eliminate the axial region by making r{
equal to 8(r2), the step length, i.e. making the axial region
coincident with the region covered by the first step. The
final results were found to be independent of the step
length, to an accuracy of 5 significant figures (at least) for
step lengths 8(r2) of 10-3 and 10-4.

These modifications were used for the calculations given
in the following section.

NUMERICAL EXAMPLE

It is assumed initially that the quantities p, V1, M. and y,
which are specific to a given rubber and swelling liquid,
and are obtainable from independent measurements, are
given. The system is now defined by the parameters S3
(axial extension ratio) and ¢ (torsion). To define the condi-
tions in the axial region it is sufficient to assign a value to
any one of the three variables vg, o or fo. Let us suppose
that the value of By is so chosen. The state of swelling at
the axis is then determined by the relation vso=1/B838%
(equations 5), and the stress #o is obtainable from the
insertion of these values of By and vag into equation (11).
The constant ¢, may be obtained froii equation (38), and
from this the remaining constants ¢z, cg and ¢4 are deter-
mined by equations (20), (23) and (29). Equation (17) then
enables the state of strain, the degree of swelling and the
stress 22 to be derived up to the arbitrarily chosen value
of r, i.e. r=r1, or r{=28(r?), using the modified procedure.

From this point the calculation is pursued by the
stepwise analysis shown above, until the boundary surface
r=a (defined by the condition ¢22=0) is reached. This will
be clear from Figure 2, which shows the variation of 722
with r2, for different values of By, using data chosen to

~0-3}

1 1 1 A 1
0] 0-2 O-4 O-6 o-8 O
2

r

Figure? Variation of radial stress component t22 with r2 for values
of axial swelling parameter vao: A, 0-222; B, 0:212; C, 0-200;
D, 0-192; E, 0- 184, —, Numerical computation; - - -, equation (17)

POLYMER, 1972, Vol 13, May 199




Swelling of a rubber cylinder in torsion (1): L. R. G. Treloar

0-6 A

05

B
0.4 -
O3 c
02}
o D
o /
E
olZ

Z

-0-1F

-02F

-03 |
i 1 1 L L
O 0-2 04 oY) o8 10

r2

Figure 3 Variation of circumferential stress component #11 with
r2 for values of axial swelling parameter: A, 0-222; B, 0-212;
C, 0-200; D, 0-192; E, 0-184
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Figure4 Variation of radial (#2) and circumferential (81) extension
ratios with r2. v20=0-222. —, Numerical computation; ~- -,
equations (17)

correspond to one of the experimental systems studied—a
poly(cis-isoprene) swollen in toluene (sample A in
Part 25, to which reference should be made for details).
Different values of Bo yield different values of @, and
hence of the dimensionless parameter Pu, which is
equivalent to the shear strain at the surface, (or alterna-
tively of $aqg). The results are therefore applicable directly
to any value of cylinder radius ao.

The corresponding distributions for the circumferential
stress f11, the circumferential and radial strain para-
meters B1 and B2, and the swelling parameter va, are
shown in Figures 3, 4 and 5 respectively.

It has already been noted that for small values of the
torsion (ap — 0) all these distributions should tend to

200 POLYMER, 1972, Vol 13, May

become linear functions of r2, this relationship being
taken as a basis for the treatment of the axial region. It is
satisfactory to find that this is borne out by the detailed
calculations to a very close approximation, even up to
comparatively large values of yao. Where appropriate,
the corresponding parabolic relations (equation 17),
using the calculated values of the constants ¢1 to c4, are
shown for comparison. The degree of agreement shown
justifies the treatment applied to the axial region.

CHANGE OF SWELLING DUE TO TORSION

The foregoing calculations enable the final swollen
volume, and hence the change of volume due to torsion,
to be readily obtained. For this we are concerned with the
value of the circumferential strain parameter f; at the
surface (r=a). From equations (5):

ajao=(B1)r-a (39

where ap is the radius of the cylinder in the unstrained,
unswollen state. The overall swelling ratio is therefore:

vV _1ra2ﬂa

_V-u,_ ﬂa%
where Vy is the volume of the unswollen cylinder, per
unit axial length. In this equation ¥ is the volume in the
swollen twisted state at an axial extension B3 and torsion
. To obtain the change of swollen volume due to torsion
we require also the equilibrium swollen volume V, at the
same axial extension ratio 83 but with zero torsion. This is
obtainable immediately from equation (11) on putting
t22=0 and B%= B3 =1/vsB3(from equations 5), and solving
for vg (=Vu4/Vo). The relative change of swelling due to
torsion is then:

=(B3BDr=a (40)

AV V-V,

bl 41
Vo= Vo 41
0-22
A
o.21F
B
N 020
o-19F
D
Oola . i [ i
0-2 o4 o6 o8 e

Figure 5 Variation of volume fraction of rubber (v2) with r2.
A, va0=0-222; B, v20=0-212; C, v20=0-200; D, v20=0-192; E,
v20=0-184
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Table 1 Change of swelling (3V/V) and associated variables for
following values of parameters: Mc/pV1=92-27; x=0-40; fs=
1-938; y=1-0; V, (calculated)=5-515

ao ViVu —AViVo

Va0 a (Br=a (=a/B1) (=BsB) (%) ya
0-18133 0 1-6870 O 5-515 0 0

0-182 0-1270 1-6851 0-0754 5-503 0-22 0-0057
0-184 0-2540 1:6797 0-1512 5-468 0-85 0-0229
0-186 0-3361 1-6744 0-2007 5-433 1-48 0-0403
0-188 0-4019 1-6691 0-2408 5-399 2-09 0-0580
0-192 0-5087 1-6587 0-3067 5-332 3-32 0-0940
0-196 0-5969 1-6486 0-3621 5-267 4-49 0-1311
0-200 0-6740 1-6386 0-4113 5-203 5-65 0-1692
0-204 0-7434 1-6288 0-4564 5-141 6-77 0-2083
0-208 0-8072 1-6192 0-4985 5-081 7-87 0-2485
0-212 0-8667 1-6098 0-5384 5-022 8-93 0-2898
0-217 0-9361 1-5082 0-5857 4-950 10-23 0-3431
0-222 1-0013 1-5869 0-6310 4-881 11-50 0-3981

The results are given in Table 1, and are shown graphi-
cally in Figure 6.

APPROXIMATE FORM OF THEORY

The closeness of approach of the calculated distributions
of stress and strain parameters to the approximate para-
bolic relations suggests a basis for a derivation of an
explicit formula for the effect of torsion on swelling
which would be valid for small torsional strains. Such a
formula would have obvious advantages over the more
exact numerical analysis in all cases where a high degree
of accuracy was not essential.

In developing such a formula the changes in v2 due to
the stresses induced by the torsional strain are assumed to
be so small that the secondary effect of these changes on the
stress distribution can be neglected. In other words, the
local changes in swelling are calculated on the assump-
tion of a strictly parabolic distribution of stress.

This treatment is analogous to that previously applied
to the derivation of the volume change due to torsion in a
compressible (dry) rubber?.

Consider the cylinder to be homogeneously swollen to
volume fraction v at an axial extension ratio B3. Applica-
tion of torsion will produce an instantaneous gradient of
stress df2a/dr given by equation (10). Since the swelling is
assumed homogeneous B1=p> and therefore

dtss/dr = Guaf3s2r (42)

Integration subject to the boundary condition f23=0
when r=aq yields

toa= —3Gv2p3*Ha2 —r?) 43)

The change in the state of swelling at the radial position
r is calculated on the basis of equation (11), which on
substitution of equation (4) for Aom and insertion of
B3=1/v2B3 becomes

t22=(RT/V)[In(1 —v2)+v2+xv3]+G/Bs  (44)

Since we are concerned with small values of t22 and small
changes of v we shall use the differential form of equa-
tion (44), i.e.,

(df22/dve)s, =(RT/V)[2x—1/(1 —v2)lve  (45)

16
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Figure 6 Dependence of reduction of volume on twisting on
y2ai; A, numerical computation; B, approximate solution, equation
(52a)

The change in v2 may therefore be written:

dve Vi/RT
sva=(S"2) Srgp= U
v2 (dtgg),,, te2 = o T/ = va)loe

Since in the untwisted state #23=0, we may equate 8¢32 to
t22 in equation (43) in the calculation of the effect of the
torsion on swelling. -For this purpose it is convenient to
consider the relative change in swollen volume 8V/V,
where V is the volume of a given element in the swollen
untwisted state. With these changes, equation (46)
becomes

Staz  (46)

8V Svs Vi/RT
—_——=—— . {
72 oy T e (47)
This will be written:
SV/|V=—Ata (48)
where
y Vy/RT (48a)

T R2x— 11— v2)I}

The total change of volume due to torsion is obtained
by considering a cylinder of unit axial length in the strained
state. For a cylindrical shell of thickness dr and volume
2xrdr the change of volume, as given by equations (48)
and (43), is

8V = — AVtza= — A2urdr[— 1Gvaflb2(a®—r?)] (49)

Integration with respect to r yields the total volume
change AV, namely

a
AV=f0 Vdr = A}nGrsf342at (50)
Since the volume of the whole cylinder before twisting is

ma2, the relative change of volume due to the torsion is
given by:

AV/[V = A}Gup3p2a® (51
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Insertion of A4 from equation (48a) and G from equation
(1a) gives finally:

AV _ (pVy/MB3a?

7_4[2)(—- 1/(1—v9)]ve (2)
or, since a?=aj3/vsf3
AhV_ (P Vl/Mc)Biil;bza(z) (52a)

V 42y —1/(1 —v3)]v3

The denominator of this expression is always negative.
The result therefore represents a reduction of swelling due
to the torsion, the amount of this reduction being propor-
tional to the square of the torsion.

Insertion of the values of parameters given at the top of
Table 1 into equation (52a) gives the result:

AV/|V = —0-378942a3 (52b)

This result is included in Figure 6 for comparison with the
accurate computation. The approximate solution cor-
responds, of course, to the tangent to the exact curve at
zero torsion. For a value of ¥2a% of 0-32, which corre-
sponds to the maximum value of torsion attained in the
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experiments described in Part 2, the error involved in the
use of the approximate formula would amount to 20%.
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Swelling of a rubber cylinder
in torsion: Part 2. Experimental
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Experiments have been carried out on the eflect of torsion on the swelling of a
rubber cylinder in a low molecular-weight liquid, the object being to test the
theory given by Treloar. Both natural rubber and a synthetic poly(cis-isoprene)
were used, with toluene as the swelling liquid. Application of torsion resulted
in a reduction in the swelling by an amount approximately proportional to the
square of the torsion, as predicted theoretically. The values of this reduction,
however, were less than the predicted values by amounts varying from 129, to
23%, depending to some extent on the type of rubber and on the degree of
crosslinking. These discrepancies are believed to arise mainly from experimental

difficulties.

INTRODUCTION

In the previous paper! the theory of the effect of torsion
on the equilibrium swelling of a crosslinked rubber was
developed. It was shown that the expected effect is a
reduction of the degree of swelling by an amount which is
approximately proportional to the square of the torsion.

The present paper is concerned with the experimental
examination of this problem in relation to the theory
developed.

Since the expected effect depends on the square of the
torsional strain, it is important for the purpose of obtain-
ing an accurate result that this torsional strain shall be as
large as possible. This involves considerable practical
difficulty, since under conditions of prolonged loading in
the highly swollen state the strength of the rubber is
greatly diminished. Also, in order to avoid buckling in the
twisted state it is necessary to apply some extension in the
axial direction, and this further increases the total stress
to be borne. In practice the maximum torsion which could
be applied before the specimen ruptured corresponded to a
value of the parameter a (surface shear strain) of about
0-8, which yielded a change of swelling due to twist of
about 89;. This, although not as large as it had been
hoped to obtain, was sufficient to provide a fair basis for
comparison with the theory.

The experiments were carried out on both natural
rubber (smoked sheet grade 1) and 1009, poly(cis-1,4-
isoprene), swollen in toluene (Analar grade). The vul-
canizates were compounded according to the recipes given
in Table 1 using cold mixing on an open mill.

The design of the test-piece and of the clamps took into
account the necessity to avoid high stress concentrations
in the region of the clamps. The test-piece was in the form

ot a dumbbell having substantial conical ends terminated
by square blocks for the application of the torsional stress
(Figure 1). The junction between the central cylindrical
portion and the conical end was rounded off to avoid a
stress concentration in this region. The internal dimen-
sions of the clamp (Figure 2) were larger than the cor-
responding dimensions of the unswollen test-piece, but
smaller than its freely swollen dimensions; this, together

N2 mm
o 96mm ,
F 7imm
t ot
2o R _— A 19-5mm
b 5-Omm diam.

Figure 1 Test-piece dimensions: (a) perspective; (b) elevation
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with a rounding-off of the edge of the clamp from which
the rubber emerged, was intended to reduce the stresses at
the edge of the clamp, while retaining a positive pressure
on the conical region of the sample.

The degree of swelling of the cylinder in torsion was
obtained from measurements of axial length and diameter
obtained by means of a Pye 2-way travelling microscope
reading to 0-005 mm. The accuracy of the swelling mea-
surement was limited by the accuracy with which the
diameter of the specimen could be measured. For the
highest accuracy it is desirable that this diameter should
be as large as possible; however, the greater the diameter
the longer is the time required to attain equilibrium
swelling and the greater, therefore, the probability of
fracture. The diameter chosen (5mm) represented a
practical compromise, and gave a time to reach equili-
brium of between 10 and 20 hours.

The moulding presented a problem. The mould was
split in the diametral plane of the cylinder. Closure of the
two halves caused the trapping of a variable amount of
rubber in the ‘bite’; this resulted in a non-circular section
of the final test-piece. To overcome this difficulty mould-
ing was carried out by a transfer moulding process which
involved injection of the rubber into the closed mould
through a small hole in the end-plate, excess ‘flash’ being
extruded through a similar hole at the other end. Even
with the precaution, however, significant deviations from
circularity of the cross-section were not entirely eliminated
and the experimental procedure had to be designed to
minimize their effects (see below).

METHOD OF MEASUREMENT

The specimen was mounted between clamps A and B
attached to the apparatus shown in Figure 2. This

377 mm

enabled the required amount of torsion and axial exten-
sion to be applied while the specimen was immersed in
the swelling liquid. Rotation of the clamp A was effected
by means of the worm-gear mechanism C, and changes in
axial length by the bevel gear D, which enabled the car-
riage B to be shifted horizontally (by rotation of the
threaded shaft F). The assembly was mounted in a metal
trough filled with the swelling liquid up to a level at which
the clamps were immersed. The trough was covered with a
sheet of glass to reduce evaporation, and stood in an outer
water bath thermostatically controlled at 25 +0-05°C.

The measurements of axial length were obtained from
reference marks 3 to 4cm apart inscribed on the surface
of the specimen as shown in Figure 1. A rubber embossing
ink was used for the natural rubber/sulphur vulcanizates,
whilst for the dicumyl peroxide cured samples of both
natural rubber and Natsyn an ordinary ‘biro’ ink proved
satisfactory.

The specimen was allowed to swell for 2 to 3 days, with
periodic adjustments of axial length, in order to achieve
swelling equilibrium without ‘buckling’ of the cylinder.
This procedure was adopted after it has been found that
stretching of the unswollen cylinder to the final length
followed by immersion in liquid resulted in early rupture.
A considerable tension was required to achieve the
desired extension of the dry rubber, and in the presence of
the liquid the strength was so much reduced that rupture
occurred before this tension could be sufficiently relieved
by swelling. In the method used here elongation proceeded
concurrently with swelling and high stresses were avoided.
(A similar principle was adopted by Flory and Rehner3 to
overcome this difficulty.)

After a final measurement of dimensions the torsion
was then applied, keeping the length between clamps
constant. Because of the slight irregularity in shape of the
cross-section of the sample already referred to, the
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Figure 2 Apparatus for combined torsion and extension: (a) plan; (b) elevation
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Table 1 Rubber compounding ingredients (parts by weight)

Sample A B C D E F G
Smoked sheet, Grade 1 100 100 100 100
Natsyn 100 100 100

Dicumyl peroxide 3-2 3-5 3-0 3-0 3-0 3-0
M.B.T.S. Vulcafor (accelerator) 0-5

Zinc oxide 0-5 2 0-5 0-5

Stearic acid 0-5

Carbon black 0-25

N-phenyl-2-naphthylamine (antioxidant) 0-5

Sulphur 6

Cure time (min) at platen temp. of 140°C 35 30 33 55 30 32 30
Mc (swelling) 8891 8184 12 380 8313 11 294 11 312 14 566

swollen volume corresponding to the untwisted state was
obtained from measurements of the dimensions of the
swollen cylinder immediately after application of the
torsion. In the time required to carry out this measure-
ment (~ 1 min) any change of swelling would have been
very small. This was confirmed by checks against the
volume before twisting ; the differences (volume after twist-
ing minus volume before twisting) ranged from +0-039
to —0-011 cm3, with an arithmetic mean of +0-0141 or
+0-39, i.e. in the opposite sense to the subsequent
change of swelling. The important consideration was that
by focusing always on the same diametral section of the
sample (midway between the reference marks) the effects
of any irregularity of section were avoided. Measure-
ments were made periodically until a limiting value of
swelling was reached, after which the twist was removed.
The sample was then allowed to swell overnight to
equilibrium in the untwisted state (at constant axial
length). A new twist was then applied and the above
procedure repeated. The torsional strain was obtained
from measurement of the axial length of one or more
complete turns of twist, using the mould closure line as
reference mark.

A small irreversible increase in swelling occurred over
the entire period of experimentation, lasting from 10 to
14 days. However, this slight irreversibility, in which suc-
cessive equilibrium volumes in the untwisted state dif-
fered by less than 0-59;, had no significant effect on the
value of relative volume change obtained over a single run
occupying from 8 to 13 hours.

CHARACTERIZATION OF SAMPLES

The mean chain molecular weight M, may be determined
from measurements of either modulus or swelling
equilibrium. Since the relevant problem is concerned with
swelling, it was more appropriate to use the swelling
equilibrium for the purpose. The cylindrical portion of the
rubber sample was cut out and free-swollen in toluene to
equilibrium (2-3 days). after which it was removed.
surface-dried, and weighed. Weighings were then made at
5h intervals during drying, which required 3 days. These
weighings, together with the measured densities of the dry
rubber and of the toluene, enabled the volume fraction of
rubber (v2) to be obtained (assuming additivity of
volumes). The value of M, was then calculated from the
equation:

In(1 —v2)+v2+xvi= —(pV1/M)v}? ¢}

Values calculated in this way are given in Table 1.

The successive twisted states for any one sample did not
correspond to exactly the same axial length, or axial
extension ratio B3, between reference marks. Since the
objective is to derive the effect of torsion on equilibrium
swelling, at constant axial length, it was necessary to apply
a correction to the measured swollen volume to obtain the
equivalent degree of swelling at a fixed value of B3, for
which the mean over the complete range of torsion values
was taken. The required correction was obtained by dif-
ferentiating the following equation (equivalent to equation
(11) of Part 11) with respect to va:

In(1 —vz)+v2+xv§= —pVi/McBs 2
and writing 8V/V = —8va/vs. This gives:
5V/V = PVAIM:  sgy @)

TRk - el
This formula is strictly valid only for zero torsion, but
was assumed to be sufficiently accurate for the present

purpose, the corrections involved being quite small
(3V/V20-69, at most).

TREATMENT OF EXPERIMENTAL DATA

The experiments were carried out on 4 natural rubber
vulcanizates and 3 Natsyn vulcanizates, each group
comprising a range of chain molecular weights M,
(Table 1). Detailed consideration of the data, and of the
methods of calculation employed, will be presented for
one sample only—the Natsyn ‘A’ sample. Corresponding
results for the remaining samples will be limited to the
comparison of theoretical and experimental volume
changes on twisting.

Derivation of M,

For the Natsyn ‘A’ vulcanizate the measured free swell-
ing equilibrium at 25°C corresponded to a volume frac-
tion (v9) of rubber of 0-1893. The measured density of the
rubber was 0-9016 gcm=3, and of the solvent 0-862. The
molecular weight of toluene being 92-13, this gives a
molar volume (V1) of 106-9. Taking y =0-40 (as for natural
rubber in toluene?) substitution of these data in equation
(1) yields the result M,=8891.

Attainment of equilibrium

Figure 3 shows the course of the volume changes sub-
sequent to the introduction of a particular value of twist,
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Figure 3 Change of volume with time after application of torsion.
Natsyn sample A, yao=0-4383
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Figure 4 Relative change of volume with time for Natsyn A, for
following values of Jao: A, 0-1806; B, 0-2706; C, 0-3609; D, 0-4383;
E, 0-5157; F, 0-5670

represented by yap=0-4383. The volumes shown have
been corrected to take account of the small difference of
axial extension ratio Bs, which in this case was 1:934,
from the mean, 1-938, for all experiments on this sample;
this correction varied from +00036 to +0-0038 cm3 dur-
ing the course of equilibrium., The total reduction of
volume due to torsion amounted to 0-220;cm3 on an
original volume of 4-246;cm3, giving AV/Vy= —5-209,,
for this particular twist.

The complete set of curves for the six values of twist
employed is shown in Figure 4. These have been plotted,
for ease of comparison, in terms of relative volume,
referred to the untwisted state.

Derivation of ag

For comparison with the theory, which gives the change
of swelling most conveniently in terms of the dimension-
less parameter ao, it is necessary to determine the un-
swollen radius ao. Because of the non-circularity of the
cross-section this was obtained not by direct measure-
ment of the dry rubber, but from the measured diameter in
the swollen untwisted state, at the extension ratio B3,
together with the calculated value of vs for this state.
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Since there is the danger here of a circular argument,
this procedure needs some justification. We note first that
the value of M, is determined from free swelling, hence
the calculation of vs for the swollen stress-free state is
simply a conversion back to an original swelling measure-
ment. The only truly theoretical part of the calculation is
therefore the effect of the axial extension on the swelling,
For the case considered the value of vz in free swelling
was 0-1893, corresponding to a change of linear dimen-
sions in the ratio 1-742 : 1. The relatively small exten-
sion to B3=1-938 gives a calculated change of v5 to 0-1813,
i.e. a reduction in vy of 4-4%. It is only this 4:-49 which
relies on the applicability of the theory, and on the basis
of previous experiments on simple extension? it would
seem reasonable to assume that this will not be in error by
more than, say, 5% of itself, or 0-29 of the whole swollen
volume. This would produce an error of the same amount
(0-2%) in 4, which is practically negligible.

COMPARISON WITH THEORY

The calculated values of the change of volume due to
torsion (AV/Vy) were based on the theory discussed in the
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Figure § Relative reduction of volume due to torsion for rubbers
listed in Table 1. ——, Calculated; —~ -, observed
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previous paperl. For sample A the modification referred
to in Part 1 ,was used, in which the numerical integration
was performed with respect to r2, and the limit of the
axial region (r1) coincided with the step length 8(r2). For
all the other samples the integration was performed with
respect to r, using a value of 8¢ of 10-3 and a value of 1
sufficient to give a difference between 81 and B2 of 10-3
(r1~1072). A check was made, however, to ensure that
these two methods of calculation gave substantially
identical results. The results are shown in Figure 5 in the
form of plots of —AV/V, against §2a2.

The experimental results show the expected form of
dependence of swelling on torsional strain, though there is
a consistent quantitative discrepancy from the theoretical
curves. Based on the maximum values of ¢ao, this dis-
crepancy ranges from —11-7% (sample A) to —22:9%
(sample F), with a mean of —17-2%;. The discrepancy was
somewhat lower for the Natsyn samples (—14+1 %) than
for the natural rubber samples (—19:6%). There was a
slight indication of a correlation with M,, the smaller dis-
crepancies in either group being obtained with the samples
having lower M, values.

These discrepancies are well outside the experimental
variations. There may, however, be systematic errors. One
possible source of error might be the failure to attain the
true swelling equilibrium after twisting. A compromise is
necessary owing to the gradual upward drift in swelling
referred to previously; after prolonged equilibration the
initial reduction is followed by a slow increase in volume.
(There is a slight indication of this in the top curve of
Figure 4.) The total volume change may on this account
be slightly underestimated. Another error might arise from
the very slight residual buckling in the specimen at high
twists, which could not be entirely eliminated. This also

would have the effect of reducing the true torsional strain
and hence the change of volume.

More generally, it is important to bear in mind that the
effect of torsion on the swelling equilibrium, in contrast to
the effect of extension, is essentially a second-order effect,
proportional to the square of the strain. As a result it is
likely to be affected to a disproportionate extent by any
reduction of the true elastic strain, associated with stress
relaxation or irreversible structural changes, or indeed by
any deviation of the material from the postulated
idealized elastic structure. Any such effects would be in
the direction of a reduction of the magnitude of the change
in swelling, in line with the experimental deviation.

In view of these experimental difficulties the present
observations cannot be regarded as providing conclusive
evidence of a genuine difference between the theoretical
and actual effects of torsion on the equilibrium swelling.
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The presence of certain additives, notably cyclohexanone and acetylacetone,
gives rise to relatively high and persistent dark rates of polymerization after
irradiation of systems in which polymerization is photosensitized (A=435-8nm)
by manganese carbonyl in association with an organic halide. These large
after-effects, which are not specific to a particular monomer, occur only if the
additive is present during irradiation; the presence of monomer or halide during
illumination is not necessary, and the after-effect develops if these components
are added subsequently. Itis concluded that the after-effect arises from a species
Z, produced by photochemical interaction between manganese carbonyl and the
additive, which generates free radicals by reaction with the halide.

A kinetic treatment based on these ideas is developed and compared with
experimental results obtained on the initiating system manganese carbonyl+
ethyl trichloroacetate, with methyl methacrylate as monomer and acetylacetone
as additive. Agreement may be obtained on the assumption that photolysis of
the carbony! occurs unsymmetrically, one of the resuiting fragments reacting
rapidly with halide to generate radicals, the other being trapped by the additive
to form Z. At high concentrations of additive and small light doses the concen-
tration of Z after irradiation approaches the total concentration of radicals
formed in the light period. The presence of acetylacetone does not affect the
rate of radical generation during irradiation; this observation is shown to be
incompatible with a simple symmetrical primary photolytic act. The possibilities
of a complex primary process are considered. Some experiments on the stability
of Z in the absence of halide are discussed.

INTRODUCTION

The mechanism of photosensitization of free-radical
polymerization by manganese and rhenium carbonyls in
the presence of suitable halogen compounds has been
studied by Bamford et al.l 2. These workers reported that
under the conditions employed (A=435-8, 365nm for
Mnz(CO)1o, Re(CO)10, respectively) the quantum yield
of initiation during irradiation is close to unity in each
case. They pointed out that this would be consistent with
unsymmetrical photolytic fission of the carbonyls if only
one type of fragment were able to generate radicals by
interaction with the halide. Reactions (1) and (2) were
proposed:

M2(CO)10+hv - M(CO)s+M(CO)6 ¢}
M(CO)4+ CCls = M(CO)4Cl+CCls )

* Present address: Silesian Institute of Technology, Gliwice, Poland
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(M=Mn or Re) and it was suggested that with manga-
nese carbonyl the species Mn(CO)¢ does not initiate, but
forms inactive products, perhaps by reversion to
Mn2(CO)10 by the process represented stoichiometrically,
but not necessarily mechanistically, by:

2Mn(CO)¢ = Mn2(CO);10+2CO 3)

On the other hand, if photolytic scission of the carbonyl
molecules occurs symmetrically, the overall process
would need to be 509 efficient to account for the
observed quantum yield.

Bamford et al?2 found that photoinitiation by the
Reg(CO)10+CCly system in effectively bulk methyl
methacrylate is followed by a relatively high dark rate of
polymerization, persisting for several hours. No such
after-effect was observed with manganese carbonyl. The
above mechanism can accommodate these findings if
reaction (3) (with M =Re) is relatively slow, so that the
concentration of Re(CO)¢ builds up during irradiation,



Polymerizations photo-initiated by manganese carbony! + halide systems: C. H. Bamford and J. Paprotny

Slow generation of radicals by interaction of Re{(CO)s
and CCl, then gives rise to the after-effect. Kinetic pre-
dictions based on this mechanism were shown to agree
satisfactorily with the experimental observations.

Recent observations®:4 have confirmed the unit
quantum efficiency for photoinitiation by Mn2(CO)1o,
and have further demonstrated* that two radicals are
formed for each molecule of the carbonyl consumed.
These findings are consistent with reactions (1)-(3).

It has lately become apparent that in the presence of
certain solvents, notably cyclohexanone and acetyl-
acetone, photoinitiation by the manganese carbonyl+
halide system is followed by enhanced after-effects similar
to those previously observed with rhenium carbonyl in
bulk methyl methacrylate. The phenomenon is quite
distinct from the normal photo after-effect associated
with a finite (but high) rate of radical decay on interrupt-
ing illumination which, under comparable conditions,
lasts for a much shorter time and is several orders of
magnitude smaller>. Nor is the enhanced after-effect
peculiar to methyl methacrylate.

Some interaction between a manganese species gener-
ated photolytically and the solvent therefore apparently
occurs, yielding a product capable of initiating over a
relatively long period. More specifically, Mn(CO)¢ may
be trapped by reaction with a suitable solvent, and so
prevented from entering into rapid destruction processes
such as reaction (3). A quantitative study of the after-
effect, together with data relating to the influence of the
solvent on the rate of radical formation in the light,
should provide information about the primary act in
photolysis. This paper describes investigations carried

102AM (mol )

1
(@] 60 120 180
Time (min)

Figure 1 After-effects with different solvents and monomers
M:=methyl methacrylate, VC=vinyl chloride. {ETCA]=6x10~2
mol I-1. Irradiation time 5min, A=435-8nm. Concentrations given
in mol I-1: @, [M}=4-7; [Mn2(CO)o]=3-0x 10-4; solvent benzene.
[1,[M]=4-7;[Mna(CO)10]=2-1x 10-%; solventacetone. O,[M]=4-7;
[Mn2(CO)10]=3-9x 104; solvent cyclohexanone. +, [M]=4-7;
[Mn2(C0O)10]=3-0x10-4; solvent acetylacetone, experimental
points, curve computed from equation (9). A, [VC]=8-6;
[Mn2(CO)10]=6-4 x 10~4; solvent cyclohexanone

out to test these hypotheses. For brevity, we shall use the
term after-effect to signify the type of prolonged dark
reaction obtained in the presence of active solvents.
Throughout the work we have used methyl methacrylate
as monomer, with ethyl trichloroacetate (ETCA) as
halide.

EXPERIMENTAL

Materials

Methyl methacrylate was purified as previously
described®.

Cyclohexanone (BDH) was dried over fused mag-
nesium sulphate and fractionally distilled in nitrogen at
atmospheric pressure through a 50cm column. The
middle fraction was collected and stored under nitrogen;
it was distilled in vacuum before use. Acetylacetone
(Puriss, Fluka) was also distilled in vacuum. Benzene was
dried over calcium hydride and distilled. AR grade
acetone was used without further purification.

Manganese carbonyl was sublimed in high vacuum and
stored in the dark.

Techniques

All experiments were carried out in a laboratory
illuminated by inactive (sodium) light.

The optical system consisted of a 250 W medium
pressure mercury arc and two Pyrex lenses arranged to
produce an approximately parallel beam of light. The
latter was filtered through the pair of Wratten filters 2E
and 98 to give essentially monochromatic light of
wavelength 435-8 nm.

Different light intensities were obtained by insertion into
the beam of blackened wire gauzes of known transmission.

The polymerization was studied dilatometrically at
25+ 0-005°C. Pyrex dilatometers of approximately 1-5ml
capacity with capillaries of 1 mm bore (Veridia) were
used. Rates of polymerization w were calculated from the
relation

w=506x10"3RmolI-1s1 @

R being the rate of concentration in cm min—! per ml of
dilatometer volume. Reaction mixtures were thoroughly
degassed by conventional freezing and melting cycles in
vacuum (pressure < 10-5mmHg).

Absorption spectra of degassed solutions of manganese
carbonyl in cyclohexanone were measured at 450 nm by
means of a Unicam SP500 spectrophotometer. Electron-
spin resonance spectra at 77K were recorded with the aid
of a Varian E3 spectrometer.

Viscosities of methyl methacrylate-solvent mixtures at
25°C were determined with an Ostwald viscometer.

RESULTS AND DISCUSSION

Character of the after-effect

Figure 1 shows that the dark reaction following
irradiation of mixtures of manganese carbonyl, methyl
methacrylate, ethyl trichloroacetate and solvent is
strongly dependent on the nature of the solvent. Cyclo-
hexanone (CH) and acetylacetone (ACAC) produce
larger after-effects than any other solvent examined, while
benzene and acetone are much less active in this respect.
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Figure 2 After-effects following irradiation (10min, A=435-8nm) of
mixtures of two components, with addition of remaining compon-
ents immediately after irradiation. Concentrations after mixing
{(mol I"1): Mn2(CO)10, 3-42; ETCA, 6-0x10~2, A, M+Mn2(CO)10
irradiated, ETCA+CH added; after mixing [M]=4:-Tmol I,
@, M+Mn(CO)yo irradiated, ETCA+M added; after mixing
[M]=9-4mol I-1. O, CH+Mn3(CO)yo irradiated, ETCA+ M added;
after mixing [M]=4-7mol |-}

Similar behaviour with vinyl chloride in the presence of
cyclohexanone is illustrated in Figure I. No comparable
after-effect occurs with this monomer in the absence of
cyclohexanone or other active solvent.

To gain some insight into the processes responsible for
the after-effect we irradiated manganese carbonyl in the
presence of either solvent or monomer, then added the
other components in the dark. The mixture to be irradi-
ated was contained in a vessel communicating through a
glass break-seal with a second vessel connected to the
dilatometer. The latter vessel contained the components
to be added after irradiation. Both liquids were carefully
degassed before the vessels were sealed. Results with
cyclohexanone are presented in Figure 2; it is clear that
the after-effect can only be obtained if the solvent is
present during irradiation. On the other hand, the
presence of monomer or halide during illumination
appears to be inessential and the after-effect develops if
these components are added subsequently. Products
formed by interaction of Mnz(CO)1¢ with the halide in
the light (e.g. Mn(CO);sCl) are therefore not responsible
for the dark reaction. No observable reaction is obtained
if a mixture of the carbonyl, monomer and cyclohexanone
is irradiated without the halide. These experiments
establish that the after-effect arises from a species Z, pro-
duced by photochemical interaction between manganese
carbonyl and active solvent, which interacts with the
halide to generate free-radicals. We believe that forma-
tion of Z involves interaction of a photolytic fragment
from Mn2(CO)1p with a carbonyl group of the solvent.
Although present observations suggest that solvent
activity is connected with the presence of such groups,
further studies on additives of different types is desirable.

To examine the possibility of thermal formation of Z, a
degassed solution of carbonyl in cyclohexanone
([Mn2(CO)10]=3 x 10~4moll-1) was heated to 100°C for
1 h. On cooling to 25°C and adding monomer and halide
no after-effect was observed. However, the expected after-
effect was obtained on subsequent irradiation of the

210 POLYMER, 1972, Vol 13, May

mixture. Under these conditions, therefore, Z is not
formed on heating, or a negligible concentration sur-
vives; the experiment further confirms that impurities in
the cyclohexanone are not responsible for the after-effect,
since these should be scavenged during heating with
Mny(CO)10. A similar conclusion was drawn from
experiments in which manganese carbonyl was irradiated
in the solvent which was then distilled off from photolysis
products. This material produced normal after-effects.

It appeared likely that Z would be a rather unstable
species, even in the absence of halide. To test this, experi-
ments were carried out in which solutions of manganese
carbonyl in cyclohexanone were irradiated, then added to
a monomer-halide mixture after standing in the dark for
predetermined intervals of time. The magnitude of the
after-effect was found to decrease as the interval increased
from zero to 14 h (Figure 3), indicating a slow decay of Z
into non-initiating species. Calculations of the type
described later show that the half-life of Z in cyclo-
hexanone at 25°C is of the order 10 h.

The dependence of the after-effect on the period of
illumination 7 is illustrated in Figure 4. For short irradia-
tions, the after-effect increases with = but, under the con-
ditions in Figure 4, it reaches a maximum value at
r=5min, approximately, and decreases on longer
irradiation. These unexpected observations (which are
without counterpart in the rhenium carbonyl system) may
be explained in a number of ways, of which destruction of
Z at long 7 by photolysis seems most probable. Evidently
in experiments designed to measure the rate of formation
of Z, = should be as short as practicable.

Spectrophotometric observations

We have shown that Z decomposes when allowed to
stand in solution in cyclohexanone in the absence of
halide (Figure 3) and have suggested that Z may photolyse

102aMm imol )
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Figure 3 After-effects following irradiation (10 min, A=435-8nm) of
CH+ Mng(CO)1owith subsequentaddition of M+ETCA. Concentra-
tions after mixing (mol I-1): M, 4-7; Mn2(CO)10,3-0x 10-4; ETCA,
6:-8x10~2. A, mixing immediately after irradiation; O, mixing
after 4h; @, mixing after 14h
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Figure 4 Dependence of after-effect on time of irradiation.
Solvent CH; A=435-8nm, Concentrations (mol I-1): M, 4:7;
Mn2(CO)10, 4°0x 10~4; ETCA, 6:4x 10-2, Irradiation times: [, 10s;
A, 30s; O, 2min; A, 5min; M, 10min; @, 20min

during prolonged irradiation, with the implication that Z
is likely to have a high extinction coefficient. It therefore
seemed worthwhile to make spectrophotometric observa-
tions to ascertain whether the formation and decay of Z
could be detected directly. Irradiation for 10min was
carried out with A=435-8nm, and optical densities at
450 nm were measured before and after irradiation. A

degassed solution of manganese carbonyl (9 x 10~4mol 1-?)
in cyclohexanone, free from halide, was used in these
experiments. The observations summarized in Figure 5
show that the optical density indeed increases during
irradiation, and subsequently falls slowly in standing in
the dark at 25°C. After 24 h the optical density has almost
recovered its original value. A second irradiation after
50 h, approximately, produces similar (but not identical)
results, so that the phenomena appear to be partly
reversible.

The first decay curve in Figure 5 is not strictly first-
order, but corresponds to an order approaching two
initially and decreasing towards unity. Under these con-
ditions it is not meaningful to discuss the precise value of
the half-life. The maximum concentration of Z in the
present experiments would be considerably higher than
those in the after-effect work on account of the greater
carbonyl concentration; in these circumstances the ‘half-
life’ determined from the results in Figure 3 (10h)
appears to be compatible with Figure 5.

Irradiation of manganese carbonyl in cyclohexane
solution under similar conditions did not produce any
measurable change in optical density.

These experiments support the proposed mechanism
for the origin of the after-effect by demonstrating that the
photolytic fragments derived from Mn2(CO)1o interact
with cyclohexanone but not with cyclohexane; they are
also consistent with the occurrence of photolysis of the
species Z.

Kinetics of the after-effect

The concentration of Z formed by irradiation may be
calculated from the after-effect if the kinetic mechanism of
the latter is known. Equation (5) is a formal representation
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Figure 5 Changes in optical density (A=450nm) following irradiation (10min, A=435-8nm). Solvent CH; [Mn2(C0)10]=9-2x 10~4mol I-1,
O, Optical densities before irradiation periods; @, optical densities after irradiation
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of the interaction of Z and the halide (RCIl) leading to the

generation of radicals R-(=Cl 2CC02Et), which initiate
polymerization of the monomer and so are responsible for
the after-effect.

Z+nRCl>nR + . .. (5)

Here n is the number of radicals formed by reaction of
one molecule of Z. At the relatively high concentration of
halide used in this work, equation (5) would be expected
to be first-order in [Z], with [RCI] effectively constant
during reaction. The first-order velocity coefficient k will,
in general, be a function of [RCI]. Thus we may write:

Z,=Zekt (6)

where Zg, Z; are the concentrations of Z at zero time (the
end of irradiation) and time ¢, respectively. No account is
taken of the purely thermal decay of Z, since this process
is relatively slow (see above) nor do we consider photo-
lysis of Z. This analysis therefore applies to small light
doses. The rate of radical formation by equation (5) is:

ft =nkZ¢=nkZ()e—’” (7)

For the greater part of the after-effect, the radical con-
centration will be effectively that calculated from sta-
tionary state considerations, since the time scale of the
after-effect greatly exceeds the half-life of a kinetic chain.
For a short time after the end of irradiation the radical
concentration is, of course, non-stationary, but this is not
significant here since the overall conversion in the non-
stationary period is very small and a small correction can
readily be applied. We assume throughout this paper that

all R-(=Cl2CCO:Et), whether formed in the light, or in
the subsequent dark reaction, initiate polymerization by
reaction with monomer. Thus, if A; is the magnitude of
the after-effect at time ¢ after the interruption of irradia-
tion, i.e. the conversion occurring in the dark reaction in
the specified interval, we have from equation (7)

das_kp[M]
dr ~ kel/2

kp, k: being the velocity coefficients of propagation and
bimolecular termination, respectively, and [M] the
monomer concentration, assumed constant. Integration
of equation (8) and application of the boundary condition
A¢=0 when =0 gives

1/2
= aralM("2) 1 —eru) ©)

For convenience in computation equation (9) may be
written in the form

(nkzo)l/2e—kt/2 (8)

A

Ah=A(1 —e~BY) (10)

Ah(cm) being the change in meniscus level in the dilato-
meter capillary corresponding to the conversion A;{mol
1-1). If ¥ (ml) is the dilatometer volume, and the capillary
has an internal diameter of 1 mm, we find from equation

)
Ah=AV/0-304 (11)

for methyl methacrylate at 25°C.
Combination of equations (9)—(11) gives

(12)

N 1/2 2
nZo={ 0-152A4(k1/2) }

VIMI(kp/ke'7?)
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One of the main points of interest is a comparison be-
tween Zo and the total concentration of radicals formed
during irradiation. The latter may be estimated from the
conversion during the light period, after appropriate cor-
rection for the pre-effect. (This correction is necessary
since radicals are formed at a constant rate from the onset
of illumination, but during the pre-effect the rate of poly-
merization has not attained its stationary value.) In
practice, values of the contraction in the dilatometer are
measured at convenient intervals and the linear portion of
the contraction-time curve is extrapolated back to the
beginning of irradiation; thus the corrected contraction a
may be determined. If I is the rate of radical generation in
the light, it is easily shown that the total concentration of
radicals formed is given by:

= 03042 |21

T \PIM e ki )
From equations (12) and (13) we obtain the simple
relation:

(13)

T

(14

If A, B are determined from after-effect data, and a is
measured, equations (12), (13) (or (14)) may be used to
calculate Zy, Ir, provided »n is known. Electron spin
resonance observations have shown that during reaction
only a very small fraction of the total manganese is con-
verted into Mn!I Since it seems most likely that Z con-
tains only one Mn atom, and the oxidation Mn® — Mn!
by the halide would produce one radical, we believe that
n=1. A, B were evaluated by fitting equation (10) to the
after-effect data by computer, with the aid of a program
which minimized the standard deviation. The standard
deviation so obtained was normally in the region of
8 x 10-4moll-1. To illustrate the closeness of the fit we
show the computed curve for the experiment with acetyl-
acetone in Figure 1. This agreement clearly supports the
assumption of first-order decay of Z.

The value of the parameter kp/k:!/2 at a given tempera-
ture may be influenced by the composition of the reaction
mixture in two ways. The termination reaction is diffusion-
controlled, so that k; is inversely proportional to the
viscosity of the system?. Further, in the case of methyl
methacrylate, &, is increased by the presence of some
additives8: 9, We have looked for possible changes in &,
produced by acetylacetone by measuring rates of poly-
merization photoinitiated (A=365nm) by azobisiso-
butyronitrile over a range of intensities and composition,
benzene being used as an inert additive. No effect on
kplks1/? attributable to acetylacetone could be observed,
other than that arising from the (small) viscosity changes.
Consequently values of kp/k:!/2 were derived from the
figure for bulk monomer by applying the appropriate
viscosity correction. For convenience the values of the
parameter used subsequently are presented in Table / in
which dacac is the volume fraction of acetylacetone.

Quantitative study of the after-effect

Experiments were carried out with »=5min over a
range of volume fractions of acetylacetone to determine
the dependence of Zy on the concentration of acetyl-
acetone. Experimental data were treated as described in
the previous section, Zo being calculated from equation
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Table 1 Values of kp/kt'/2 for methyl methacrylate at 25°C in
mixtures containing acetylacetone

dacac 0 01 02 0
103 kplheL/2 56 56-5 57 58
(mol-172 |11z g-1/2)

3 4 05 075
5

18
58-5 5 61

(12) with n=1. The experiments were performed at two
different monomer concentrations (2-35 and 4-70 mol 1-1)
with addition of benzene as an inactive diluent when
necessary. Results are shown in Figure 6. The calculated
values of Zo show considerable scatter; this is hardly sur-
prising in view of the very low rates of initiation and long
kinetic chain-lengths in the dark reaction, and the sensi-
tivity of Zg to errors in A arising from the square in
equation (12). However, it is clear that increasing acetyl-
acetone concentration is accompanied by a steady increase
in Zy, with a tendency in the latter to reach a plateau
value. There is no evidence that Z¢ depends significantly
on [M].

Unfortunately, the measured values of a were not very
reproducible in these experiments, and this prevented
meaningful application of equation (13). It appeared that
I+ was not sensitive to dacac and had values scattered
around 10x 10-5moll-1. If this figure is accepted, it
follows that at high acetylacetone concentrations the
ratio Zo/IT may reach 0-6 under our conditions.

Corresponding values of k(=2B) are plotted against
dacac in Figure 7, which indicates a general decrease in &
with increasing acetylacetone concentration.

Since fewer chemical complications are encountered
with short periods of irradiation or small light doses, the
after-effect has been investigated under these conditions.
Two series of experiments were carried out, one with the
light intensity reduced to one-third of its previous value,
with r=35min, the other at the higher intensity, with
7=10s.

The results of the former series are collected in Table 2.
The total concentration of radicals formed in the light (/7)
is sensibly independent of acetylacetone concentration, as
appeared to be the case at high light intensity. Also, Zo
increases Wwith ¢acac in a similar manner (compare
Figure 6), although Zo/Ir is generally somewhat higher.
This is consistent with the view that Z may photolyse to an
inactive species. Under the present conditions there
appears to be no appreciable change in k as dacac IS
varied, in contrast to the results shown in Figure 7.

105 Zg (mol 1)

L I
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A 1 1 L
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Figure 6 Dependence of Zp on dacac. Irradiation time, 5min;

A=435-8nm. Concentrations (mol I-1): Mn2(CO)1, 3-0x10-4;
ETCA, 6-0x102; @, M, 4-7; O, M, 2:35
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Figure 7 Dependence of k on dacac. Irradiation time, 5min;
A=435-8nm, high intensity. Concentrations (mol I-1): Mnz(CO)1o,
3:0x104; ETCA, 6:0x10~2, @, M, 4-7; O, M, 2:35

Two experimental problems are encountered in mea-
surements with short periods of irradiation. First, the
conversion in the light is too small to measure directly,
and secondly, traces of adventitious retarders, which may
not be removed completely during the short irradiation,
may vitiate the results. Consequently we decided to make
separate measurements of the rate of polymerization in
the light, with longer periods of illumination. The rate of
polymerization became constant after illumination of the
system for about 30s, and remained effectively steady for
Smin; consumption of manganese carbonyl then pro-
duced a slow decline in rate. Rates of initiation calculated
from the constant rates of polymerization are given in
Table 3. These results confirm the earlier findings that the
rate of radical formation in the light is sensibly indepen-
dent of the acetylacetone concentration.

To eliminate the effects of impurities on the dark reac-
tion we observed repeated after-effects in the same dilato-
meter, with a sufficiently long period between successive
irradiations to allow the rate of reaction to decline to an
insignificant value. With r=10s it was found that the
second irradiation gave a slightly larger after-effect than
the first, while the third after-effect was little different
from the second. Data for the third after-effect are given in
Table 4. The values of k and Zo/Ir are both somewhat
larger than the corresponding values in Table 2, but prob-
ably not significantly so.

The results of a series of experiments designed to
examine the effects of changing the manganese carbonyl
concentration are presented in Table 5. The ratio Zy/I+
decreases with increasing [Mn2(CO)10] but there is no
definite trend in k.

In a further series the effect of varying the ethyl tri-
chloroacetate concentration was investigated. According
to the results in Table 6, with increasing [ETCA], I+
increases to a small extent while both Zy and Zo/I+
decrease; k also increases, but with an order in [ETCA]
less than unity.

Carbon monoxide, added at pressures of 3 and
15mmHg, was found to be without detectable influence
on the rate of polymerization in the light, or on the
development of the after-effect.
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Table 2 After-effects at low light intensity; ==5min. Concentrations (mol i-1): M, 4-7; Mn2(CO)10, 3% 104; ETCA, 6x 10-2

4 A a 104 (=2x10*B) 1052, 105/7
dacac (ml) (cm) {cm) (s™ (mol 171) (mol i) 2o/l
0 1-90 — 0-170 — - 3-57 —_
0-10 1-90 0-86 0173 1-77 1-18 3-60 0-33
0-25 1-81 1-19 0-166 1-28 1-75 3.55 0-50
0-35 1-40 1-04 0-143 1-47 2-49 429 0-58
0-50 174 1-17 0-159 1-57 2:12 3-32 0-64

Table 3 Rates of initiation at high light intensity in methyl
methacrylate + acetylacetonate systems. Concentrations (mol [71):
Mn2(CO)1o, 3x1074; ETCA, 6x 102

Table 6 Dependence of dark reaction on [ETCA]. High intensity,
T=5min; concentrations (mol I-1): M, 4-7; Mn2(CO)10, 3x 1074,
dacac=0'5

dacac 0 0-25 0-75 102[ETCA] V A a 10% 1052, 105/~ 2o/l
107/(mol |71 s-1) 3:-75 3-70 3-54 (mol 1) (mi) (cm) (cm) (s~1) (mol I-1) (mol I-1) oflr
2 1-81 2-98 0-257 0-67 5-40 8-1 0-67
10 1-90 2-12 0-275 1-05 4-00 8:5 0:47
20 1-74 170 0-264 1-23 3-55 9-2 0-38

Table 4 Data on after-effect for7=10s,

Concentrations (mol 1-1): M, 4-7;
Mnz (CO)io, 3x10-4; ETCA, 6x10°2;
dacac =05

A=0-272cm

k=2:38x10—4 s~

Zo=0-27x10"5 mol I-1

/7=0-36x 105 mol I-1 (from Table 3)
ZoflT=0-75

Mechanism of formation of Z

We have concluded that the species Z is formed by
photoreaction between manganese carbonyl and active
solvent S, and it is likely that Z is an adduct between S
and a fragment resulting from the photolysis of
Mn3(CO)1p, e.g. S-Mn(CO)s. Two cases may be distin-
guished, depending on the process assumed for the
photo-decomposition of Mna(CO)1o.

Symmetrical photolysis of Mns(CO)10. The photolytic
step and the radical-generating process in the light are
shown in equations (15) and (16):

&,
Mn2(CO)10+ hv — 2Mn(CO)s (15)

ks
Mn(CO)s5 + RCl » Mn(CO)sCl + R- (16)

The halide concentration throughout this work was in the
‘high’ range, i.e. corresponding to the plateau values of
the rate of polymerization!, so we are not concerned with
reactions of Mn(CO)s leading to inactive species. We may

suppose that S competes with the halide for interaction
with Mn(CO); according to equation (17):
ks
Mn(CO)s+S - Z an

By assuming a stationary concentration of Mn(CO)s we
find that

Zo=2k:[Mn z(CO)lo]TWRg][i]k—sm]
~ ks[S]
= 2')’Iabs7'lm 5
and
B ko[RCI]
Ir= 2'}’Iabsfm] (18b)

where y is the quantum efficiency of the primary carbonyl
photolysis and Iys the absorbed intensity. In deriving
equation (18a) no account has been taken of photolysis or
decay of Z either thermally or by reaction (5). Decay is
negligible during the (short) irradiation period, while at
low light doses, to which this analysis mainly applies,
photolysis will not be appreciable. From equation (18) we
have,

Zy_ ks[S]
Tr~ ka[RCI] (19a)
Zo+Ir=2ylanst=(I7)o (19b)

where (I7)¢ is the value of I+ for [S]=0.

Table 5 Dependence of dark reaction on [Mn2(CO)10). High intensity, 7=5min; concentrations (mol I-%): M,4-7;ETCA,6x 10-2; facac=0-5

104[Mn2(CO)10] 4 A a 104k 1052, 105/

(mol I-1) (ml) {cm) (cm) (s™1) (mol 1) (mol I-7) Zo/l~
0-3 1-90 113 0-120 1-44 1-51 1-6 0-94
0-6 1-74 0-99 0-125 2:00 1-94 241 0-92
1-0 1-81 1-06 0171 2-45 2-50 3-6 0-70
30 1-40 1-56 0-200 1-42 5-30 9:3 0-57
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Although the form of the variation of Zo with [S] (in
equation 18a) is compatible with Figure 6, this mechan-
ism is unsatisfactory in that equation (18b) predicts a
dependence of I on [S] which is not observed (Tables 2
and 3). Thus, unless k2[RCI]>k3[S ], I+ should decrease
with increasing [S]; if the inequality were to hold Zy/IT
would be very small (equation 19a), contrary to observa-
tion. According to equation (19b), Z¢+ I+ should remain
constant as [S] is varied and equal to the value of /7 in
pure monomer. In the experiment in Table 4, the expected
value of Ir on this basis would be (0-375-0-27)10-5=
0-105x 10~3moll-! (see Table 3); the observed value
0-36 x 10~>mol I-! differs from this by an amount too
great to be attributable to experimental error. A similar
analysis of the figures in Table 2 leads to the same
conclusion.

Finally, we note from equation (19a) that the ratio
Zo/IT would be expected to increase linearly with [S],
without approaching a finite limit. In fact, a value for the
ratio exceeding unity has never been observed in any
experiment. The present mechanism predicts for the
experiment in Table 4, Zo/I+=0-27/0-105=2-58, whereas
the observed value is 0-75.

We conclude that the simple symmetrical mode of
photolysis considered does not seem compatible with the
results of this work.

Unsymmetrical photolysis of Mna(C0O)10. The work of
Kwok to which reference has already been made4 supports
the type of primary act (equation 20) suggested by
Bamford ef al.l:

Mng(CO)10+hv - Mn(CO)s + Mn(CO)s  (20)

Kwok* further proposes that reaction (20) is followed by
reactions (21) and (22):

kﬂ
2Mn(CO)s = Mn2(CO)19+2CO 1)

Mn(CO)4+RCl - R+ +Mn(CO)4Cl
L co
Mn(CO)sCl 2)

We take these three steps as the basis of the present dis-
cussion. A possible mechanism for the formation of Z
would involve an interaction between Mn(CO)g and S
(presumably with evolution of CO) which would com-
pete with the rapid process (21):

ks
Mn(CO)s+ S — Z+CO (23)

If we assume that equation (21) is second order in
[Mn(CO)¢], and that [Mn{CO)g] is stationary, we may

derive:
_k?,[S]Z 4')’k41abs 1/2
IT = '}/Ia,bsT (24b)

According to reaction (24a), Z, increases with increasing
[S], approaching a limit y/yps7; thus the limiting value of
Zo/Ir at high [S] is unity. This mechanism further differs
from that discussed earlier in that it predicts that I=
should be independent of [S']. In these respects equations
(24a and b) are consistent with observation.

1t follows from the kinetic mechanism that as Japs
increases, the relative importance of reaction (21) com-

pared to reaction (23) increases, so that the ratio Zo/Ir
should decrease. (This may, of course, be shown directly
from equation (24a).) In the experiments of Table 5,
increase in Japs was brought about by increasing
[Mng(CO)10] at constant incident intensity and is seen to
lead to the expected reduction in Zo/Ir.

Equations (24a and b) do not contain the halide con-
centration. However, we have seen (Table 6) that the
values of Zo, I, and Zo/I+ are not independent of
[ETCA], although they are not very sensitive to it in the
range studied. This may imply that a reaction between
Mn(CO)¢ and the halide occurs to a minor extent, and
competes with reaction (23). A possible reaction is:

ks
Mn(CO)s+RCl - R- + Mn(CO)sCl+CO  (25)

If equation (25) is included, equations (24a and b) must be

replaced by:
21512 1/2
Zy= 2515 {(1 + 4”"41““5) - 1}7 (262)

2k4 «2kZ[S ]2

Ir=yhLpst+Zo(a—1) (26b)
where

a=1+ke[RCl/k5[S] 27

If « is not far from unity, equations (26a and b) explain
the small trends which appear in Table 6. The fraction of
Mn(CO)¢ reacting according to equation (25) is greatest
when [S]=0; even under these conditions it is probably
small for the standard halide concentration used in this
work (6 x 10-2mol1-1). This will be so if k¢[RCI] is small
compared to (ykalans)}/2.

In view of the experimental difficulties encountered in
obtaining precise values of Z¢ and I+, we do not think it
justifiable to attempt to fit equations (26a and b) quantita-
tively to the results. However, for purposes of illustration
we have calculated Zo, Ir, Zo/I= from these equations
taking yJans = 1-2 x 10-7einstein1~1s71, r=300s, k/ks=
10-8mol-11s1, ke/k5=35, and the results are presented
in Figure 8. They are in general accord with the observa-
tions at low intensity in Table 2; the numerical results are
also in satisfactory semi-quantitative agreement with the
effects produced by changes in [Mn2(CO)10] (i.e. Jans) and
[ETCA] shown in Tables 5 and 6 respectively.

4

[——— It
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o 02 04 o6 08 e)
%acac

Figure 8 Dependence of Zo, I+ and Zo//7 on dacac calculated
from equations (26a and b) with y/abs=1-2x 107 einstein I-1 s-1,
k2fka=10"8mol~1 | 571, kg/ks=5, 7=300s
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The values of the parameters chosen are appropriate to
a solvent with the activity of acetylacetone. A much more
active solvent may be able to compete with the halide for
reaction with Mn(CO)4. In such a case the rate of poly-
merization in the light may decrease with increasing [S]
and the ratio Io/Ir could exceed unity.

The mechanism under discussion for the formation of
Z following unsymmetrical splitting of Mn2(CO)1o seems
to agree with the majority of the salient observations. We
note that it leads to an overall quantum yield for radical
formation yg given by:

o2kZ[S ]2
= 1
vo=y+ 2k alavs :(

4yk alaps\ 172
+a2k§[S]2) —1} 28)

which leads to a value 2y as Japs/[S ]2 = 0. Since, on the
basis of this mechanism, y=1 at high [halide], the limiting
value of yg is two.

If reaction (21) is kinetically first order in [Mn(CO)g)
(rate coefficient k) the equations assume the simpler form
shown below:

_or. ks[S]
ZO_YIEbSk5[S]+k;T (29a)
I’T = ‘}’Iabs‘l’ (29b)
Zo__kslS] (29¢)

T ks[S14k,

Equation (29a) predicts a variation of Z¢ with [S] similar
to equation (18a) (derived for symmetrical photolysis)
and is compatible with the experimental data in Figure 6
while equations (29b)'and (29¢) are also consistent with
the results in Tables 2 and 3. However, according to
equation (29c¢) the ratio Zo/IT should not depend on Japs
or [Mn2(CO)10], so that in this respect the méchanism is
less satisfactory than that leading to equation (24). The
accuracy of the experimental data is not sufficiently high
to exclude a scheme in which both second- and first-order
reactions consuming Mn(CO)e participate. The mechan-
ism under discussion could obviously be elaborated by
inclusion of reaction (25) to obtain the observed depen-
dence on [halide].

Hitherto we have implied that the monomer does not
partake in the formation of a long-lived initiator. Inspec-
tion of Figure 2 shows that this is not strictly true;
although the after-effect in bulk monomer is relatively
small compared to that obtained in the presence of an
active solvent, it is nevertheless much higher than the
normal photochemical after-effect. Thus it is probable
that a species of the type Z is formed from the monomer,
in low concentration and/or of low activity. Since Zg in
acetylacetone solution is not sensitive to the monomer
concentration (Figure 6), the monomer is not able to
compete effectively with acetylacetone under our
conditions,

Reactions of Z

In general, k may be expected to depend on the solvent
and halide concentrations. At low light intensities, k is
effectively independent of ¢acac (Table 2), but at high
intensities k increases with decreasing ¢acac (Figure 7), and
also with increasing period of irradiation. The depen-
dence on 7 is immediately apparent from a comparison of
the curvatures of the plots in Figure 4; the values of &k are
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Table 7 Dependence of & on 7. Additive cyclohexanone
[Mn2(CO)10]=4x 10-2mol I-1; ch=0-5

7(s) 10 30 120 300 600 1200
10%4(s71) 1-67 2-67 300 4-67 5-33 4-33

collected in Table 7. At high intensity k varies with
[ETCA] in the expected sense (Table 6), although the
dependence is less than first order.

The observations made at low light doses may be
interpreted satisfactorily in terms of reactions (20), (21)
and (5). With high light doses the situation is more com-
plicated and requires further clarification, but the findings
suggest that the initiator Z first formed undergoes photo-
chemical transformation to a second species, which
initiates at a rate dependent on the value of 4. Such
dependence may be readily explained. If the initiating
species is represented as Y-S we may postulate the
reactions:

Y-S=Y+S (30a)
Y+RCI>R- (30b)

so that, as observed, the rate of initiation becomes an
inverse function of [S]. Further, this scheme predicts a
dependence of k on [RCI] between zero- and first-order,
as found in the high-intensity experiments. In the case of
Z, direct reaction with RCl must be assumed (equation
(5)), or (30b) is fast compared to the back reaction in
equation (30a).

The above considerations suggest that two (or more)
initiating species may be present during the dark reaction
following high light doses unless effectively complete
transformation of Z into one other species occurs. Com-
puter calculations have indicated that departures from
first-order decay may not be important over the range of
reaction times studied and also that errors introduced
into the estimation of Zg are not large.

Other types of mechanism may be envisaged, e.g. the
photochemical formation of a substance capable of
catalysing radical generation from Z, but they seem less
satisfactory.

There are no reasons for believing that the complica-
tions discussed above are significant at low light doses.

General

Alternative mechanisms. Although unsymmetrical
photolysis of Mns(CO)10 (equation (20)) offers the
simplest explanation of our results, variants of the
mechanism based on symmetrical photolysis (equation
(15)) deserve consideration. The most attractive of these
is shown in equation (31); the primary act is two-fold in
nature, X being a species other than Mn(CO)s.

2Mn(CO)s (3la)

Mn(CO)10-+hv
X (31b)

For example, X may be formed by rearrangement of
Mng(CO)10 to (CO)sMnCOMN(CO)4 as suggested by
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Haines et al.10 for the thermal decomposition of manga-
nese carbonyl. If X gives a relatively stable adduct (i.e. Z)
with solvent, initiation following a subsequent dark reac-
tion of Z with halide would be possible. It would be
necessary to assume that X does not generate radicals in
the absence of solvent, since we have shown that forma-
tion of Z does not reduce the rate of radical production
during irradiation. Available data on initiation in the
absence of solvent would be consistent with equation (31)
if equation (31a) constitutes approximately 50% of the
primary process, and X reverts to Mng(CO);4. In the
presence of an active solvent, the limiting value of unity
for the ratio Zo// would then be obtained if the species Z
contained two Mn atoms and #=2 (equation (5)). Further
elaboration would be required, however, to account for
the dependence of Zo/I7 on [Mng(CO)1¢] (Table 5). The
fortuitous equality of the rates of reactions (31a and b) is
a somewhat unsatisfactory feature, particularly since it
must also hold for Reo(CO);.

A mechanism in which (CO)sMnCOMn(CO)s (or
2Mn(CO)s in a solvent cage) is an intermediate leading to
Mn(CO)4+ Mn(CO)s is, of course, equivalent for our
purposes to reaction (20).

Delayed photogelation. In earlier papers'we have shown
that when the halide component of the initiating system is
a preformed polymeric halide, combination of the pro-
pagating radicals leads to crosslinking of the chains of
the preformed polymer and ultimate gelation. It is clear
that the formation of the labile species Z provides a
method for obtaining delayed photogelation. Irradiation

of suitable systems for periods shorter than the gel-time
would be followed by further crosslinking in the dark, ata
rate controllable by variations of the light dose and the
reactant concentrations. We are investigating the possi-
bilities of this process.
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Calculations of the characteristic ratio and its temperature dependence for
polyethylene and isotactic polypropylene have been performed using a rotational
isomeric model which takes account of non-staggered conformations and the
interdependence of the bond rotational potentials in sequences of four chain
bonds. The experimental values are shown to be reproducible satisfactorily by
a set of energy parameters consistent with the similarity between steric interac-

tions in the two polymers.

INTRODUCTION

Recently, powerful statistical mechanical matrix methods,
eminently suitable for machine computation, have been
developed! to handle the problem of accounting for all
of the immense number of conformations available to a
macromolecule in solution.

These techniques have been applied to the calculation
of conformationally averaged polymer properties such as
average conformationsl—3, dimensionsl-4-7, strain bire-
fringence8, and light scattering?.

As formulated hitherto!, the method assumes that
each bond exists in one of a discrete number of rotational
isomers, whose energy depends not only on its own state
but also on the states of adjacent bonds. Factors affecting
the conformational energy but which operate over more
than two chain bonds are ignored. The conformational
energy is thus constructed as a sum of contributions from
each bond, with each bond contribution further sub-
divided into contributions from interactions between
vicinal groups on that bond and from interactions
between those groups and groups on adjacent bonds.
Hence the weighting of a given conformation in the
averaging calculation is expressed as a product of statisti-
cal weights (i.e. Boltzmann factors), one for each energy
contribution. A particular conformation is as usual
defined as the energy zero, with a statistical weight of
unity. Naturally, the calculated properties depend on the
assumptions made regarding the number and inter-
dependence of the bond rotational states, and on the
magnitudes of the statistical weights. Guidance in the
proper attitude to be adopted towards all these factors is
obtained from three sources: (a) experimental studies of
the rotational isomerism characteristics of small mole-
cules of similar structurel- ¢; (b) comparison of calculated
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polymer properties with experiment!-4.1%; and (c) con-
formational energy calculations!- 4. 5. It is the purpose of
this paper to utilize approach (c) to re-investigate for
polymethylene and polypropylene the assumptions made
hitherto of a two-state? or three-statel.4.3 rotational
isomeric model for saturated carbon-carbon bonds and
pairwise interdependence of bond rotational energy
potentials. In the light of the modifications deemed
necessary by these calculations, approaches (a) and (b)
are used to correlate the experimental values of the mean-
square end-to-end distance, and its temperature, depend-
ence, for polymethylene and polypropylene with the
values calculated using a consistent set of statistical
weights. It is shown that an apparent conflict!0,11
amongst data for polypropylene can be resolved satis-
factorily.

CONFORMATIONAL ANALYSIS OF
POLYMETHYLENE

This has been done previously by Abe et al® whose
method and nomenclature will be broadly followed.
Considering single-bond states first, Figure 1 shows in
projection the three well known12, 13 staggered rotational
isomers of a typical bond Ci-Ci11 in a polymethylene
chain. The equivalent conformations designated g and g
are of higher energy than the ¢t conformation because of
the steric conflict between the proximate methylene
groups Ci;—1 and Cgip and they are therefore assigned a
statistical weight o< 1. [o is defined by o=exp(— E,/RT)
where E,=(Ey— E) is the energy difference between g
and 7 due to the inter-methylene interaction.] Reasonable
estimates of ¢ may be obtained as in previous calcula-
tions1-4 from direct measurement of E, in the lower
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t g g
Weight : | 6 6
¢ : O 120-54 ~120+486

Figure 1 The staggered rotational isomers of bond Ci-Cj 41 of
polymethylene. The rotation angles are defined in Figure 3

n-alkanes by spectroscopic and electron diffraction
techniques. These give an average value!4 of 500+ 100
cal/mol for E,.

Experiments!4 and calculations!.4 also indicate that
the ¢ and g energy minima do not lie exactly at the
staggered rotation angles of +120° but are displaced by
5-10° towards the ¢ conformation due to the repulsion
of the methylene groups.

Two successive chain bonds can occupy any combina-
tion of the states ¢, g or ¢ without hindrance unless the
combined state is gg or gg in which case an interaction of
the sort shown in Figure 2 occurs, with statistical weight
w and energy contribution E,,. It is the role and status of
this conformation which is most worthy of attention.

E, is undoubtedly fairly large, and so is not accessible
to direct measurement like E,, since the occurrence of
conformations of the lower n-alkanes containing w is
very low. The most fruitful method of investigating this
particular interaction is to use conformational energy
calculations. Several sets of semi-empirical potential
functions for this purpose have been described!5-20;
application of all these schemes to a gg or gg sequence
yields the uniform result that if tetrahedral geometry and
staggered rotation angles are maintained, the H... H
steric conflict is so large (> 5 kcal/mol) as to exclude this
conformation from practical consideration. Indeed this
conclusion is also arrived at using reasonably accurate
space filling molecular models, for the gg or gg conforma-
tions may not be constructed without obvious large bond
angle and/or torsion angle strain. The models do suggest,
however, that conformations of relatively low energy
exist at non-staggered rotation angles in the region of the
g¢ and gg conformations. Such energy minima have been
located by Abe et al.4 for n-pentane but were not thought
to be significant. The conformational state of this area
has therefore been re-investigated using the potential
functions given by Warshel and Lifson??, The particular
value of these functions is their consistency, in that they
were derived from consistent force-field calculations of
many dissimilar alkane properties, including crystal
structures, molecular geometries, conformations and
molecular and lattice vibrations. The internal rotation
potential energy V is given as a function of the rotation
angles @; by:

9 6
V=3 4191 —cos3D) + 3 2e [(’f") _%(’ﬂ) ]ﬁﬂ
1 7.k

r r r

The first term represents the torsional potential energy;
V9 is the (three-fold) barrier to rotation about bond i.
The second term is the non-bonded interaction energy
summed over pairs of nuclei (J, k): e and ry are para-
meters characterizing the non-bonded energy curve, e;
and ey are the partial charges on j and k due to bond
dipole moments, and r is the internuclear distance.
Table 1 summarizes the structure and energy parameters
used. Although confined to estimating the magnitude of
the o interaction alone, the calculations gave results
which were very similar to the much more comprehensive
calculations of Abe et al.* for n-pentane. Thus instead of
a single energy minimum at the staggered rotation angles,
there are two equivalent minima in which one bond
retains its staggered g or ¢ conformation while the other
is rotated by about 40° back towards the ¢ conformation.
In terms of the rotation angles defined in Figure 2,
neglecting A®, the non-staggered minima are located at
about (—120°, +80°), (—80°, +120°), (+120°, —80°)
and (+80°, —120°). E, is estimated to be ~2kcal/mol,
compared to 2-2 kcal/mol given by Abe et al.%. Of course
the actual value of E, is subject to modification in the
light of a comparison with experiment, but these calcu-
lations do suggest that it is probably low enough to
require the inclusion of the non-staggered conformations
in any averaging calculations. It becomes doubly import-
ant to do so when it is realized that many polymer
properties are often measured at fairly high temperatures.
For instance the mean-square end-to-end distances which
are the subject of this paper were measured at about

Table1 Structure and energy parameters used in conformational
energy calculations

Bond lengths: C-C, 1-5A; C-H, 1-09A

Bond angles: C-C-C, 111°; H-C-H, 109°

Torsion: V° for C-C bond, 1-16kcal/mol

E
Non-bonded
interaction A) (kcal/mol) (e.s.u.)
H...H 3-548 2-58x 103 0-11
c...C 3-616 1-847x 1071
H...C 3-582 2:184 x 102

c c
U wl
=
TN T

1 A Y
1 )
PH O HT )
‘\ : II

\\ A ,I

Figure 2 Diagram of the inter-proton steric-conflict in the
interaction
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I+l

Figure 3 The coordinate reference frames on carbon atoms Ci
and Ci+1 of polymethylene (X=H) or isotactic polypropylene
(X=CHs). The z axes are perpendicular to the plane of the paper
and complete a right-handed coordinate system

140°C (see below). A five-state scheme for each bond has
therefore been adopted. The states are denoted ¢, g, g’, &
and g’ with angles of rotation 0, (—120+ Ad), —80,
(120— A®) and +80° respectively. A prime indicates a
non-staggered conformation. For a particular bond-pair,
there is a total of 21 allowed states, i.e. tt, gt, g't, gt, g't,
1g,18', 12, 18, 88, 88, 88", 8'8'. 88, §'8, 88, §'8'. £'8, &%,
2'g and gg'.

Further calculations were carried out to test the
assumption of pairwise interdependence of bond rotation
potentials. It was found that in several cases the inter-
dependence stretched over to four bonds. Thus in a
four-bond sequence of the nominal gggg or gggg type
steric conflicts additional to the » and « interactions
described above are present which are so numerous that
this conformation is effectively suppressed completely.
The nominal sequence #ggg and tggg are only allowed in
the form tgg’g and tgg’g respectively, with a statistical
weight close to w2,

In view of considerations such as these and the obvious
desirability of using a model as close as possible to the

Table 2 Statistical weight matrix for a bond-pair in polymethylene

it gt gt gt gt g tg’ g tg’ g9
it [1 ¢ 0 a 0 o o o o a2
gt 1 o 0 o 0 o o o o o2
g't 1 o 0 ° 0 4 o o o o2
gt 1 o 0 4 0 [ o [ [ o2
g't 1 @ 0 a 0 o g o o a2
tg 1 0 ow © 0 o o o o 0
tg’ 0 ow O 0 0 0 0 0 0 2w
tg 1 o 0 0 ow @ a o o o?
tg’ 0 0 0 ow 0 0 0 0 0 0
99 1 o 0 0 ocw ¢ o o o o?
g'g 1 o 0 0 ow o o o o o2
gg” |o o 0 ow 0 0 0 0 0 0
a9 1 0 ow © 0 c o o [ 0
gg |1 o ow o 0 o o o a 0
g9’ |0 ow O 0 0 0 0 0 0 o?w
g9’ |1 ow O a 0 a a a a 0
gg |1 0O 0 o 0 6 o o s 0
g9’ 1 < 0 ow 0 a o 4 o o2
9’9 1 o 0 0 0 o o o 4 o?
gg'|0 o© 0 ow 0 0 0 0 0 0
0 0 0 0 0 0 a o o2w
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actual polymer molecule, the 3 x 3 single-bond statistical
weight matrix U used elsewhere!4 has been recast as the
21 x 21 bond-pair matrix given in Table 2. An element
Uy, gives the weighting of a bond-pair in the conforma-
tion at the head of column j when the preceding bond-
pair occupies the conformation at the left of row i
Zero elements refer to conformations which are either
forbidden energetically, such as gg’, g&’, or do not lie
at an energy minimum, even though it is of low energy,
such as r1g’t. The same statistical weight » has been used
for the g, g, g’ and g’ conformations. Strictly a difference
weight, say p, should be used for the primed conforma-
tions. However, if used, p would occur only in conjunc-
tion with w so any difference between » and p may be
accommodated without error by re-defining « to take
this difference into account. No loss of accuracy is
occasioned by the procedure, and there are advantages
to be gained by using only two parameters.

CONFORMATIONAL ANALYSIS OF
POLYPROPYLENE

Because of similarities in chemical composition and
molecular geometry, the conformational analysis of
polypropylene differs little from that of polymethylene.
Figure 4 shows the three ‘nominal’ staggered conforma-
tions of the single bond C;-C;41 in Figure 3, with their
rotation angles.

The ¢ and g conformations are given equal weights of
unity since the CH ... CHj gauche interaction in ¢ is
unlikely to differ significantly from the CH...CH.
interaction in g. The g* conformation carries a statistical
weight = < | since it possesses two gauche interactions. The
energy difference between g* and ¢ (or g) in Figure 4 is
approximately the same as that between g (or g) and ¢
in Figure 1. However, because of the two opposed gauche
interactions, the energy of the g* state is not reduced by
a displacement A® of the torsional angle as in poly-
methylene so E, is likely to be greater than E,. A value
of 1000cal/mol has been estimated for E, based on
spectroscopic evidence and energy calculations. As will
be shown later, the value of 7 is not critical.

99 99 99 99° g9 g9 g9 g9 g9 g9
o2 o2 0 a2 o?w 2w oPw olw O 0
o2 o2 0 o? 02w o®w o2w o%w O 0
a2 o2 0 a2 o?w o?w 2w olw O 0
o2 o2 0 a2 2w o2w 2w olw O 0
o2 o2 0 o? o?w o%w o’w 2w O 0
0 a2 0 a2 0 02w  oc2w 2w o?w O
2w 0 0 0 1] 0 0 0 0 0
o2 0 2w 0 2w o2 0 aw? 0 a?w
0 02w 0 o2w 0 0 0 0 0 0
a? 0 o2w 0 02w o2 0 0 0 olw
o2 0 w 0 2w o2w O 0 0 02w
0 o2w 0 2w 0 0 0 0 0 0
0 a2 0 o? 0 0 02w d?w o2w 0
0 o? 0 a? 0 0 o’w o%w ow O
clw 0 0 0 0 0 0 0 0 0
0 o2 0 a2 0 [4] 2w  o%w 0 0
0 a2 0 a2 0 0 o?w olw O 0
a2 0 0 0 o’w o%w 0 0 0 0
o? 0 0 0 2w o%w 0 0 0 0
0 2w 0 2w 0 0 0 0 0 0
% 0 0 0 o0 ©0 ©0 ©0 0 0 |
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Weight : |
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Figure 5 The staggered rotational isomers of a single bond in
polypropylene. The rotation angles are for bond Ci-Ci1 of the
isotactic dyad shown in Figure 3

The degree of interdependence of the rotational
potentials of a two-bond sequence in polypropylene
depends naturally on the stereochemistry. Consider first
an isotactic dyad?l. Of the nine possible staggered
conformations of this unit only two, the (g¢) and (rg)
forms, are without additional steric conflictst: 5,22, All
others contain at least one w interaction identical to that
shown in Figure 2 with the difference that the conflicting
protons may belong to a methyl group instead of to a
methylene group. As in polymethylene, such conforma-
tions do not exist, and should be replaced by one or more
non-staggered conformations nearby. Thus the #f and gg
conformations, which contain an « interaction between
two methyl and two methylene groups respectively, are
replaced by 1't, #t' g'¢ and gg’ conformations where the
prime again indicates a non-staggered bond. For bond
C;—C;+1 of the isotactic polypropylene dyad illustrated
in Figure 3, the rotation angles for the t" and g’ conforma-
tions are 40° and 80° respectively.

These conformations containing bonds in the g* state
depart slightly from this pattern. For the nominal gg*,
g*g, tg*, and g*¢ states, energy minima for non-staggered
positions of the g or 7 bond exist, but not for the ‘twin’
conformations in which the g* bond is non-staggered.
Calculations showed that although the w-interaction is
alleviated in a g* state, an additional conflict occurs
between a methyl or methylene proton and the methine
proton on the side of the polymer backbone chain oppo-
site to that containing the w-interaction. This secondary
interaction is strong enough to eliminate the energy
minimum which would otherwise occur. Thus, the four
conformations g'g*, g*g’, t'g* and g*t’ are required.

The remaining conformation, g*g*, contains two
w-interactions, neither of which can be alleviated by

moderate bond rotations. It is safe to neglect this confor-
mation entirely.

In a sequence of two isotactic dyads, steric conflicts
are encountered in conformations of the types (—g)(g—)
or (—g*)g*—) where the parentheses enclose the two
bonds of a dyad and the hyphen represents ¢, t', g or g’ as
appropriate; no difficulty arises in all other cases. In the
(—g)(g—) case the conflict is an w interaction between two
methine protons which, if the sequence is (1g)(g?) is
resolvable into (fg)(g't) and (¢g’)(gt) conformations as
before. Of the other possible sequences, those of the
general type (gg)(gg), and the conformations (gg)(g'g*),
(g*g’)(g'g*) and are all precluded by the large number of
irresolvable steric interactions, while those of the nominal
type (¢2)(gg) are allowed in the form (tg)(g’g) with statisti-
cal weight w? (c.f. the (¢g gg) conformation of polymethyl-
ene above). The conformation (1g)(g’g*) is also allowed
with weight w2,

Sequences of the type (—g*)(g*—) all contain a very
strong methyl-methyl repulsion which is not removable,
and hence these conformations may be ignored.

Tables 3 gives the 13x13 statistical weight matrix
U for an isotactic dyad preceded by another isotactic
dyad. The zero matrix elements represent conformations
which are either strongly sterically hindered (see above)
or do not lie at an energy minimum, e.g. (g7)(g’t).

Exactly similar considerations apply to the analysis of
syndiotactic dyads. In this case the low energy conforma-
tions are (¢7) and (gg)!-5-22. The conformational set is
(11), (g8), (1'g), (18", (8'1), (81'), (1'g™), (g*1), (¢'8™), (g'8),
(gg’) and (g’g"). Note that this set contains one more
conformation {(g’g")} than the isotactic dyad set; this is
necessary to take into account the possibility of sequences
such as ...(ggXg'g)gg)... The 14x14 statistical
weight matrix U, for a syndiotactic dyad preceded by
another is given in Table 4. The 14 x 13 matrix U, for
an isotactic dyad preceded by a syndiotactic is the same
as Unm except that row 14 identical to row 13 is added,
row 12 is replaced by a row identical to row 5, and the
rows are labelled as in Uyy. The 13 x 14 matrix U,,, is
the same as Uy, except that row 14 is deleted, row 12 is
replaced by a row identical to row 3 and the rows are
labelled as in Um.

CALCULATION OF UNPERTURBED MEAN-SQUARE
END-TO-END DISTANCE

The treatment of this problem has been given by Flory23
but since he used statistical weight matrices for single

Table 3 Statistical weight matrix for an isotactic polypropylene dyad preceded by another isotactic dyad

g9 99’ gt g9 g tt
gg fo 0 0 0 1 @
99’ 0 0 w 0 1 w
gt ) ) 1 Tw 1 w
g'g* w @ 1 T@ 1 w
tg w? 0 0 Tw? 1 w
t't w 7 1 Tw 1 w
it w w 1 Tw 1 w
t'g* w w 1 Tw 1 w
g*g’ 0 0 w 0 1 w
g*t’ w w 1 Tw 1 w
g*g* ® w 1 Tw 1 w
g't w w 1 Tw 1 w
tg’ | O 0 w 0 0 0

t’ tg g9 g g'¢* gt tg’
w Tw Tw TW 0 0 1 ]
w Tw TW TW 0 0 1

w Tw TWw Tw 0 0 1

w Tw 0 0 0 0 1

w Tw Tw Tw 0 w 1

w Tw Tw Tw 0 0 1

w Tw Tw Tw 0 0 1

w Tw 0 0 0 0 1

w Tw Tw Tw 0 0 1

w Tw Tw Tw 0 0 1

w Tw 0 0 0 0 1

w Tw Tw Tw 0 0 1

0 0 0 4] 0 0 [
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Table 4 Statistical weight matrix for a syndiotactic polypropylene dyad preceded by another syndiotactic dyad

t'g tg’ it t'g* ag g't gt’
t'g ™ ™ 1 Tw 0 0 0
tg’ w w 1 Tw ) 0 0
tt ) w 1 Tw 1 w w
t'g* w @ 1 T 1 w @
gg w ® 1 Tw 0 w? 0
g't w w 1 Tw 1 w w
gt’ w w 1 TWw 1 w w
g'g* ® w 1 Tw 1 w )
g'g’ o w 1 Tw @ 0 0
g*t’ w w 1 Tw 1 w w
g*¢* | @ @ 1 Tw 1 @ )
g'g w ™ 1 Tw 0 w? 0
a9’ 0 0 0 0 w 0 0
g'g L 0 0 0 0 w 0 0

bonds only, it will be necessary to modify the equations
slightly in order to use them with matrices applying to
bond pairs.

Define in the coordinate frame on the first carbon atom
in bond-pair i, Cg, a vector d; which links the outermost
carbon atoms of that bond-pair. The chain vector (from
the second carbon atom in the chain to the penultimate)
for a chain of n bond-pairs is given by:

n
D=3 d
i=1
The unperturbed mean-square end-to-end distance is
therefore given by:

{r20=D.D)
= cd.dy)
.7

n
=Xd7 +23d; . d;)
i 1<i<
isn
In order to use Flory’s formulation, it is necessary to

write a scalar product in the second sum in the form
(i 45 = 40D (X 5540

where the superscript T represents transposition. d? and
d) are constant vectors which are independent of the
conformation and {Xy;) is the average value of the trans-
formation matrix which brings d in the same frame as
d?.

1 However, in the reference frame defined on Cs;, d; will
depend on ®y;, the angle of rotation about bond Cg-
Cos1. It is therefore necessary to specify that d; be
defined as the vector Cgi—Cairz When ®9;=0, ie. in
the ¢ conformation; this vector is denoted by d?. Xy is
then given by:

i1
Xy =T [ 1 (Tgk.Tzkﬂ)] T3
k=i

T is the matrix which transforms a vector in reference
frame 2k +1 into a vector in reference frame 2k and T?
is the matrix which transforms the vector d? defined
when bond 2i is ¢ into the actual vector d?, the reference
frame being 2i in both cases.

Tax and TY are given by

costay sinfsy 0
Tor = |sinfaxcosger —cosborcosdar  singog
Siﬂ@zk sinquk —cosﬁzk Sm(ﬁzk —COS(l)z]c
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9'q* gy’ g*t’ g*g* ] 99’ g’g
0 Tw Tw 0 0 0 0 7
0 TW Tw 0 0 w 0
Tw Tw Tw 0 0 1 0
TW 0 0 0 0 1 0
Tw? Tw TW 0 @ 0 w
T TW TW 0 0 1 0
TW TW TW 0 0 1 0
TW 0 0 0 0 1 0
0 TWw Tw 0 0 w 0
TWw TW TWw 0 0 1 0
TW 0 0 0 0 1 0
Tw? Tw TW 0 w 0 w
0 0 0 0 0 w 0
0 0 0 0 0 @ 0

1 0 0

T? ={0 COS¢2i - sinqu;
0 singds;  cosga
Following Flory!, one can then write:
j-1
{di.dp>= Q‘1 .d?(T) .TQ(T) l:kr_ll(Tzk.Tzk-H)] .T_?.d?
i-1
=Q1.J*. ( II U(k))(E,,@) d;?(T)) X
k=1
[(U® @ E3) | TYT) . Tay. Tassa|]] x
i—1
( I [(U®Q Es)|Tar. Tars1 H]) X
I=i+1
n
(U9 & Eo)IT}IIE, @ ). ( fl 1U<m>) 3
m=j+

The symbol @ denotes the matrix direct product and
E, is the unit matrix of dimension v as required to conform
with U. The 1 x v and v x 1 matrices J* and J are defined
by:

J*=[0010..0]; J=
1

This J* matrix differs from that given by Flory in having
the third element equal to unity, not the first, since the
U matrices used here have been defined such that it is
row 3 which gives the statistical weights for the first
bond-pair or dyad. The matrices such as |[T{|| are the
block-diagonal matrices defined by e.g.:

T(¢1)
T)($2)
IT31=

Ti($.)

where T{(¢,) is the T{ matrix for conformation « with

angle of rotation ¢,. Q is the conformational partition
function for the chain and is given by:

n

Q=J*. [ I U(“] J

i=1

U® is the statistical weight matrix appropriate to the

ith polymethylene bond-pair or polypropylene dyad as

the case may be.
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Figure 5 The characteristic ratio of polymethylene as a function
of w for selected values of ¢ and A®. The values of o are given for
each curve., —— AD=0°; - - - AD= 7-5°

For a polymer consisting of a sequence of repeating
units with d?=d?=d° the mean-square end-to-end
distance is!:

(r50=20-1.J*.[00E,0..0] ("ﬁlgf) x
i=1
@
(U QE3)|THIE, ®d%|.J
Um

where

U (U ® dOD) [THT) . T Tass |
%;=10 (U Q Eg)|T2i. Tasi1 ]
0 0

(d2/2u®
[(U® @ E3)|T?{HE, ® %)
u®

The symbol 0 represents a null matrix. The characteristic
ratio (CR) is defined by CR={r2)/2nl? where [ is the
C-C bond length in the polymer backbone.

The temperature coefficient of the end-to-end distance,
expressed in the usual form din{r2>/dT was obtained by
varying the statistical weights, according to the Boltzmann
equation, by small amounts about a mean value, and by
use of the equation:

din¢r2) _ 9lndr2) (Eg) dlncre) (E)

ar = oo \RT2)t e

RESULTS AND DISCUSSION

Figure 5 shows the CR of a polymethylene chain of 256
bonds (i.e. n=128) as a function of w for a representative
selection of values of o and A®. A 256 bond chain was
chosen so as to minimize computing time and yet obtain
a result close to the convergence limit for an infinite chain.

Trial calculations for longer chains showed that this
objective was achieved. It is seen that the calculated CR
depends considerably on all three parameters. The results
are similar to those calculated!-¢ using the three-state
model, the major difference being for that given o, w
and AQ® the present values are about 0-4 lower. This
no doubt reflects the presence of more gauche conforma-
tions.

Figure 6 shows the temperature dependence of the
mean-square  end-to-end  distance, expressed as
dIn{r2yo/dT, as a function of o, @ and A®. Again the
behaviour is similar to that calculated with the three-
state model. The temperature coefficient is negative
because the ‘ground state’ is the extremely long all-frans
conformation. The excited states, which are more popu-
lated as the temperature rises, are the g and ¢ states,
which tend to shorten the chain. The CR increases with
A® for much the same reason: increasing A® moves the
g and ¢ minima towards the ¢ minimum thus increasing
the ¢ character of the chain.

In the case of polypropylene, the chief interest lies in
the dimensions of the isotactic isomer, since this is the
only form whose dimensions are determined by the
magnitudes of steric interactions. Earlier calculations!
with the three-state rotational isomeric model have shown
that irregular sterochemistry produces more or less the
same randomizing influence on the overall polymer
conformation as does the availability of high energy
conformations. Figure 7 therefore shows the calculated
CR of completely isotactic polypropylene chains as a
function of =, w, and A®. It is seen that the CR is quite
sensitive to w and A® but much less so to 7, particularly
when o is large. The present results are considerably
lower than those calculated using two? or three-statel- 5
models. For a chain with 7=0-5, ©=0-1, A® =0, this
work gives the CR=5-6, compared with values of approxi-
mately 9 from the two-state and 7 from the three-state
schemes. As for polymethylene the difference is due to
the additional conformations considered in this work. In

3
m
o 2F
x
/\O
o~
Ol o
Y|° 0-3
3
|
I
0-5
Q-7
1 1 1 1 | 1
© -1 -2 -3

Log w

Figure 6 The temperature coefficient of the dimensions of poly-
methylene as a function of w for the values of ¢ given for each
curve. The curves for A®=0 and 7-5° are practically identical
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contrast to polymethylene, the CR decreases as A®
increases. This is due to the fact that in polypropylene
A affects the ¢ conformation as well as the g, thus
preventing the ¢ form from propagating the chain vector
in a constant direction.

Figure 8 shows the temperature coefficient of the end-
to-end distance of isotactic polypropylene. It is again
negative, for much the same reason as polymethylene.

In view of the close similarity between the steric
interactions in polymethylene and polypropylene dis-
cussed above, the experimental values of the characteristic
ratios and their temperature coefficients should be repro-
ducible by the same set of statistical weights, allowance
being made for different temperatures of measurements
if necessary. The data available for @ conditions have
been collected in Table 5. The CR values were obtained
from viscosity measurements using the Flory-Fox
equation:

- [

where M is the molecular weight. ® is a constant whose
quoted values3® range from 2-5x 102! to 2-87x 102!
(r in cm, [n] in dl/g); the CR values in Table 5 have been
recalculated using intermediate value ®=2-6 x 102! given
by Flory!.

The first three values of the temperature coefficient
for polymethylene were obtained from stress—-temperature
measurements on the solid and swollen polymer; the
fourth value for polymethylene and that for polypropyl-
ene were obtained from measurements of the temperature
coefficient of the intrinsic viscosity.

There is good agreement amongst the data for poly-
methylene, but an uncomfortably wide scatter in the
CR values of various polypropylene samples is evident.
This is possibly due to small differences in the amount
of residual syndiotactic units which are known!. 5.7 to
affect the dimension critically. Only the sample used by
Heatley et al1® was adequately characterized in this
respect; nuclear magnetic resonance (n.m.r.) analysis
showed this sample to contain 2% syndiotactic dyads
occurring at random. Since previous calculations® using
the three-state model have shown that at 29 syndio-
tacticity, the dimensions are determined by the conforma-
tional, not stereochemical irregularities, the CR for
this sample is probably the most reliable for the purpose
of determining the statistical weights. However, in view

Table § Experimental values of the CR and its temperature,
coefficient

Temp. dindr2)e/dT
Polymer (°C) CR (deg~1x10%) Reference
Polymethylene 138 67 24, 25
142 68 24, 26
140 6:6 27,28
140-190 —1-0+0-1 29, 30
120-170 —1-15+0-1 29, 30
130-180 -1:0+0-2 29, 30
110-170 —1-2+0-2 28
Polypropylene 145 57 31
(isotactic) 145 4-5 32
145 4-6 10
143 57 33
145 —-1-6+£0-2 34
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Figure 7 The characteristic ratio of isotactic polypropylene as a
function of o for selected values of r and Aw. — A®=0°;
-=--AD=7-5°

X I03

din {r2>,
dar
H
r

Log w

Figure 8 The temperature coefficient of the dimensions of isotac-
tic polypropylene as a function of w. The curve is practically
independent of  and AD

of the uncertainty 1n ®, and other experimental errors,
an average value of 4-7 +0-3 will be adopted.

For polymethylene, it is found from Figures 5 and 6
that the experimental results of 6-7 +0-2 for the CR and
(—1:1+0-1)x 103 for din{r?),/dT are reproduced at
A®=0 by: 0=0-5+0-05 and w=0-07510-03, corre-
sponding at 140°C to E,=580+80cal/mol and E,=
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2200 + 300 cal/mol. For A®=7-5°, one obtains c=0-6 +
0:05 and w=0-16+0-04 giving at 140°C E_ =400+ 100
cal/mol and E,= 1500 + 300 cal/mol.

E, is about 50 and E, about 200 cal/mol higher than
the equivalent values obtained using the three-state
scheme!- 4. There is good agreement with the spectro-
scopic and calculated data discussed earlier.

In the case of polypropylene, the calculated dimensions
and temperature coefficient are insensitive to =, for
reasonable values of the latter, so it becomes possible to
determine w and A® from the two pieces of experimental
data. Best agreement is found at A®=6+2° and
w=0-14+0-01, i.e. at 145°C: E,=1950+ 100cal/mol.
The small uncertainty in E, is due to the sensitivity of
the temperature coefficient to w. Additional calculations
showed that for values of this magnitude, the calculated
CR and its temperature coefficient were affected very
little by the presence of 29, syndiotactic dyads. Hence
the significance of these values of A® and E,, is real.

The value of 7 remains indeterminate within a fairly
wide range. It is unlikely to be greater than o, so an upper
limit is 0-5. On the other hand it is unlikely to be less
than » and a lower limit therefore is 0-1, giving

E,=1250 + 500 cal/mol

There is good agreement between the values of E,
from polymethylene and polypropylene for Ad®=5°,
justifying the rotational isomeric models employed and
providing a demonstration of the basic identity between
the steric interactions in the two polymers.

It has been stated!! that the CR and temperature
coeflicient for isotactic polypropylene are not reconcilable
without assuming a fairly high (> 59%) degree of syndio-
tacticity which is moreover indetectable by n.m.r. and
therefore becomes an additional quite arbitrary para-
meter. The results above show that stereo-irregularity
need not be invoked, and support analysesl®:36 of
polypropylene n.m.r. spectra in which all resonances,
syndiotactic as well as isotactic, were detected and
assigned.

The principal defect in this method of calculation is
that the effect of torsional oscillations is not considered.
It could possibly be incorporated by replacing the sine
and cosine functions of the rotation angles in the trans-
formation matrices by their values averaged over the
torsional excited states. Such sophistication is probably
unwarranted in view of the magnitude of the errors in
the experimental measurements.
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Freeze-etching, which involves the freezing, fracturing and replication of samples
has been used to study monosize polystyrene latex particles in the electron
microscope. The temperature at which the frozen sample was fractured by
cold-knife action was systematically varied whilst the effects of etching (i.e.
differential removal of ice from the exposed surface) on particle size were also
investigated. A theoretical treatment of the results has been developed and the
particle sizes compared with those obtained by a conventional dilution-plus-
drying technique. The freeze-etched particles appear to be somewhat smaller
than those in conventional preparations, where size increase due to the electron

beam is involved.

INTRODUCTION

The method of freeze-etching, as introduced by Steere! and
developed by Moor?, has been widely used for the pre-
paration of biological materials in electron microscopy,
when retention of the fluid contents of the sample is
required. It consists of rapidly freezing a specimen to
liquid air temperatures, thereby physically fixing the
constituents, followed by fracturing with a cold knife and
replicating the surface of fracture. Etching, i.e. the sub-
limation of ice from the frozen surface to reveal structural
details, may also be carried out prior to replication.

This method appears well suited to the study of polymer
latices and already several authors have made qualitative
investigations of such systems3-7. Recently a procedure
for obtaining the diameter of ‘soft’ lattices from freeze-
etched preparations has been outlined8, and the present
paper is concerned with possible modifications in particle
size distributions as a function of fracture temperature
and etching time.

EXPERIMENTAL

Freeze-etching

A Dow monosize polystyrene latex, of mean particle
diameter 0-109 um and standard deviation 0-003 um was
used. Glycerol- was added as a cryoprotective until it
formed 409, by volume of the liquid content. Freeze-
etching procedures were essentially similar to those
described earlier8, except that (i) a range of fracture
temperatures from —80°C to —150°C was covered, and
(ii) at each fracture temperature two samples were pre-
pared, one being replicated immediately after fracture,
the other being etched for 90 sec prior to replication.
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Dilution-plus-drying technique

The latex was diluted to about 200 ppm polymer,
sprayed on to a carbon/collodion film supported on a
specimen grid, dried and shadowed with platinum.

Electron microscope magnification calibration

In the course of the work, the magnification given by
the electron microscope was frequently calibrated using a
diffraction-grating replica. This method is generally
regarded as more satisfactory than using monosize
polystyrene latex particles, which may suffer electron
beam damage?.

RESULTS

All plates are negative prints and, unless otherwise
stated, the scale mark represents 500 nm.

Freeze-etched preparations

The appearance of the latex after fracture at —100°C is
shown in Figure I at low magnification and in Figure 2 at
higher magnification. As expected, these views correspond
closely with micrographs of polystyrene latex shown
previously8. There is, however, one marked difference,
namely in the form of the protrusions produced when the
fracture plane passes over the embedded particles of latex.
In some cases the spherical form has been lost and the
particles appear to have been deformed into rod-like
structures which often project upwards from the fracture
surface (see RP in Figure 2). The reasons for this type of
deformation are by no means clear. The force applied by
the knife itself when moving in a fixed direction does not
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Figure 1 Latex fractured at —100°C, low magnification view.
KM=knife marks; FA=fracture area. Scale mark represents 2 um

Figure 2 Latex fractured at —100°C, high magnification view,

RP=raised particle

Figure 3 Latex fractured at —100°C with subsequent etching for
90 sec

seem entirely responsible, as the elongated particles lie in
all directions in the plane of the fracture surface. Possibly
the fracture forces operate some small distance ahead of
the knife edge and subject the particles to deformation in
various directions, the latter being determined by the
anisotropy of the icy matrix surrounding the particles.
Although small regions of ductility may occur occasionally
in macroscopically brittle samples of polymer, its mani-
festation at temperatures some two hundred degrees
centigrade below the glass-transition temperature is
somewhat unexpected. Possibly the deformation is caused
by heat and pressure changes operative over a very short
period of time during the passage of the knife through the
frozen specimen. Once the knife has passed beyond the
strained particle, the latter quickly reverts to the rigid,
frozen state.

Figure 3 shows the latex after the frozen sample (frac-
tured at —100°C) has been etched for 90sec. No major
differences between this sample and that shown in Figure 2
(in which replication immediately after fracture was
carried out) are apparent.

The effect of raising the temperature of fracture may be
assessed by comparing Figure 4 (latex fractured at —80°C)
with Figure 2. At —80°C the background of the fracture
surface is fairly smooth but the protrusions appear
indistinct and no depressions may be detected. These
observations indicate that the latex sample had probably
melted and deformed somewhat during fracture by the
knife, with consequent ‘smearing’ of fine detail. Low-
magnification micrographs of fracture at —80°C (as
shown in Figure 5), confirm this view. The regions with
knife marks are less distinct and individual particles may
be seen in such areas, where melting has exposed them.
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Figure 4 Latex fractured at —80°C

The effects of lowering the temperature of fracture are
shown in Figure 6, where the fracture temperature was
—140°C. Reducing the fracture temperature from
—100°C to —120°C appeared to lead to no obvious
change in particle form, but when further lowered to
—140°C, changes in the nature of the depressions were
observed (compare Figures 2 and 6). The fracture seems
to have taken a slightly different course and to have
approached the latex particles in a different manner, since
each circular crater is enclosed within a less distinct outer
ring. The slight change in the nature of the depressions as
the temperature of fracture is varied may be seen by
comparing the higher magnification views shown in
Figure 7. The fracture plane (FP in Figure 8) appears to be
deflected slightly as it approaches the latex particle (LP),
giving rise to a depression profile of the form shown in
Figures 8b and 8c.

So far all the micrographs, with the exception of
Figure 3, refer to samples replicated immediately after
fracture, i.e. without etching. Similar particle forms,
however, were obtained even after 90sec etching of the
samples prior to replication. Hence in these polystyrene
lattices, etching appears to have little effect. In one case
only, when the sample was fractured at —130°C, were
differences in depression form between fractured and
fractured/etched samples noted, probably due to mal-
function of the temperature control device during this
particular experiment.

Depression-size counts were made on micrographs of
various preparations which were fractured (with and
without subsequent etching) at temperatures over the
range —80°C to —150°C, the results being shown in
Table 1.
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Figure 5 Latex fractured at —80°C, low magnification view. Scale
mark represents 2 pm

Figure 6 Latex fractured at —140°C
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Figure 7 Comparison of depression appearance from specimens
fractured at —100°C (upper) and —140°C (lower). High magnifica-
tion view, scale mark represents 100 nm

Table 1 Depression-diameter distributions, measured on micro-
graphs at x 94 000 magnification

All figures are nj/Zn; values, showing the fraction of the total
number of particles in each diameter class

Treatment Diameter class(mm on print) No. .Of

particies

4 5 6 1 8 9 1 Ccounted
—90°F* 0-05 0-14 0-31 0-41 0-08 195
—Q0°E* 0-03 0-20 0-29 0-41 0-07 143
—100°F 0-06 0-08 0-09 0-11 0-24 0-33 0-09 359
—100°E 0-01 0-05 0-07 0-15 0-22 0-32 0-15 206
—110°F 0-07 0-08 0-10 0-13 0-21 0-39 0-03 344
—110°E 0-02 008 0-12 0-13 0-27 0-30 0-07 348
—120°F 0-03 0-05 012 0-13 0-29 0-34 0-04 276
—~120°E 0-09 0-10 0-16 0-29 0-33 0-02 283
~130°F+ 0-01 0-06 0-09 0-19 0-34 0-30 0-03 248
—130°E 0-02 0-07 0-12 0-30 0-34 0-14 233
—140°Ff 0-03 0-08 0-13 0-18 0-35 0-24 276
—140°E+ 0-01 0-10 0-14 ©0-21 0-33 0-17 0-03 208
—150°F+ 0-08 0-08 0-12 0-17 0-28 0-26 0-02 332
~150°Et 0-05 0-08 0-10 0-19 0-31 0-27 313

E=Etched for 90 sec; F=fractured, no etching; *=rough fracture,
small depressions indistinguishable from background; t=irregu-
lar fracture.

Conventional dilution-plus-drying preparations

Figure 9 is a micrograph of polystyrene latex prepared
for electron microscopic examination in the manner pre-
viously described. As is common in this type of prepara-
tion, the particles are not perfectly spherical in form and
in places their surfaces appear indistinct. Such effects
are ascribed to damage in the electron beam, since the
build-up of contamination during electron microscope

examination is minimal when using a cold-finger anti-
contamination device.

Particle diameters were measured and counted, giving a
mean value of 0:-115pum (compared with the manu-
facturers stated figure of 0-109 um). The size distribution
was very narrow, 77 % of the particles having a diameter
with the histogram class limits of 0-111 umand 0-122 pm.

Magnification calibration

The magnification was found to be constant throughout
the course of the experiment, to within a tolerance of
+19%. A nominal magnification of x 20000 at which all
the electron micrographs were taken, was found to be
18 800 + 200.

THEORY

A method of obtaining size distribution from freeze-
etched latex preparations has been outlined previously®.
When considering a monosize latex of known dimen-
sions, it is possible to calculate the expected diameter—
depression distributions using this treatment, the model
on which the latter is based being shown in Figure 10.
If the depressions are sized and counted (the theoretical
considerations for protrusion measurement are exactly
the same), the results may be tabulated in the form of a

Figure 8 (a) Path of fracture plane (FP) around latex particle (LP)
embedded in ice (1), at temperatures < —130°C. (b) Cross-section
of a replica of such a depression, whereas the apperance when
viewed normally is shown in (c¢)
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histogram with mean class diameters X1, X2, X3, ...,
whilst the boundary limits for each of these histogram
classes are a1, az; as, as; as, as; . . . (see Figure 10). For a
particle with true diameter X1, it is clear that the observed
diameter of the depression produced by removing the
particle from the frozen matrix, will depend on the level at
which the fracture plane passed round the particle. If the
fracture plane lies between levels 1 and 2 (see Figure 10),
the depression will have an observed diameter between a;
and ag; hence it will be recorded in the X, histogram
class: if the fracture plane lies between levels 2 and 3, the
exposed depression will have an observed diameter
between az and a3 and so will be recorded in the X
histogram class. Further levels as, a4, correspond to
observations of particles in histogram classes X3, X4, etc.

Now the probability of the fracture plane encountering
the latex particle between levels 1 and 2, (so giving rise to
a depression of diameter Xi) is proportional to yi, the
vertical distance between the histogram class boundaries.
Hence the relative number of depressions in each histo-
gram class is given by y1 : y2 : ... ya, and the absolute
fraction in each class by:

»y )2 [P 21}

i=n t=n t=n

PIRTEDIRY IP7
i=1 i=1 1

It may be noted that provided the smallest depressions
could be sized and counted, the denominator would equal
a1/2; hence all calculations could be simplified accord-
ingly. In practice, however, the granularity of the back-
ground prevented the registration of depressions with a
diameter less than about 4 mm on the micrographs, and
hence calculation of the denominator was carried out in
full.

Should the particle undergo shrinkage during the freeze-
etch preparation, then the depression—diameter distribu-
tion will be affected as y1, y2 . . . yn will now have different
values, due to the change in level of the histogram class
extremes a1, @z . . . dx. In the particular latex studied, at
the accurately known magnification used for each micro-
graph, the particles should have an observed diameter of
10-2mm. The theoretical depression-diameter distribu-
tions, as a function of percentage shrinkage of the
particles, are shown in Tgble 2.

The effect of etching, or removal of ice by sublimation,
should also affect: the observed depression-diameter
distributions, as shown in Figure 11. If etching proceeds to
a depth e, the chance of the fracture plane producing a

Table? Variation in calculated depression-diameter distributions
as a function of shrinkage, assuming magnification of x 84 000

All values show fractions of the total number of particles in each
diameter class

Shrink- Diameter class (mm on print)

age (%) 2 3 4 5 6 7 8 9 10
0 0:02 003 004 0:05 0-08 0-10 0-13 0-19 0-37
1 0-02 0-03 0-04 0-05 0-08 0-10 0-13 0-21 0-34
2 0-02 0-03 0-04 0-06 0-08 0-10 0-14 0-22 0-31
3 0-02 0-03 0-05 0-06 0-08 0-11 0-14 0-24 0-28
4 0:02 0-04 0-05 0:06 0-08 0-11 0-15 0-25 0-25
5 0-02 0-04 0-05 0-06 0-08 0-11 0-15.0-28 0-20
6 0:02 0-04 0-05 0-06 0-08 0-11 0-16 0-32 0-15
6-5 0-02 0-04 0-05 0-07 0-09 0-11 0-17 0-37 0-09
1 0-02 0-04 0-05 0-07 0-09 0-12 0-17 0-45 0-00
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Figure 9 Latex after dilution, drying, spraying and shadowing

-—FP

]

Figure 10 Relationship between level of encounter between
fracture plane and latex particle with diameter of depression
formed. FP=fracture plane direction; VA=vertical axis. Repro-
duced from J. Appl. Polym. Sci. 1971, 15, 1623 by permission of the
publishers

depression of observed diameter X is proportional to
(y1—e) and not to y1 (as applies when etching does not
occur). The calculated depression-diameter distributions,
as a function of the amount of etching, are presented in
Table 3, in which particle shrinkage of 6-59%; is assumed.

DISCUSSION

Although freeze-etching has proved useful for qualitative
studies of polymer latices, its quantitative aspects need
also to be considered. A comparison of calculated and
experimentally obtained depression-diameter distribu-
tions indicates that the polystyrene particles have shrunk.
since the number of depressions of diameter 10 mm is
always much lower than expected. Before discussing the
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x I

9

Figure 11 Eftect of etching the fracture surface by an amount e.
OS=original surface; ES=etched surface

Table3 Variation in calculated depression-diameter distributions
as a function of etching depth, assuming 6-5% shrinkage of
particles. Assumed magnification= x 94 000

All the values show fractions of the total number of particles in
each histogram class

Etim:;f Diameter class (mm on print)
m 53 4 5 6 7 8 9 10

0 0-02 0-03 0-05 0-07 0-09 0-11 0-17 0-37 0-09
2-5 0-02 0-03 0-05 0-07 0-09 0-12 0-18 0-39 0-04
50 0-03 0-04 0-06 0-07 0-10 0-13 0-18 0:40 0
7-5 0-03 0-04 0-06 0-08 0-10 0-14 0-20 0-36 0
10-0 0-03 0-04 0-06 0-08 0-11 0-14 0-21 0-32 0
20-0 0-04 0-06 0-09 0-11 0-14 0-19 0-28 0-10 ©
50-0 0 0 0 0 0 0 0 0 0

extent of particle shrinkage it is necessary to appreciate
the statistical inaccuracies in sizing and counting very
small numbers of particles as involved in the present
work. The exact fit of results to theoretical values is not
expected, since only general trends in size distribution are
obtainable. However, it is apparent from Table 2 that
relatively small shrinkages can drastically affect the
expected depression-diameter distributions, especially
those of the larger depressions. Hence it is necessary to
restrict consideration to population fractions of depres-
sions having an observed diameter of 10 or 9 mm, as
when using smaller depressions the method is too
inaccurate.

From the actual results it is clear that appreciable dif-
ferences in depression—diameter distributions occur. For
samples fractured at —90°C the uneven background made
detection of very small depressions extremely difficuit.
Population fractions in remaining classes are, therefore,
slightly raised in comparison with those of samples pre-
pared at —100°C, —110°C, or —120°C. In these latter
cases, although the diameter distributions show consider-
able variation in population fractions for the largest
depressions (the value for the 10mm class ranging, for
example, from 0-02 to 0-15), the corresponding variation
in particle shrinkage, as assessed from Table 2, is less than
19%. Similarly, it may be noted that the fraction of
depressions having an observed diameter of 8 mm is
larger than expected.

At —130°C a modification in the fracture process was
observed in the sample replicated without prior etching.
This different mode of fracture is reflected in the depres-
sion—diameter distribution, as the maximum population
fraction is now shifted downwards to the diameter class of
8 mm. Probably this is a consequence of the latex particle

being fractured at a somewhat lower level (as shown in
Figure 8), giving a depression of smaller diameter.

A most interesting finding is that there appears to be
little or no removal of ice during the 90 sec interval used
for etching. The depression—-diameter distribution is a
most sensitive measure of the depth to which etching
occurs, as may be seen from the marked dependence of
calculated results on e. Presumably the relatively high
concentration of glycerol retards the sublimation of
material from the fracture surface, and consequently this
phase of freeze-etch preparation may be omitted when
working with polymer lattices.

The stretching of the polymer particles is a most
curious phenomenon, considering the great difference
between the glass transition point of the polymer and the
fracture temperature of any freeze-etch preparation.
Local heating of the polymer during the fracture process
cannot be the whole answer, for if this were the case, one
would expect the ice-glycerol fracture surface to melt and
the depressions, produced on removal of a latex particle,
to be filled in. As already suggested, possibly local regions
of softening may arise due to pressure effects produced by
the knife striking the frozen block of latex. The pressures
which develop, although short-lived, are likely to be con-
siderable because of the small area of sample over which
they are generated.

These effects are also interesting in that not every
particle of polystyrene showed signs of softening and
deformation. If the particles were all similar in physical
characteristics, one would expect them all to show signs of
either softening or brittle fracture. The fact that the extent
of deformation is variable indicates that in polystyrene
lattices of this type, the particles are notcompletely homo-
geneous in a physico-chemical sense.

It appears. therefore, that the freeze-etch technique
vields accurate results, provided standard conditions are
used. The present work indicates that a fracture tempera-
ture of —100°C to —120°C is most suitable. to avoid
either specimen melting or modification of the fracture
mechanism. Etching is unnecessary and, indeed, may give
rise to erroneous results if it proceeds to any appreciable
extent. The degree of particle shrinkage, as a function of
polymer softness, cannot be resolved until monosize
lattices of soft polymers are available for investigation. It
may be thought that softer compounds may undergo more
severe shrinkage than polystyrene, as the effects of freez-
ing the liquid contents of a latex, rather than the simple
thermal contraction of the polymer, are responsible for
the observed diminution of particle size.
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A method is presented for the numerical evaluation of the conformational
properties of isotactic poly(a-olefins) in solution purposely using a simplified
treatment. This is based on the numerical evaluation of the energy parameters
in terms of which the conformational properties are analytically expressed by
the old treatment of Volkenstein and his group. This numerical evaluation has
been carried out by expressing the energy parameters in terms of conforma-
tional partition functions of couples of contiguous monomeric units, with due
account of the conformational versatility of the side chain. It is found that poly(1-
butene), poly(1-pentene), higher homologous poly(x-olefins) without branching
in the side chain, as well as poly(x-olefins) having side-chain branching at the y-
position or further along the main chain, are characterized by similar conforma-
tional properties in solution, namely a characteristic ratio h2/Nf2 of ~10, and by
alternating left-handed and right-handed sections composed, at room tem-
perature, by about 5 monomeric units (v=5). The branching of the side chain at
the « or B position with respect to the main chain [poly(3-methyl-1-butene) and
poly(4-methyl-1-pentene)] considerably increases the values of A2/N/2 and v.
The presence of an asymmetric carbon atom in the « or 8 position in the side chain
further increases the stiffness of the chain in solution. It is shown that the
available experimental data of h2/N/2 are in fair agreement with the calculated
values, and that the experimental data of optical activity are consistent with the
calculated data of the conformational properties in the case of optically active

poly(a-olefins).

INTRODUCTION

As is well known, the macromolecules of most isotactic
poly(a-olefins) in the solid state assume spiraled confor-
mations!: 2. When the polymers are in solution, left-
handed and right-handed spiraled sections co-exist in the
same macromolecule because of the low potential energy
barriers hindering the rotation around carbon-carbon
bonds. Left-handed and right-handed spiraled sections
interconvert continuously and rapidly between each other,
as the conformational reversals, which separate sections
spiraled in opposite screw sense, are able to fluctuate
rapidly along the main chain. According to this model,
each macromolecule can exist in solution in a very large
number of chain conformations, in each of which a short
range conformational order is maintained3.

In this paper we are mainly interested in: v, the average
number of monomeric units constituting a regularly
spiraled section; n,, the average number of conforma-
tional reversals; w;, the molar fraction of monomeric
units having the ith conformation; and 42, the quadratic
‘unperturbed’ end-to-end-distance.
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The determination of the conformational properties of
stereoregular poly(x-olefins) in solution present consider-
able difficulty, owing to the lack of experimental tech-
niques which are sensitive enough to » (and/or to nr), and
to the local conformational equilibria established in the
monomeric units. One of the properties which is usually
experimentally available is the end-to-end-distance® 3.
However, this property—at least for the poly(«-olefins)
investigated up to now—does not seem to be sensitive
enough to provide details of the conformational isomerism
established in the chain3 6. The conformational pro-
perties have been the subject of a very large number of
investigations with mechanical statistical treatments3. 7-15,
However, this approach also faces serious difficulties. On
the one hand, the reliability of the approximations in-
volved in the model underlying the statistical treatments
is difficult to check experimentally; and on the other
hand, the conformational properties are analytically
expressed in terms of energy parameters which are usually
unknown, or for which, so far, no general method for
their determination has been made available.

The aim of this paper is to present a method of calculat-



ing these energy parameters and hence the conforma-
tional properties as a function of the monomeric unit
structure in the case of optically active and non-optically
active isotactic poly(a-olefins); and to show that the data
thus calculated are consistent at the same time with the
stereochemistry of the macromolecules in solution, with
the statistical treatments of the Russian school3, and with
the available experimental data.

A few treatments of the conformational properties of
isotactic poly(a-~olefins) in solution have been presented in
the last few years, which are certainly more elaborate
than that presented here. This is, however, one of the
cases in which, in our opinion, a more complex mathe-
matical treatment does not correspond necessarily to a
higher degree of reliability in the final results. Generally,
the simplest possible treatment should be abandoned
only when the experimental data show that it is obsolete.
This stage has not yet been reached in the field of confor-
mational properties of poly(«-olefins) in solution, where
the problem is certainly not the development of more
complex matrix algebra, but the scarcity of reliable
experimental data with which to compare the calculated
values. Furthermore, any mathematical treatment has to
be based on the rotational isomeric state approximation,
and on other assumptions (see discussion later in the
paper) the reliability of which is still under question in
the case of macromolecules in solution. Aside from this,
any treatment, in order to provide semi-quantitative
information, needs the use in the final analytical expres-
sions of the values of conformational energy differences
found for low molecular model compounds; and the
uncertainty in these energy values is no better than
30-509;. These simple considerations, in our opinion,
deprive the very complicated mathematical treatments of
all the soundness that the large matrices which are used
try to convey. It is also interesting to observe that most
of these elaborate schemes, in order to be operative (i.e.
in order to go from equations to final information)
necessitate a series of a posteriori approximations, which
often, as pointed out in some specific cases in the paper,
violate important stereochemical and thermodynamic
features of the chain in solution. For all these reasons,
we thought it worthwhile to develop a simplified method
of calculation of the conformational properties of the
macromolecules in solution which, though respecting all
the basic stereochemical and thermodynamic properties
of the isotactic chains in solution, could be useful enough
to permit a direct and transparent relation between
monomer unit structure and conformational equilibrium
established in the chain. The ultimate aim of this treat-
ment is to provide the experimentalist with a series of
indications that can be checked beyond the limit of the
present uncertainty of the experimental data, e.g. the
forecast of those polymer structures characterized by
enhanced average dimensions or enhanced optical
activity. These predictions can be made with the simple
use of molecular models, applying the conformational
analysis principles valid for low molecular weight
paraffins. It will be also emphasized, that the optical
activity is the experimental property that is most sensitive
to the local conformational equilibrium of the isotactic
chains in solution, and in this work emphasis will be given
to clarify the linkage between the experimental data of
optical activity and the analytical expressions which are
able to interpret these data on the basis of the proposed
model.
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METHOD OF CALCULATION

According to the statistical treatment developed by
Volkenshtein et al.3: 8, the average length of the regularly
spiraled section in the macromolecules of isotactic vinyl
polymers in solution is given by:

Lo 1tp
4

and ny, the probability of the conformational reversals,
by 1/v. In equation (1) p=exp(—AU/RT), where AU is
defined as:

(M

AU=E”1' Eaa_ Ewat Ea )
2 2

where Ey (Eqq) is the energy of a left-handed (right-
handed) monomeric unit which follows a left-handed
(right-handed) monomeric unit; Eg; (E1q) is the energy of
a left-handed (right-handed) monomeric unit which
follows a right-handed (left-handed) monomeric unit.
Another way to express AU is in the following3:

RT, (gugaa
Ay =" (8uaa 3
v 2 n(gzdgdz) 3)

where ga;, for instance, is the probability of a left-handed
spiraled monomeric unit to follow a right-handed
spiraled one. For non-optically active isotactic vinyl
polymers, Ey= Ega(gu=gaa), whereas, for a chain con-
sidered in a given direction, usually Eja+ Eq.

On the basis of the same statistical treatment3, the end-
to-end distance is expressed by:

Bzlez% @)

which is valid for infinite ideally isotactic chains under the
assumption of tetrahedral bond angles and ideal stag-
gered bond conformations. N is the number of main
chain C-C bonds and !/ their length. Often, reference is
made to the characteristic ratio A2/N/2. An analogous
treatment, leading to an equation similar to equations
(1)-(4), was developed independently by Allegra er al.11.

Statistical treatments for isotactic vinyl polymers more
sophisticated than that so far illustrated are now avail-
able. For instance, it is possible to take into account bond
angles different from the ideal tetrahedral ones, and bond
conformations which are not ideally staggered3. It is also
possible to depart from the approximation of the infinite
chain?. 12 and to consider the influence of configurational
irregularities in the main chain?- 13, However, the intro-
duction of more independent parameters in the analytical
expressions of the conformational properties, without a
corresponding check of their numerical value in solution,
would bring no real improvement in the reliability of the
final calculations. At the present state of experimental
knowledge, equations (1)-(4) are adequate to provide
semi-quantitative information on the chain conforma-
tional equilibria in solution. The problem, in this case, is
reduced to the evaluation of the energy parameter AU. A
rough estimation of AU has been, in some cases, obtained
from equation (4) and the experimental value of the
characteristic ratio3. The problem, however, is to find a
method which allows for the determination of AU
independently from the experimental data, and eventu-
ally to compare calculated and experimental values in
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order to have a confirmation of the reliability of the
model.

The first step for a general method to evaluate AU,
consistent with the approximations involved in the
statistical treatment which leads to equations (1)-(4), is to
consider the terms in equation (3) replaceable by the
corresponding conformational partition functions.* The
terms gy and gqa can be replaced by Q; and Qg respec-
tively, i.e. by the conformational partition functions
of a monomeric unit included in a regularly spiraled left-
handed or right-handed sequence. The definition of the
terms gq and giq in terms of conformational partition
functions is less immediate. For instance, g;4 cannot be
properly replaced solely by the conformational partition
function of a right-handed monomeric unit following a
left-handed one, since, because of the conformational
reversal, the conformational equilibrium of the latter
is substantially modified with respect to the same mono-
meric unit when inserted in a regularly spiraled sequence.
For this reason, it is more appropriate to substitute
gia and gq; with (Q14)'/2 and (Qa1)1/2 respectively, where
Qe and Qg are the conformational partition functions of
a couple of monomeric units containing a conformational
reversal. The problem is then reduced to evaluating the
number of conformations and their statistical weight of a
couple of monomeric units, the first and the last main
chain bonds of which belong to regularly spiraled
sequences of opposite screw senses.

With these assumptions, equation (3) is transformed to:

_RT, [ 0104
AU=7 lnl:(Qld-le)l/z] )

The approximation of substituting probability terms with
conformational partition functions corresponds to the
assumption that only conformational energies play a
determining role in establishing the energy difference
between conformers, the influence of the other energy
terms (vibrational, translational energy differences) being
negligible. This approximation is commonly accepted in
conformational analysis problems?: 18,

The determination of the conformational partition
function is generally quite a difficult problem. Only in the
case of paraffins is our knowledge of the conformational
equilibria in the dissolved phase relatively advanced, and
allows for an approximate determination of the relevant
conformers and their relative statistical weight. For this
reason, this paper is confined to poly(«-olefins).

The conformational analysis of paraffins is usually
dealt within the frame of the rotational isomeric
state approximation3.7:8.15 according to which only
staggered conformations of bonds are considered. The
rotamers are weighted in terms of three energy
parameters, o=exp(— AE1/RT), r=exp(—AE2/RT) and

* In this and all the other papers of our group the terms ‘conforma-
tion’ and ‘configuration’ are used according to the classical organic
chemistry nomenclature!8: 1?7, In poly(a-olefins) conformational
problems are relative to the rotational isomerism around C-C
bonds, and configuration problems to the distribution of asym-
metric carbon atoms [in the main chain and/or in the lateral chain as
in the case of optically active poly(=-olefins)]. Much confusion is
present nowadays in polymer chemistry nomenclature because of the
indiscriminative use of these two terms. Flory and associates, for
instance, use the terms ‘configurational partition functions’? 13 to
indicate what, according to the classical nomenclature, should be
called ‘conformational partition function’. A glance at the papers
presented at the last IUPAC meeting of pure and applied chemistry
(Boston, 1971) is indicative of this terminology confusion.
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w=exp(— AEs/RT). AE; is the energy difference between
a trans and a gauche conformation of bonds, AE; is the
energy difference between a double vicinal-gauche con-
formation and the corresponding more stable bond
conformation, and AEj3 is the energy excess brought about
with respect to the most stable bond conformation by a
g+g7F conformation?-18, o and 7 refer to three bond
interactions,  is the only available measure for long
range (four bonds) interactions. Any attempt to increase
the sophistication of this scheme is ¢confronted by the
poverty of reliable experimental data.

Experimental and theoretical data accumulated in
recent years by independent authors agree in attributing
to AE; a value of 600+ 200cal/mol?: 20-22 to AE,; a
value of 1500 + 500 cal/mol23, to AE3 a value of 2500 £ 500
cal/mol?4: 25, Values in these ranges have been used with
confidence, in conformational analysis problems of
paraffins, by several authors in the last few years?, 20, 26, 27,

The conformational partition functions can now be
evaluated for poly(a-olefins) in terms of o, 7 and w, and
numerical values can be obtained for AU with the above
figures for the energy parameters.

In the case of poly(«-olefins) other than polypropylene,
the conformational versatility of the side chain must be
taken into account in order to determine the conforma-
tional partition functions. In the case, for instance, of O,
and Qg, this can be done by assessing the main chain
bonds in the proper spiraled conformation, and determin-
ing the side chain bond conformations which are consis-
tent with the main chain bond conformations. It must be
remarked, however, that such a procedure is not strictly
consistent with the original statistical treatment which
leads to equations (1)-(4). In this treatment, in fact, no
degeneracy of the left-handed and right-handed spiraled
monomeric unit as due to side chain bonds, is taken into
account. On the other hand, the introduction of all those
conformations in the matrix algebra would lead to an
extreme complication; and the necessity of such a degree
of sophistication at the present state of our knowledge is
questionable. 1t is certainly much simpler to have a
statistical treatment of general validity, referring only to
the conformations of the main chain bonds in which one
can introduce a posteriori, through equation (5), the
conformational features of the actual monomeric unit;
and to check the reliability of this simple model first,
before going into the difficulties of a more cumbersome
algebra.

In this paper the ideally isotactic macromolecule is
considered as an alternation of left-handed and right-
handed sequences. This is consistent with the model
developed independently by the Russian® 8 and Italian!!
school, and a fundamental point of this model is the
proper account of the average energy spent at the junc-
tions between helical sections of different screw sense.

In this treatment conformational irregularities in the
main chain other than conformational reversals from the
right-handed to the left-handed screw sense (and vice
versa) are not taken into account. Generally they cause
prohibitively high energy interactions and their statistical
weight is then quite negligible. In some of the cases,
however, the left=right conformational reversals take
place with such high energy that other kinds of confor-
mational transitions (as left=left or right=right) may be
thought to have a comparable statistical weight. This
should not affect the calculation of » and « but it may
have an effect on the end-to-end distance.



RESULTS FOR ISOTACTIC POLY(x-OLEFINS)

Table 1 reports the conformational analysis at the con-
formational reversals for a series of isotactic poly(«-
olefins). The statistical weight of a given conformation is
evaluated in terms of o, 7 and « with respect to the
statistical weight 1 chosen for the most stable monomeric
unit conformation. The conformations having statistical
weight less than rw have been neglected, except in the case
of poly(3-methyl-1-butene) in the /—d conformational
reversal (Table I). In this case, we have assumed that the
conformations g+g+g—g— correspond to a statistical
weight w?. In Table 1, only tg+ and tg— conformations
are considered for each monomeric unit. For instance,
conformations of the type .. .tttt. .., which anyway have
a very large energy, have not been considered, in keeping
with the requirement of the statistical model that only
tg+ and g—t conformations are assumed by each mono-
meric unit3. The conformational analysis at the con-
formational reversals is relative to a couple of monomeric
units (for instance, bonds a-d) of the following chain
configuration and in the indicated direction:

H_ CHy H CHy H  CHy bH '§H3: CH3 H_ CHy H  CHy
<

>

The definition of t, g+, g— (relative, for instance to the
bond ¢ has been taken as the following:

a a g CH
CHj__ H R e e .
c
H H H H H H
‘ H \
CHg H
t g+ g-

One can see that there are two kinds of energetically dis-
tinguishable conformational reversals. In the case of
polypropylene, this was indicated many years ago by
Allegra et alll. We will indicate the conformational
partition functions pertaining to these two types of
conformational reversal as Qq and Q4. Obviously, this
difference between Qg and Q;q should not be taken as an
indication that physically the right—left conformational
reversal is energetically favoured on the other. In a chain,
each conformational reversal is either one (right—left and
left—right) depending upon the direction along which the
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chain is viewed. It is only by considering the chain in the
arbitrary direction indicated above, that the energetically
more favoured conformational reversal coincides with
the right—left change of the spiralization sense.

This dissymmetry in the conformational reversals does
not produce dissymmetry in the calculated average con-
formational properties. The conformational properties,
as expressed in terms of AU through the equations pre-
viously discussed, refer, in fact, to an average over all the
possible chain isomers; and for an isotactic macro-
molecule having main chain configuration opposite to
that indicated in the text, the energy relation between Qg
and Q;q would be inverted. It is certainly a very interesting
stereochemical feature (usually not taken in due account
in other treatments) that the two kinds of conformational
reversals, though having different energies, are present in
the same amount in the macromolecule. To the macro-
molecule consisting of alternating left-handed and right-
handed sequences a very large number of chain con-
formations are allowed, and this produces a compensa-
tion, through entropy factors, of the apparent decrease in
stability brought about by the high energy conformational
reversals. The probability of an average conformational
reversal should be thought in terms of the free energy of
the whole macromolecule, more than in terms of the
actual local enthalpy.

Only in the case of polypropylene is one of the two con-
formational reversals ‘athermal’*!; in poly(l-butene) the
conformational reversals involve already an energy
excess AEy with respect to the regularly spiraled con-
formation, and in the case of poly(a-olefins) having a
further branching in the side chain in the « or B position,
an energy excess corresponding at least to AE3 is required.
The importance that the entropic effects play in determin-
ing the actual AU value should also be noted. In the case,
for instance, of polypropylene, a couple of monomeric
units can be realized in two ways in a regularly spiraled
sequence. By contrast, a couple of monomeric units pro-
ducing a conformational reversal can be realized in 17
ways, though with higher energy. This entropic factor
contributes to lower the AU value.

Table 3 gives the AU values obtained with the con-
formational partition functions. of Table 2, and on the
basis of equation (5), assuming AE;=1500, AEs= 1500,
AE3=2500cal/mol. These values are the ones more
commonly employed in conformational problems of
paraffins and poly(a-olefins)?: 18, 26, 27,

Polypropylene is the polymer structure characterized by
the lowest AU. The macromolecules of isotactic poly-
propylene in solution are then those characterized by the

Table 1 Conformational analysis at the conformational reversals in some isotactic poly{«-olefins)®

Polypro- ) Poly(3-methyl-  Poly(4-methyl-

No. Conformations of main chain bonds pylene Poly(1-butene) Poly(1-pentene) 1-butene) 1-pentene)
1 ...g+t g+t t g-t g—... w w(1+27) w(1+ 7+ 0)2 402 w

2 ...+t g+g+t g-t g-... 7O 21w 2rw(1+ 0)2 — —

3 ...g+t g+t g-g—t g—... T 27w 2rw(1+ 0)2 — —

4 Ltog—t t g+t g+t ... 1 (T+20)(1+w+7) (1+7+0)[r+w+2w(o+1)] 2w 27w

5 ..t g-t g-t t g+t ... 1 (t+2w)(1+w+7) (+71+0)[r+w+2w(c+ )] 2w 27w

6 ..t g-t g-g+t g+t ® o(1+ 7+ w)? w1+ o+ 7)2 w w

7 Lt og-t g+g+t g+t ... Tw Tw Tw(l+ 0)?2 — Tw

8 tog—-t g-g—-t g+t ... 10 Tw rw(l+ 0)? — Tw

9 .t og-t t g-t g+t ... Tw —_ — — —
10 Ltog—t g+t t g+t ... T — — — —

* Relative to the italicized couple of monomeric units (bonds a-d) in the main chain configuration indicated in the text
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Table 2 Conformational partition functions of some isotactic poly(«-olefins)

Polymer Qi=Qu Qu* Qar*

Polypropylene 1 w+27w 2+ wtdrw

Poly(1-butene) 1+7+w w+ 67w 27(1+ 7+ w)+ 50+ 1070

Poly(1-pentene) 1+a+7 w(1+ o+ 7)2+270(1+ 0)2 27(1+ o+ 7)(14+20)+ w[(1+ o+ 7)2+
2(1+ o+ 7)(1+20)]+27w(1+ 0)?2

Poly(3-methyl-1-butene) 1+ 2w 4w 5w

Poly(4-methyl-1-pentene) 1+ 2w wtdrw w+6rw

Poly(5-methyl-1-hexene) 240437 w(2+ o+ 37)2 472+ 0+ 37)+2(2+ 0+ 37)(dw+ 72+ 2wT) +
w(24 0+ 37)2

* Sum of the relative statistical weights of the conformations 1-3 (Qss) and 4-10 (Qd/) (see Table 1)

largest flexibility. Poly(1-butene) and poly(1-pentene) are
characterized by approximately the same AU value, and
hence by the same conformational properties. The calcu-
lated characteristic ratio is ~ 10, whereas v is of the order
of 5. This corresponds to a conformational reversal every
5 monomeric units. Poly(5-methyl-1-hexene), poly(6-
methyl-1-heptene), and the isotactic poly(«-olefins) with-
out branching in the side chain, [as poly(l-hexene),
poly(1-heptene) not reported in Tables 2 and 3] have
about the same AU values as poly(l-butene) and poly(l-
pentene), and hence the same conformational properties
in solution.

When the side chain bears a substituent in « or 8 position
with respect to the main chain, the AU value increases to
about 1200-1500cal/mol and consequently v reaches the
value of about 10 monomeric units, and /2/NI2 the value
of 20-30. Examination of Table I indicates the reason of
such an enhancement: branching in the lateral chain close
to the main chain makes both types of conformational
reversals take place with w statistical weight. Branching in
« of the side chain produces a larger stiffness of the chain
in solution than branching in B.

Table 3 shows that, for the chosen values of the energy
parameters, a fair agreement is obtained between the
calculated and the experimentally available data of end-to-
end distance. Given all the approximations involved in
the evaluation of AU, this quantitative agreement has to
be taken with caution. However, it gives confidence that
the proposed method is satisfactory in predicting the
order of magnitude of the conformational properties of
poly(a-olefins) in solution as a function of the structure of
the monomeric unit.

From equations (1)-(5) and the conformational parti-
tion functions of Table 2, the conformational partition
function of isotactic poly(a-olefins) in solution can be
evaluated as a function of temperature. The calculation
can be made only under the further assumption that AE},
AE; and AE3 do not change with temperature, and that
the basic approximation of the model itself—the rota-
tional isomeric state approximation and the assumption
of only three conformational states for the main chain
bond of the monomeric unit—are unaffected by tem-
perature. Obviously, these can be considered as reliable
approximations only by operating in a small temperature
range, and towards the low temperature region.

Equations (1) and (4) predict a decrease of the v and
h2/NI2 values by increasing the temperature, a decrease
which is the higher, the higher the AU value. For poly(1-
butene), the v value at 400K is reduced to 3-5 mono-
meric units, whereas the characteristic ratio becomes
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Table 3 Conformational properties of some isotactic poly(a-
olefins) in solutiona

h3/NI2 b
Polymer AU Calculated Experimental
Polypropylene 500 3-2 60 5-7 (at 145°C)43d
4-2 (at 400K)

Poly(1-butene) 820 5-0 10'5 9-4 (at 45°C)#
Poly(1-pentene) 860 5-2 11-0 10 (at 31-5°C)46

9 (at 62-4°C)32
Poly(3-methyl- 1500 13:0 30-0 —
1-butene)
Poly(4-methyl- 1200 8-0 19-0 —
1-pentene)
Poly(5-methyl- 850 5-0 11-0 —
1-hexene)

a Calculated at 300K, unless otherwise specified, with AEy=>500,
AE3=1500, AE3=2500 cal/mol. Note that the temperature of the
experimental data is not the same as the calculated values.
We did not consider worthwhile carrying out calculations at
each particular temperature, given the rough qualitative meaning
that we wish to attribute to our calculations.

b A2 indicates in this work the unperturbed mean square end-to-
end distance. Other authors use the symbols <R8> or <r8> that we
want to avoid in order not to produce confusion with the gyration
radius, indicated as <r> by many authors. In other papers the
characteristic ratio is given in terms of the polymerization degree
instead of the number of C-C bonds in the chain.

¢ The experimental values reported here have been taken from the
book by Flory? and from the review by Crescenzi®. For more
details about the experimental and theoretical problems connected
with average dimension problems in polymers see the review by
Kurata and Stockmayer42.

d A value ranging between 4-6 and 5-8 has been obtained by
Nakajima and Saijyo3? in the temperature range 125-183°C. The
average dimensions of isotactic polypropylene have also been
investigated by Parrini et a/.%4,

about 7. For poly(3-methyl-1-butene), in the same tem-
perature range, v goes from 13 to 6 whereas h2/N/? goes
from 30 to 14.

Lately, a series of experimental investigations have been
concerned with the temperature dependence of the end-to-
end-distance3: 7-26-31, Usually, reference is made to the
property dIn/2/dT. In the case of isotactic poly(1-butene)
and poly(1-pentene), recent viscometric measurements in
6 conditions carried out by Moraglio and coworkers?28, 29
indicate a value of dInA2/dT of —0-8 and —1-2x 102
deg-1 respectively in the temperature range of 50 to
about 150°C. In addition to this, Moraglio and co-
workers calculated the value of this conformational
property by applying good solvent theories to [5] in



toluene at various temperatures. Values ranging between
~0-5 and —5x10-3deg~! were obtained depending
upon the theory employed2s.29, A value of —4x10-3
deg—! over the temperature range 125-183°C was ob-
tained by Japanese authors3®. Equation (3), for instance
for a AU value of 1000 cal/mol at 400K, gives a value of
about —3x10-3deg-1. It is not easy to give an un-
equivocal explanation of all these different figures. Too
many approximations are involved in the calculation
(validity of the rotational isomeric state approximation)
over a wide range of temperature ; constancy of AE;, AE,,
AEs with temperature and indetermination on their
actual value; neglect in equation (3) of the role of tor-
sional oscillations around the conformational energy
minima, which, according to the Russian authors3, may
bring about a substantial decrease in the A2 (and hence in
the temperature coefficient); neglect of the role of long
range interactions and whole macromolecule vibrations,
etc.). There are also so many approximations involved in
the experimental evaluation of k% NI2, particularly
at the solid state, that the homogeneity between calcu-
lated and experimental data could be even questioned. For
all these reasons we are satisfied with the agreement
obtained in the present approach as far as the temperature
coeflicient of the average dimensions are concerned, and
we do not feel inclined to follow the theory of Flory and
associates*, that attributes the lower value of the tem-
perature coefficient of the characteristic ratio generally
found in the experiments by assuming a certain amount of
steric irregularities in the chainsi3,

THE CASE OF OPTICALLY ACTIVE ISOTACTIC
POLY(x-OLEFINS)

Optically active isotactic poly(a-olefins) differ from their
non-optically active analogues because the left-handed
and right-handed spiraled conformations do not have the
same energy34-37.39_ According to the statistical treatment
developed by Birshtein and coworkers?: 34, their con-
formational properties in solution can be expressed in
terms of two energy parameters: AU, previously defined
in the case of non-optically active polymers, and AE,
defined as:

AE=RTIn8% ©)
8dd

which represents the energy difference, per monomeric
unit, between a regularly spiraled left-handed and right-
handed sequence. The equations that, in terms of AE and
AU, give the conformational properties of the macro-
molecules in solution, are:

* With this we do not deny that configurational irregularities exist in
the conventional isotactic polymers, and we do not even exclude that
configurational irregularities in a chain may have some of the
effect indicated by Flory, Abe and associates3: 15, Qur point is that,
at the present moment, all the available experimental data of the
conformational properties of poly(a-olefins) in solution can be
explained without invoking this effect, and even with a simple model
like that presented here.
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_l+r+q _l+rtq
VI—T_?‘ vag= r+q" (7)
r+ r—
w=T0 wa=t ®
R: _8(1—-g)(1—-g3)+p?g(3+2g+3g? ©)

NIz™ 3p2g(1+g)r

where ¢=(1-g)/2; r=(q>+p*¢)'/?; g=exp(—AE[RT).
In the above equations, vi(vq) is the average length, in
number of monomeric units, of the regularly spiraled left-
handed (right-handed) sections, and wiywg) the molar
fraction of monomeric units left-handed (right-handed)
spiraled. We assumed in the above equations that the left-
handed screw sense is the more favoured, as this is indeed
the case in optically active poly(a-olefins) having the
asymmetric carbon atom in the lateral chain in the (S)
absolute configuration33, We will refer to this class of
polymer later since they have been investigated in detail
from the experimental35 and theoreticall4: 34, 3941 point
of view.

Equation (6), on the basis of the same arguments
developed in the preceding sections, can take the form:

—RTInZ
AE=RTIng/ (10)

Equations similar to equation (10) have been considered
before, in a more approximate form, for evaluating the
energy difference between the two spiraled main chain
conformations3 40,

In deriving the conformational partition functions it
will be assumed that the most stable left-handed and right-
handed monomer unit conformations have the same
statistical weight (1). This is obviously the case for non-
optically active polymers, as the left-handed and right-
handed conformations are related by mirror image sym-
metry. In the case, however, of optically active polymers,
the most stable monomer unit conformations in the two
opposite screw senses are diastereoisomeric conforma-
tions. Only as a first approximation can they be considered
as having the same energy, even though they usually have
the same number of bonds in trans and gauche conforma-
tions. In other words, in the case of optically active
polymers, Q; and Q4 should be more properly referred to
as standard free energies different from one another.
However, as has been previously pointed out, there is no
reliable way of evaluating conformational energy dif-
ferences which are not in terms of ¢, 7 and w. As a con-
sequence of the neglect of enthalpic energy differences
between the reference most stable left- and right-handed
monomer unit conformations, AE derives mostly from
entropic effects, and the same is true for AU.

Conformational analysis at the conformational rever-
sals for a series of isotactic optically active poly(a-olefins)
is reported in Table 4. Table 5 reports the corresponding
conformational partition functions. Of these polymers,
poly[(S)-3-methyl-1-pentene], poly[(S)-4-methyl-1-
hexene] and poly[(S)-5-methyl-l-heptene] have been pre-
pared?s. No experimental data are so far available for the
other two polymers.
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Table 4 Conformational analysis at the conformational reversals of some isotactic optically active poly(x-olefins)

Conformation Poly[(S)-3-methyl- Poly[(S)-4-methyi-

Poly[(S)-5-methyl-

Poly[(S)-3,4-dimethyl- Poly[(S)-3-ethy!l-5-methyl-

no.* 1-pentene] 1-hexenel} 1-heptenelt 1-pentene} 1-hexene]
1 «?(3+7) «wQIQd wQIQd w? Tw24 6w
2 3rw? 7wQd(Qr+ Qd) wrQd(Qr+ Q) Tw? w?r

3 3rw? 70QI(Q1+ Qd) wrQI(Qr1+ Qd) 27w? 2702

4 3w T0QI(Q1+ Qo) 7Q1(3+47) 402 408

5 3w 10Qd(Qr+ Qa) 7Qd(3+47) - -

6 2w wQIQd wQIQqg 3w? 3w?

7 —_ TwQIQd wrQI[3+o(1+7)+47] — Tw?

8 - TwQiQd wrQIQd - —

* The numbers refer to the conformations of the main chain bonds listed in Table 1

1 Qr and Qg are reported in Table 5

Table 5 Conformational partition functions of some isotactic optically active poly(«-olefins)

Polymer Q/ Qd Qu* Qur*
Poly[(S)-3-methyl-1-pentene] 242w 1+4w 3w+ Telr 8w
Poly[(S)-4-methyl-1-hexene] 2+ 7+ 2w 1+ 7+ 50 oQIQd+ wr(Qr+ Q)a? r0(Q1+ Qu)?+ QIQd(w+ 27w)
Poly[(S)-5-methyl-1-heptene] 3+0@2+7)+7r  3+o(1+1)+7r @0QIQd+ Tw(Qr+ Q)a? 7(3+ 47)(Qr+ Qo)+ wQIQd+
orQI[Qd+2+ 47+ o(14 7)]
Poly[(S)-3,4-dimethyl-1-pentene] 143w 4o w2+ 3rwl 7ew?
Poly[(S)-3-ethyl-5-methyl-1-hexene] 1+ 4w 142w 4rw?+46w? re?+ Tw?

* Sum of the relative statistical weights of the conformations 1-3 (Q/#) and 4-8 (Qay) of Table 4

The AU value calculated for the optically active poly-
mers (see Table 6) is in the range of that evaluated for the
non-optically active ones. However, the presence of the
energy parameter AE makes the conformational pro-
perties of the optically active polymers remarkably dif-
ferent from those of the non-optically active analogous.
For instance in the case of poly[(S)-4-methyl-1-hexene] v,
is of the order of 40-50* monomeric units, whereas vq is
only ~2 monomeric units. The macromolecules of this
polymer in solution consist then of alternating long left-
handed and short right-handed sequences. The number of
conformational reversals is considerably lower than in the
case of macromolecules of non-optically active polymers
having the same AU [for instance poly(4-methyl-I-
pentene)]. As a consequence, a much larger end-to-end
distance is obtained.

When the branching of the lateral chain is in « with
respect to the main chain, the stiffness of the chain
reaches extremely high values e.g. poly[(S)-3-methyl-1-
pentene] and poly[(S)-3,4-dimethyl-1-pentene]. The com-
parison between these two polymers is indicative of the
effect of AE on the conformational properties. The effect
on w; is minimal, whereas the effect on 42 and »; is very
significant indeed. The comparison between poly[(S)-3-
methyl-1-pentene] and  poly[(S)-4-methyl-1-hexene],
characterized by about the same AE value, shows the
effect of AU on the conformational properties.

Even more noticeable, in this respect, is the comparison
between poly[(S)-3-ethyl-5-methyl-1-hexene] and
poly[(S)-5-methyl-1-heptene], both characterized by a
minimum AE. The extremely high value found for .the

* In a previous paper4?, on the basis of more approximate energy
parameters and partition functions, a lower value had been
estimated.
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conformational properties of the former polymer
illustrates the high degree of cooperativity existing
between the two energy parameters AE and AU. When a
high energy is required at the conformational reversals, a
minimum energy difference (of the order of 20cal/mol)
between the two spiraled screw senses is sufficient to make
the macromolecules spiraled about 809, in one screw
sense. However, although this example is a useful indica-
tion of the peculiarity of the conformational equilibrium
established in the macromolecules of optically active vinyl
polymers, the actual value of AE, as given here, is quite
unreliable. At these low levels of energy differences, all
the approximations of the method become very critical.
Poly[(S)-5-methyl-1-heptene] is an example of an opti-
cally active polymer having conformational properties in
the range of those calculated for the non-optically active
polymers having the same AU. For poly[(S)-6-methyl-1-
octene] (not reported in the Table) a AE close to zero can
be calculated, and in this case the difference between »;
and vq disappears.

All these arguments make clear the importance of both
energy parameters AE and AU in order to have a semi-
quantitative idea of the actual conformational characteris-
tics of a given chain structure. Given the close interplay
between these two energy parameters, any drastic
approximation in AU would profoundly affect the AE
value, and vice versa.

The extremely high stiffness predicted for some of the
polymers of Table 6 is due to the high AU value and to the
interplay between AU and AE. Ttis, however, reasonable to
assume that in all the cases in which a very large AU is
calculated, some of the basic approximations of the
method of calculation do not hold anymore. For instance,
it is likely that a deviation from the ideal ¢ and g states,
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Table 6 Conformational properties of some isotactic optically active poly(a-olefins)*

Polymer AET AUt vl vd w/ h2/Ni?
Poly[(S)-3-methyl-1-pentene] 390 1600 190 2 0-99 300
Poly[(S)-4-methyl-1-hexene] 360 1200 45 2 0-95 70
Poly[(S)-5-methyl-1-heptene] 60 850 6 4 0-60 11
Poly[(S)-3,4-dimethyl-1-pentene] 1700 1300 1500 1 1-00 2000
Poly[(S)-3-ethyl-5-methyl-1-hexene] 20 2200 80 22 0-78 150
* Calculated at 300K, with AE; =500, AEy=1500, AE3=2500cal
1 In cal/mol of monomeric unit

and/or a deviation from the ideal tetrahedral bond angles, [1F = Mijw; + Mawq (1)

make the conformational reversals take place with an
overall lower energy. These effects would change the con-
formational partition functions at the conformational
reversals to an extent not predictable at the present state
of knowledge.

The calculated v; and A2 of optically active polymers
decrease with temperature much more remarkably than
those of non-optically active analogous ones. A compara-
itve study of the calculated temperature dependence of
h2/N12 and v, for poly(4-methyl-1-pentene) and poly[(S)-4-
methyl-1-hexene] was attempted some years ago on the
basis of a more approximate approach and simpler con-
formational partition functions4®. Equations (7)-(10) pre-
dict that for poly[(S)-4-methyl-1-hexene] v; goes from 120
to ~20 and A2/NI2? from 80 to ~ 35 in the temperature
range 250-350K. In the case of poly[(:S)-3,4-dimethyl-1-
pentene] and poly[(S)-3-methyl-1-pentene], the decrease
of the value of the conformational properties with tem-
perature in the same temperature range is so significant as
to resemble a phase transition. The detailed investigation
of the temperature coefficient of the conformational
properties for these systems should, however, take into
account the length of the chain, i.e. they should be given
as a function of the degree of polymerization. A calcula-
tion of the conformational properties of optically active
poly(a-olefins) as a function of the polymerization degree
has been carried out by Abel4. However, in this treatment
the approximation has made the probability of high energy
interaction equal to zero which would correspond to
AUz 0 in our notation. We think that this approximation
leads to an unreliable physical model for the chain in
solution.* With the present model, by decreasing the
temperature, 42/N/2 and v tend to infinity and no S-shaped
curve can be obtained. Since at the moment no proper
analytical expressions for the conformational properties
of optically active vinyl polymers as a function of the
chain length are available, this problem is not discussed
here.

OPTICAL ACTIVITY AND CONFORMATION

The molar rotation of optically active vinyl polymers can
be correlated to their conformational equilibrium in
solution through the relationship:

* The unrealistic value calculated by Abe!4 for the optical rotation
of poly[(S)-5-methyl-I-heptene] is ascribed to this approximation.

where [¢}7 is the molar rotation of the polymer, referred
to one monomeric unit, and M; and Mg the average molar
rotation of a left-handed and right-handed spiraled
monomeric unit at the considered temperature and wave-
length. The basic approximations in equation (11) are
consistent with the statistical model itself, namely that
only spiraled conformations can be assumed by the
monomeric unit and that chain end-effects are negligible.

In principle, if one could determine accurately M; and
M, through some independent method, one could esti-
mate the reliability of the calculated w; values (wg=1— wy)
by comparing the experimental [¢]{ values with those
calculated from equation (11). Unfortunately, as is well
known, at the present no method is avatlable for calculat-
ing exactly a priori the molar rotation of a given asym-
metric molecule. Only semi-empirical methods are known,
and they can be useful only to obtain first approximation
figures. For instance the Brewster method38, which is the
one that has been extensively used for optically active
poly(a-olefins)35, in the case of poly[(S)-4-methyl-1-
hexene] predicts at the D sodium line M;= +240 and
My=—30035 The experimental [$]¥ is, however,
+29035,i.e. higher than the calculated M}, and so equation
(11) cannot be used to obtain w; values.*

However, for the polymers for which experimental data
of optical activity are available, the soundness of the
calculated figures of w; can be checked at least from a
qualitative viewpoint by another procedure. The calcu-
lated figures predict that, in the cases in which w;>0-9,
[¢]7(exp.) should be close to the value calculated for M;,
whereas in the case in which w; is closer to 0-5, [$]]
should be close to the arithmetic average between the
calculated M; and Mg values. This is indeed what has
been found. For poly[(S)-3-methyl-1-pentene] and
poly[(S)-4-methyl-hexene] [¢]3 is +160 and +290, and
M; + 180 and +240 respectively?s. For poly[(S)-6-
methyl-1-octene] and for poly[(S)-5-methyl-1-heptene],
[4])% is +20 and +68, and the average between M; and
Mg is +34 and + 22 respectively3s.

There is another way to check the reasonability of the
calculated w; values on the basis of the experimental

* 1t is probably worth noting that the values used by Brewster for
the molar rotation of each C-C bond (4 60°, or 0°) are best-fitting
values relative to a particular kind of conformational analysis
(statistical weight 1 or O for each conformation), and that these
values cannot be used with conformational analysis different from
that of Brewster. The combination of the Brewster values for the
molar rotation with conformational partition functions in terms of
o, 7, and  yields a self-inconsistent system.
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[¢]1%. This is, to use equation (11) at two different tem-
peratures, and calculate M; and Mg. This has been
done2?. 40 and the values obtained for M; and Mg,
surprisingly enough, are in fair agreement with those
calculated from the Brewster method. The fact that at
different temperatures equation (11) provides the expect-
ed order for M; and My, indicates that «; values are con-
sistent with the temperature coefficient of optical activity
of the polymers considered. According to the model so
far outlined, the change of optical activity with tempera-
ture in these polymers is due to the variation of the
relative percentage of left-handed and right-handed
spiraled monomeric units. In particular, for the polymers
listed in Table 6, increasing the temperature increases wqg
with respect to w;. The optical activity then decreases as
the right-handed spiraled monomeric units have a molar
rotation high and negative and those left-handed spiraled
have a molar rotation high and positive34-37,40,41,
Under the approximation that M; and M4 are constant
with temperature, the variation of optical activity with
temperature can be obtained by integrating equation (11)
with respect to the temperature: ‘

W (wti~ maa) St (12)

The function de;/dT is very complicated (see equation
(8)). Despite this, calculation in the temperature range
300-400K indicate a monotonic, almost linear, decrease
of the molar rotation with temperature, in agreement with
previous experiments33-37, Since, for poly[(S)-3-methyl-1-
pentene] and poly[(S)-4-methyl-I-hexene], (M;— My) is
a high and positive number of the order of 400-700 33,
and the experimental A{¢]p/AT is in the range —(0-4-0-7),
Aw/AT is in the range of 10-3deg—1. For the polymers
considered, the quantity (A[$],/AT). {1/(Mi— Ma)} pro-
vides a measure of the decrease of the more favoured screw
sense with temperature.

There are a few other considerations suggested by
equation (12). For instance, for the polymers charac-
terized by a very large w; value at room temperature,
measurements of optical activity at temperatures such
that w;=1-0 should provide a direct experimental
measure of M;. Theoretically, on the basis of equation (11)
and the present method of calculation, this is achieved
at T<350K for poly[(S)-3, 4-dimethyl-l-pentene], at
T<300K for poly[(S)-3-methyl-l-pentene] and at
T<250K for poly[(S)-4-methyl-1-hexene] (namely, in an
experimentally accessible range, especially if working
with low molecular weight fractions). Experimentally, the
check that such a limiting value is obtained for w;, would
be given by the fact that, by further decreasing the
temperature, [¢]p would remain constant.

Equation (11) does not predict any sharp transition of
optical activity with temperature in any of the cases listed
in Table 6. This indicates that the variation of optical
activity with temperature is not sensitive to changes of the
stiffness of the macromolecules in solution. Optical
activity depends on the relative amount of left-handed
and right-handed monomeric units, and not on the
average length of regularly spiraled sequences.

Finally, optical activity measurements could be also
useful in obtaining information on conformational
kinetics. The rate of change of [¢]p with time in a given
temperature range is directly related, according to the
present model, to the rate of main chain conformational
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 transitions. This concept is at the basis of a recent paper

by Poul and Mazo#?, in which the problem of the con-
formational kinetics in isotactic poly(a-olefins) is faced,
and the possibility of a 7-jump experiment, with optical
activity as the monitored property, is discussed.

CONCLUSIONS

The proposed method of calculation of AE and AU
allows for the evaluation of the conformational properties
of isotactic poly(a-olefins) and permits a relationship to be
drawn between the monomer unit structure and the chain
flexibility in solution. The method seems particularly
useful for forecasting those polymer structures which may
be characterized by anomalous conformational proper-
ties in solution, as in the case of optically active isotactic
poly(a-olefins) having an asymmetric carbon atom in the
« or B position in respect to the main chain. The absolute
value of the calculated figures should not be taken too
literally, owing to the many approximations involved in
the calculation. However, these figures are likely to be
correct from a semi-quantitative viewpoint. The same
method of calculation predicts values of #2/NI2 that are in
agreement with the available experimental data in the
case of non-optically active polymers. In the case of
optically active polymers, the calculated w; is in agree-
ment with the experimental data of optical activity for a
number of different polymer structures. Furthermore, w;
and wq values are consistent with the temperature
coefficient of optical activity. All this confirms the sound-
ness of the proposed model for poly(«-olefins) in solution,
and particularly the basic concept, that these macro-
molecules are highly spiraled in solution. Lacking more
direct experimental methods to determine »;, v and the
number of conformational reversals in solution, optical
activity is the only property that at the same time gives a
proof of the existence of spiraled main chain conformation
for poly(a-olefins) in solution and allows for a semi-
quantitative check of their conformational properties.

The experimental determination of conformation
through end-to-end distance of the extreme stiffness
predicted for poly(3-methyl-1-butene), poly[(S)-3-methyl-
1-pentene], poly[(5)-3,4-dimethyl-1-pentene], would be
the best way to test directly the reliability of our calcula-
tion. The problem here, from the experimental point of
view, lies in the very poor solubility of the above poly-
mers and particularly of their highly isotactic fractions.
An approach to this problem for these polymers can be
made through the synthesis of their low molecular weight
fractions at such low values of the degree of polymeriza-
tion that a fair solubility is eventually obtained. Experi-
mental work is in progress in our group to determine the
end-to-end distance of poly[(S)-4-methyl-1-hexene], as
this polymer offers a good compromise between solubility
and calculated chain stiffness.

The method of calculation of the conformational
properties here presented could, in principle, be used for
polymers others than isotactic poly(a-olefins). For
instance, it could be applied to syndiotactic poly(a-
olefins), or to poly(a-olefins) with different degrees of
stereoregularity. The extension of this method to other
polymers, even though of vinyl type [poly(viny! ketones),
poly(vinyl ethers), etc.] is for the moment not possible. In
fact, for these systems no reliable information is at hand
for their conformational equilibrium in solution.
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Cis-trans isomerism in Ziegler-catalysed terpolymerization of
hexa-1,4-diene with ethylene and propylene

G. A. Skinner, M. Viney and S. R. Wallis

Research and Development Laboratories, International Synthetic

Rubber Company Limited, Southampton SO9 3AT, UK
(Received 13 January 1972)

Hexa-1,trans-4-diene (1) is used in the preparation of
ethylene-propylene terpolymers!: 2 (EPDM). Of the three
termonomers used commercially, namely dicyclopenta-
diene (DCPD), ethylidene norbornene (ENB) and hexa-1,
trans-4-diene, the last forms a faster-curing polymer than
does DCPD3. Also, compared with both DCPD and
ENB, it is more efficient in terms of the degree of unsatura-
tion present per unit weight of termonomer. A disadvan-
tage in using hexa-1,trans-4-diene is that it has a relatively
low level of incorporation4.

With emphasis on incorporation, a comparison was
made of the polymerization behaviour of hexa-1,trans-4-
diene® (I) and hexa-1,cis-4-dieneb-8 (II) using the
Ziegler—Natta catalyst, vanadium oxychloride—ethyl alu-
minium sesquichloride. Using equivalent concentrations of
both isomers, the only significant difference in the poly-
mers produced was in the level of unsaturation obtained
due to the higher incorporation of the trans isomer (see
Table 1). Polymers prepared with the same degree of
unsaturation showed a slightly different polymer plasticity
owing to the effect on the molecular weight caused by the
higher concentration of cis isomer needed to achieve the
desired unsaturation level. It was shown in separate
experiments that both the cis- and trans-hexadienes had
similar modifying effects on the molecular weight of the
polymer formed, the magnitude of the effect increasing
with increase in termonomer concentration.

CH;=CH—CH, CH,=CH—CH, CH,
N_ A AN
/C—C\ c=c¢C
H CH, H/ \H

(n (m

EXPERIMENTAL

The polymerization conditions used have been described
elsewhere®; typical results are given in Table 1. Gas-
liquid chromatography (g.l.c.) was carried out with
Perkin-Elmer F11 and Varian Autoprep 705 instruments
using columns made up from 59 trityl phosphate on
Chromosorb P and 309, SE-30 Silicone on Chromosorb
W respectively. Infra-red (i.r.) spectra were measured for
films on sodium chloride discs or aluminium plates with a
specular reflectance accessory on a Unicam SP200
instrument.

Reaction of hexa-1.cis-4-diene with VOCl3

VOCI; (1 mmol) was added to dry hexa-1,cis-4-diene®
{44 mmol) in the absence of solvent at 0°C. The mixture
was stirred and kept under a nitrogen atmosphere. A red
solution was formed instantly. After being stirred for 1h

Table 1 Terpolymerization of hexa-1,4-dienes with ethylene and propylene

Isomer Polymer
1,4-Hexadiene concentration ETCA? yield Plasticity lodine % Termonomer
isomer {mmol/l) {mmol/l) (g/i/h) Hoekstra Mooney? No. incorporation E/P ratio®
Cis 24-4 2-08 84-8 25 44 2:5 34 60 : 40
Trans 24-4 2:08 93-6 26 46 3-7 56 60 : 40
Cis 97-6 1-38 28-0 8 —_— 7-5 9 64 : 36
Trans 48-8 1-38 62-6 26 37 7-6 38 59: 41

& ETCA=ethyl trichloroacetate®
b ML 1+4 at 100°C

¢ Ethylene/propylene ratio measured from relative intensity of 1380 and 1460cm-1 bands in i.r. spectrum
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Figure 1 Infra-red spectra of (A) a typical ethylene-propylene
copolymer, (B) an ethylene-propylene-hexa-1,cis-4-diene ter-
polymer of iodine number 8-7, and (C) an ethylene-propylene-
hexa-1,trans-4-diene terpolymer of iodine number 7-6

the mixture was hydrolysed with water and the organic
layer dried over sodium sulphate: it was shown by g.l.c.
and i.r. analysis to be unchanged hexa-1,cis-4-diene.

Reaction of hexa-1,cis-4-diene with EtzAlsCls

Et3A1,Cl3 (0-5 ml) was added to dry hexa-1,cis-4-diene
(150 mt) and the mixture heated to reflux temperature for
3h under nitrogen, after which time the distillate was
found to be unchanged hexa-1,cis-4-diene.

Reaction of hexa-1,cis-4-diene with VOCl3/Et3AlsCl3
VOCI; (1-0 mmol) was added to dry hexa-1,cis-4-diene

(88 mmol) at 0°C with stirring under nitrogen. On adding

Et3Al2Cls (5-0mmol) a fairly vigorous reaction took

Note to the Editor

place and the red solution was replaced by a black
colloidal suspension. The mixture was stirred for 3 min at
0°C, then cooled to ~ —70°C and hydrolysed with water.
The organic portion was extracted with tetrahydrofuran,
then washed with water to remove the solvent. Residual
monomer was pumped off and found to be pure hexa-1,
cis-4-diene by i.r. and gl.c. analysis. The residue was a
brittle polymer, soluble in chloroform. The i.r. spectrum
of the polymer exhibited typical peaksl® due to ~CHsg,
—CHg- at 710w, 1380 ms, 1460s, 2850ssh, 2950scm™1.
In addition, a medium-weak band at 970cm—! evinced
the presence of a trans double bond (CH=CH out-of-
plane deformation) and weak absorptions at 910 and
995shcm~! due to the vinyl group were observed.

Reaction of hexa-1, trans-4-diene8—8 with VOClIs/Et3Al2Clg

The reaction was performed as above. The recovered
monomer was shown by ir. and g.l.c. analysis to be
virtually pure hexa-1,frans-4-diene containing no more
cis isomer than the starting material (1-9% cis). The
polymer obtained had a similar i.r. spectrum to that of the
previous material except that the rans CH=CH out-of-
plane deformation vibration was rather stronger relative
to the saturated -CHg3—, CH3— bands.

RESULTS

It was observed that polymers prepared from both cis- and
trans-hexadienes exhibit a prominent peak in the infra-red
spectrum at 965 cm™1, assigned to the =CH out-of-plane
deformation of a trans double bond!? (see Figure 1). The
peak increased in intensity as the amount of unsaturation
in the terpolymer increased, no matter which isomer was
used in the polymer preparation. As a result of this
observation, a study was made of the action of the Ziegler
catalyst and its separate components on cis- and trans-
isomers of hexa-1,4-diene.

The individual VOCls and Et3Al:Cly components of
the Ziegler catalyst did not isomerize hexa-1,cis-4-diene
to the trans-diene. When both components were added to
hexa-1,cis-4-diene (II) or to hexa-1,trans-4-diene (I) very
similar polymers were produced with a strong absorption
at 970 cm~1 due to a trans double bond. In each case the
recovered, unpolymerized hexa-1,4-dienes were not
isomerized*.

From these results we conclude that the cis double bond
of the hexa-1,cis-4-diene termonomer is isomerized to the
trans configuration at the polymerization stage and not
before. Isomerization subsequent to polymerization is
also a possibility, but we have no evidence for this. The
feasibility of this reaction sequence is demonstrated by the
fact that when natural rubber is subjected to a catalyst
prepared from TiCl4—EtAIClg, cis-trans isomerization
occurstl,

An analogy is observed in the polymerization of the cis-
and trans-isomers of penta-1,3-dienewith a TiBr4/(iBu)3Al
catalyst!?2, The penta-1,trans-3-diene has a faster poly-
merization rate than the cis.isomer. In a comparison of
the polymerization rate of these isomers using a catalyst
prepared from Ti(OBu)s~EtsAl'3 it was found that only

* Compare ref. 5 where a transition metal/aluminium compound
catalyst is used to prepare hexa-1,cis-4-diene of high purity
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the trans isomer is polymerized directly. With this
system, the cis-isomer isomerizes on contact and reduces
the rate of formation of polydiene. A similar process
could explain the lower incorporation observed for the
cis-hexa-1,4-diene.
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Polymer colloids
Edited by Robert M. Fitch
Plenum Press, New York, 1971, 187 pp. £4.70

This is the proceedings of the American Chemical Society sym-
posium on Polymer Colloids held in Chicago in September, 1970.
Polymer colloids are latices prepared by emulsion polymerization,
and the twelve original papers herein deal with aspects of their
preparation, purification, characterization and properties. Em-
phasis is on the prediction and control of particle size, particle
size distribution and surface charge. Overlap into those aspects of
the topic with which the polymer scientist feels most affinity (i.e.
the molecular composition, molecular weight and molecular
weight distribution of the polymer produced and the properties of
coagulated polymeric materials) is slight and is restricted to three
papers.

It seems likely that well characterized polymer latices will
become increasingly significant tools with which to investigate
colloidal stability and related problems. These papers lend collec-
tive support to this view and certain papers, e.g. Vanderhoff et al.
on ‘clean’ monodisperse latex, document significant steps towards
a model colloid. The book may theretore be read with profit by
colloid and polymer chemist alike, but only the specialist would

want a personal copy. C. Booth
. 00

Progress in polymer science
Edited by A. D. Jenkins
Pergamon Press, Oxford, 1971, 303 pp. £8.50

This volume contains four substantial reviews. The first, and
longest, is by F. A. Bovey on ‘High resolution NMR spectroscopy
of polymers’. The review is concerned largely with the structure
and conformation of vinyl polymers and is, therefore, confined to
spectra of polymert solutions. This is an authoritative and com-
prehensive account dealing both with general principles and with
their application to a large number of examples.

The second review, by E. B. Bradford and L. D. McKeever of
‘Block copolymers’ is by comparison much more superficial. In
the space of some 30 pages it reviews a variety of methods which
have been used for the syntheses of block copolymers and for their
structural characterization and also gives a brief account of their
properties This 1s a useful general introducuon to a rapidiy
growing field.
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Section 3, ‘Emulsion polymerization’ by the late A. E. Alexan-
der and D. H. Napper is quite different in approach. No attempt 1s
made to review the very large literature of emulsion
polymerization.The authors accept as a working basis the general
mechanism first put forward by Harkins and proceed to a critical
analysis of the detailed development of a precise theory. This in-
volves reference to the pioneer work of Smith and Ewart and of
subsequent work by a number of investigators. The authors admit
to a bias towards the surface and colloid aspects. It is, in fact, this
bias which gives the article its greatest interest and value.

The final report is on ‘Cationic polymerization’ by A.
Tsukamoto and O. Vogl. From this enormous field the authors
have selected a number of topics in which they consider significant
developments to have occurred recently. They define the period to
be reviewed as the five years following from the appearance of the
comprehensive review edited by Plesch in 1963. Within these
terms there is a broad coverage with considerable emphasis on
preparative aspects.

This latest volume in the series will be widely welcomed,
especially as the contents are sufficiently homogeneous to ensure
that many readers will find all the articles of interest.

G. Gee

Gel permeation chromatography
Edited by K. H. Altgelt and L. Segal
Marcel Dekker, New York, 1971, 646 pp. $24.75

This book is a collection of papers which were presented
originally at the American Chemical Society Symposium on Gel
Permeation Chromatography at Houston, Texas in February 1970.
The papers have been. published previously in volumes 5 and 6 of
the journal Separation Science and consequently the book con-
tains no information that is not available elsewhere.

The main virtue of the book is the convenience of having the set
of papers bound together in one volume and arranged in four sec-
tions entitled: ‘Fundamental Introduction to GPC’, ‘Reviews of
Theory and Evaluation Methods in GPC’, ‘New Developments in
GPC’, and ‘Application of GPC to Problems in Polymer and
Petroleum Chemistry’. Judged on this basis, the book can be con-
fidently recommended to laboratories who possess a GPC.

I cannot recommend the book for general purchase or for
background reading about GPC since the contents are too detailed
to assist the non-specialist. It is very much a book to have at the
bench adjacent to a GPC instrument but not in a general library.

D. Margerison

Printed in Offset by Kingprint Limited
Richmond, Surrey, England.
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Interfacial free energy of crystals of low
molecular weight poly(ethylene oxide)
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The end interfacial free energies (o¢) of extended-chain and folded-chain crystals
of fractions of low molecular weight poly(ethylene oxide) have been estimated
from measurements of melting points and crystal lamellar thicknesses. Values
of o¢ are in the range 1 to 4kcal (mol of chains emerging)-1. It is found that ¢, for a
given type of crystal increases as the molecular weight increases and that o, for a
given polymer fraction decreases as the extent of folding increases. In that the
extent of folding increases as the molecular weight increases, our findings imply
a maximum value of o, for mature crystals of fractions of poly(ethylene oxide) at

a molecular weight near 6000.

INTRODUCTION

Samples of poly(ethylene oxide) of narrow molecular
weight distribution and of low molecular weight form
lamellar crystals which correspond in thickness to
extended-chains, once-folded-chains, twice-folded-chains,
etc.1-3, The type of crystal formed depends upon the
molecular weight, the molecular weight distribution and
the crystallization temperature. The molecular weight
range M, < 10000 is most interesting since these polymers
exhibit melting transitions and low-angle X-ray scattering
patterns which can be assigned to the various crystal
types.

Samples of poly(ethylene oxide) with M, < 6000 form,
under suitable crystallization conditions, predominantly
extended-chain crystals. In a previous paper! we applied
Flory’s theory of melting of polymers of finite molecular
weight?, suitably modified to allow for the distributions of
molecular weights in our samples, to measurements of the
melting points of these crystals. In this way we were able
to estimate that their end interfacial free energies, o.

Table 1 Characteristics of poly(ethylene oxide) fractions

Mn
Fraction Vapour
End group pressure
analysis osmometry  [7]*(dl/g) Mw/Mn
3300 —_ 3400 0-110 1-08
3700 3980 3660 0-119 1-11
4300 — 4300 0-139 1-07

* Benzene at 25°C

* Present address: Materials Science Unit, Turner Dental School,
University of Manchester
} Present address: Department of Chemistry, Stanford University,
Stanford, California, USA
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increased from 1 to 4 kcal (mol of chains emerging)-! as
M, increased from 1000 to 6000.

In this paper we further modify Flory’s theory to allow
for multiple passing of a single molecule through a
crystal, i.e. chain folding. Combination of this theory
with experimental determinations of melting points and
lamellar spacings enables us to estimate o, for crystals
consisting predominantly of folded poly(ethylene oxide)
chains.

EXPERIMENTAL AND RESULTS

Poly(ethylene oxide) samples with number-average
molecular weights in the range 3000-5000 and with
terminal hydroxyl groups were prepared by use of
ethylene glycol initiator and potassium hydroxide catalyst.
Other samples discussed in this paper were from com-
mercial sources!.

Methods of fractionation and characterization, of
dilatometry, and of low-angle X-ray scattering have been
described earlierl.

The molecular characteristics of fractions of poly-
(ethylene oxide) are given in Table 1. Melting tempera-
tures and lamellar spacings are given in Table 2. (The data
for fractions 6000 and 10000 derive from refs. 1 and 2.)

Melting points were measured for a range of crystalliza-
tion temperatures and little variation was noted, in
keeping with earlier observations!. Lamellar spacings are
correlated with melting points on the basis of earlier work
with fraction 6000. We assume that the higher melting
points correspond to the thicker crystals. We have shown
this to be so for fraction 60001. We have not obtained such
clear evidence for the other fractions discussed here. For
the fractions of lower molecular weight we were able to
distinguish scattering from extended-chain crystals (see
Table 2) but the scattering from folded-chain crystals was
obscured. The X-ray data for fraction 10000 are those of
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Table 2 Melting temperatures and lamellar spacings of poly-
(ethylene oxide) fractions

Table 4 Calculated melting points of poly(ethylene oxide)
age=1-5kcal/mol; t{=0-9xp*

Lamellar spacing Tm
Xn Tm
Fractions (chain units) °C) (nm)  (chain units) Mn Mw/Mn t Equation (4) Equation (6)
3000 75 60-2 20 7 1000 1-05 1 36-4(37°7) 36-5(37-7)
3700 84 61-3 23 83 6 000 1-2 1 69-3(69-7) 69-4 (69-8)
58-9 —_ —_ 1-2 2 64-8(65-7) 65-5 (66-2)
4 300 98 617 27 97 10 000 1-2 2 69-2 (69-8) 69-7(70-1)
60-1 — — 1-2 3 66-4 (67-2) 67-4(68-0)
6 000 136 64-1 39 138
61-0 22 79 * Figures in parentheses are for t{=xp
10 000 227 65-2 28 100
64-3 21 75

Table3 Calculated melting points of monodisperse poly(ethylene
oxide). oe=1-5kcal/mol; s{=0-9x

Tm

Regular folding Irregular folding

Mn s (equation 1) (equation 2)
4000 2 58-0 581
6 000 2 63-8 63-9
10 000 2 68-6 68-6
10 000 3 65-9 661

Arlie et al.2. The formal assignments of the numbers of
sequences per molecule can be found (designated ¢) in
Table 5.

THEORY

It is assumed that lamellar crystals of thickness { chain
units are formed, and that the ends of the molecules are
excluded from the crystals. We assume that chains may
fold so that s sequences of  units each of a single molecule
traverse the crystal (s{<x, where x is the molecular
length). If folding is regular, in that one sequence follows
directly on another, then the probability of choosing
(from a monodisperse polymer) a seque: ~e { units long
which does not contain a chain end is*:

I=s(x—s{+5)/x N

If folding is irregular, in that the only restriction on
choosing s sequences of length  units is that they can be
accommodated within length x, then the corresponding
probability is:

Io=52(x—s{+s)/[x—s5(s—1)] )

These probabilities can be combined!-* with terms
arising from the disordering of the polymer on melting to
obtain the entropy of fusion and ultimately, through the
free energy of fusion, the melting point

Tn=Ty[1 —(20e/ARDI{1+(RT)/AD)[(1/x)—(In/ D]} (3)

where Ah is the heat of fusion per mol of repeat units and
77?0 is the thermodynamic melting point. For poly(ethylene
oxide) Ah=2kcal/mol® and T3 =76°C7.

Values of T, for monodisperse poly(ethylene oxide),
calculated for 7 given by equations (1) and (2), are given in

* Strictly we should allow for the length of the fold?®; the refinement
is not necessary in this work

Table 3. We choose s{=0-9x, since density measurements?
indicate that low molecular weight poly(ethylene oxide) is
highly crystalline, and ¢,=1-5kcal/mol, in order that
predicted melting points correspond roughly with
measured ones. We find little difference between values of
T calculated for regular or irregular folding within the
(reasonable) restrictions we have placed upon the
parameters. Accordingly, we have adopted the simpler
regular folding model for immediate use.

The effect of polydispersity is to modify the probability
expression (1). We suppose that each molecule crystallizes
to its maximum extent, so that short chains have a single
crystalline sequence and longer chains have several
regularly folded crystalline sequences. This assumption is
in keeping with the high crystallinities observed? for
samples of poly(ethylene oxide) of low molecular weight.
The probability that a sequence { units long, chosen from
such a set of sequences, does not contain a chain end is:

= (s+1)%
[= . w0 (s {x)dx 4
S=§; J‘SE

where w (x) is the weight fraction of molecules of length
x-units, and 7, is given by equation (1). We assume that
w(x) is given by the Schulz-Zimm?® expression:

W (x) = (b+1/al)x" e-b® (5)

where b=a/xn, a=xn/(xw—xyn) and is integral in
equation (5), and x, and x, are number- and weight-
average chain lengths respectively.

An alternative assumption is that the number of
crystalline sequences per molecule does not exceed ¢, the
integral part of x»/{; i.e. that the probability 7 is given by:

t
I= Z f(: H)Cw () 11(s, L, x)dx+
s=1
j T w@h(t, L x)dx (6)
t+1%

Equation (6) was used in the earlier paper! which dealt
with extended-chain crystals only, i.e. r=1.

Examples of the values of 73, calculated by use of
equations (4) or (6) in equation (3) are given in Table 4.
These calculations are for values of t{near x,, o, = 1-5 kcal/
mol and M,/M,=1-05 or 2-0. We find little difference
between the two models; certainly no more variation than
that due to uncertainty in {. Slightly lower values of T,
are predicted by the maximum crystallinity model:
presumably a reflection of the lower disorder in the model
crystal.
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COMPARISON OF THEORY AND EXPERIMENT

Equations (3), (4) and (5) have been used to compute
melting points of samples of poly(ethylene oxide) similar
in molecular constitution to those used in the experi-
mental work. A wide range of values of o, have been used
in the calculations. Comparison of predicted melting
points with those found experimentally (Table 2) enable
us to evaluate o, for the various types of crystal. These
values are given in Table 5. We have assumed that
t {=09x,. This is in keeping with the lamellar spacings
reported in Table 2 and the high (~909%,) crystallinity of
the samples. An alternative choice of t{=x, leads to
values of o, very little different from those quoted. Values
of the folding parameter ¢, inferred from the melting and
X-ray data are also given in Table 5.

In comparing the observed melting points of the lower
melting crystals with calculated values we assume that the
composition of the melt does not change during the
melting process. In other words, we assume that dif-
ferences in molecular composition of the two types of
crystal are small (as might be expected if their formation is
the result of rate controlled processes), and that fractiona-
tion with respect to molecular weight during the crystal-
lization process can be ignored. These assumptions are
reasonable in view of the narrow molecular weight distri-
butions of our fractions and the fact that we are not con-
cerned with multiple melting points at very low molecular
weights when fractionation is a problem.

It has been noted earlier! that o, of predominantly
extended-chain crystals increases as the molecular weight
increases. Here we find the same effect for the predomi-
nantly once-folded-chain crystals (#=2). This effect is
illustrated in Figure I. We further find (Table 5 and
Figure 1) that o, of an interface which contains a high
proportion of folds is markedly lower than that of an
interface formed from the same polymer but from which
most chains emerge (or in which most chains terminate).
Moreover o, is lowest when the extent of folding is
greatest. It is a consequence of these findings that the end-
interfacial free energy of mature crystals of fractions of
poly(ethylene oxide) will vary with molecular weight as
follows: an increase from o, ~ 1 kcal/mol at low molecular
weight to o, >3 kcal/mol at M, ~ 6000 and then a decrease
to ge<2kcal/mol at high molecular weight, when the
crystal is composed almost entirely of folded-chains.

Table 5 End interfacial free energy (oe) of crystals of poly-
(ethylene oxide)

Dw oe
Mn Mw/Mn (chain units) ¢ (kcal/mol)
1 000* 1-05 5 1 1-4
1 500* 1-05 8 1 1-5
2 000* 1-05 10 1 1-7
3300 1-1 25 1 2-2
3700 11 28 1 2-3
4 000* 1-05 21 1 2-5
4 300 11 33 1 2-7
6 000* 1-2 67 1 3-3
3 700 1-1 28 2 1-4
4 300 1-1 33 2 15
6 000* 1-2 67 2 2-2
10 000* 1-2 111 2 2.7
10 000* 1-2 111 3 1-9

* Data from ref. 1; oe calculated using equation (4) with 1{=0-9x,

248 POLYMER, 1972, Vol 13, June

4._
°
3_
'. [ ]
_ °o® [
2°r A
‘5 .
£ °® a®
e -
(0] 1 | ] ] | 1 | ! | L
o 2 8 10
10°x M),

Figure 1 End interfacial free energy (oe) versus molecular weight
(Mp) for extended-chain (@), once-folded-chain () and twice-
folded-chain (A) crystals of poly(ethylene oxide) fractions

The effect of folding upon o, is undoubtedly real and
not a consequence of the model we have chosen to use.
For example, a change in T, of 10° or in { of 20nm
would be required in order that o, for the extended-chain
and folded-chain crystals of fraction 6000 be identical.

In the earlier paper! we suggested that the explanation
of the increase in o, with increasing M, lay in the
absolute spread of molecular weights in our samples.
There! we preferred to use the deviation of the weight
distribution of molecular weights: D, = [xu(x;— xu)]L/2
to correlate with the melting point of the sample. Values
of Dy, for our samples are listed in Table 5. The correla-
tion of o, with Dy, is better than with M, It is particu-
larly interesting that fraction 4000, which has a narrow
molecular weight distribution (D, =21), crystallizes in
extended-chain form only whereas fraction 3700 (D,, = 28)
crystallizes in both extended-chain and once-folded-chain
forms.
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Tracer methods have been used to analyse terpolymers formed in radical
processes. The results have been used in an attempt to compare the reactivities
of styrene, methyl methacrylate and methyl acrylate towards a polymer radical
having a terminal maleic anhydride unit. Anomalous results are obtained in an

application of the conventional treatment.

INTRODUCTION

Alfrey and Goldfinger! gave equations for the composi-
tion of a terpolymer, formed at low conversion, in terms
of the composition of the feed and of the monomer
reactivity ratios deduced from the three appropriate
binary copolymerizations. Problems associated with
terpolymerizations have been considered again more
recently by Ham?2:3, Mayo* and Jenkins®. It has been
recognized that studies of terpolymerizations may be of
considerable value in connection with problems such as
the reactivities of monomers and of polymer radicals and
also effects of penultimate groups upon reactivities of
polymer radicals. This paper is concerned mainly with
some radical terpolymerizations involving maleic an-
hydride; the original object was to compare the re-
activities of monomers towards a polymer radical having
a terminal maleic anhydride unit but a paper by Gaylord
and Patnaik® indicates that complications may well arise
in these terpolymerizations. There is also a brief report of
some tests on the more general application of tracer
techniques to studies of initiation of radical terpoly-
merizations and to analyses of terpolymers.

Monomer reactivity ratios deduced from copoly-
merizations have been widely used for comparison of the
reactivities of monomers towards reference polymer
radicals?. The procedure is unreliable for polymer radicals
showing very low reactivities towards their monomers;
this limitation appears to apply to the maleic anhydride
polymer radical. Ham3 pointed out that, in such cases,
useful information may be deduced from terpolymeriza-
tions. The relative numbers (a, b and c) of the monomer
units in a terpolymer are related to the concentrations

* Montecatini Edison SpA, Centro Ricerche, 20021 Bollate, Milan,
Italy

(4, Band C) of the monomers in the feed from which it is
being formed!, thus:

a:b: CZA{ﬂji +*~'lfgﬂ + ¢ }{A+£+§}
Fea¥va Tbaleb Tealbe rab Tac
B{f‘f- . B cC }{4+B+ C}
Yabl¥ea Yablcv VYcvblac)\Fba Fbe
A B A B
:c{—f +o 4 9,,}{,7+_+C: )

Factva Tbclab Taclbe)(Fea Teb

The various r terms are monomer reactivity ratios, e.g.
rav=kaa/kab Where kqq and k,p are the velocity constants
for reactions of the polymer radical having a terminal A4
unit with monomer molecules 4 and B respectively. If
monomer C is unreactive towards the polymer radical
having a terminal C unit, then r¢, and r¢p are small and
are probably not known accurately. From equation (1),
equation (2) can be derived without further assumptions.

{RA B RC}{ B C}
e A+ +
a_A 'va Tba Toe Fab Tac

Q2 T

)
+B+
va Ve

Yab Tab Ftac
where R=rep/rea=kcalkeo.
This equation can be used to find R provided that values
are known for those monomer reactivity ratios which
appear in it. The value of R immediately indicates the
relative reactivities of monomers A and B towards the
C-radical. This procedure is here tested for terpolymeriza-
tions involving maleic anhydride.

EXPERIMENTAL

Standard procedures were used for purification of the
substances involved in the work. Labelled samples of
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Figure 1 (No. of benzoyloxy end groups)/(no. of phenyl end
groups) in terpolymers of methy! acrylate (MA), ethyl methacrylate
(EMA) and methyl methacrylate (MMA) prepared at 60°C using
benzoyl peroxide as initiator. Concentrations of MA and EMA
fixed at 1 mol/l; concentration of MMA varied. O, benzoyl peroxide
at1g/l; assay by gas counting; @, benzoyl peroxide at1 g/l; assay
by scintillation counting; (3J, benzoyl peroxide at 3g/l; assay by gas
counting; x, benzoyl peroxide at 3g/l; assay by scintillation
counting

methyl methacrylate and methyl acrylate were prepared
by exchange between unlabelled monomer and 4C-
methanol; styrene, labelled at the 8-position with 14C, was
prepared by decarboxylation of the appropriate 4C-
cinnamic acid; 1,4-14C-maleic anhydride was purchased
from the Radiochemical Centre, Amersham. The specific
activities of the monomers lay between 0-2 and 0-3 uCi/g.
Two types of 14C-benzoyl peroxide were used; R-peroxide
was labelled in the rings and C-peroxide in the carboxyl
groups; their specific activities were about 25 uCi/g.

Polymerizations were performed in vacuum dilato-
meters at 60°C. Polymers were recovered by precipitation
in non-solvent, and purified by reprecipitation. Tests on
removal of labelled contaminants gave satisfactory
results. Assays were performed by gas counting® and by
scintillation counting in solution using counter type 6012
(Isotope Developments Ltd) and phosphor solutions
NE211 and NE220 (Nuclear Enterprises Ltd). Quench-
ing in scintillation counting was allowed for by determin-
ing counting rate per mg of sample after successive addi-
tions of sample and then extrapolating to zero weight.
For these measurements, dimethylformamide was used as
solvent for some polymers and benzene for others; in
those cases where either solvent could be used, there was
good agreement between the two extrapolated values of
counting rate per mg.

Different methods of calculation are needed for the two
types of assay. Suppose that a terpolymer, made from a
14C-sample of monomer (molecular formula CoHO,),
can be represented as:

(CaHpOc) (CaHeOp) y(CgH2O:).

In gas counting, the counting rate refers to a standard
mass of carbon so that

counting rate for monomer _ax+dy+gz
counting rate for terpolymer ax
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In scintillation counting, the counting rate refers to a
standard mass of sample so that

counting rate for monomer _
counting rate for terpolymer

12(ax+dy+gz)+(bx+ey+hz)+16(cx+fy +iz)
x(12a+b+16¢)

RESULTS

Tests on terpolymerizations

Terpolymerizations were performed at 60°C using
benzoyl peroxide (at 1 g/l or at 3 g/l) with methyl acrylate
(MA) at 1 mol/l, ethyl methacrylate (EMA) at 1 mol/l and
methyl methacrylate (MMA) at concentrations up to
3-5 mol/l; benzene was used as diluent. For each feed,
parallel experiments with ring- and carboxyl-labelled
samples of peroxide were performed so that it was
possible to calculate® values of the fraction x defined as:

no. of benzoyloxy end groups
total no. of benzoyloxy and phenyl end groups

There was good agreement between the parallel experi-
ments. Results are summarized in Figure 1. The scatter of
points can be attributed to the great sensitivity of x/(1 —x)
to small errors in assay but it 