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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 
react ingch loromethy la ted polystyrene with potassium polystyryl, are 
distinguishable from the comb-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 104 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 visoosities and the intrinsic viscosities in 
solution are given by: 

viscosity ~ (,$2o) a 

where (So2> is the theoretical mean square unoerturbed 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, b, of the bran- 
ches is greater than 4.6 x 10 4 to distinguish them 
from the comb-shaped polymers (for which M,b<4"6 

X 10 4) 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 e t  a l .  2 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, 
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potassium polystyryl rather than lithium polystyryl 
was used in the c o u p l i n g  r e a c t i o n  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 o f  linear and branched polystyrenes 
Three  apparatuses were developed for the 

preparation of linear and branched polystyrenes. 
The first of these, A1, was referred to in Part 13 and 
was used initially to prepare linear polymers on a 
5 - 6 × 10 -2 kg scale for subsequent characterization 
and chloromethylation and for the reaction of 
potassium polystyryl with ~4C-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 pblymer 
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 A1. All reagents, including the initiator 
(~t-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 1~. 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 
~-Phenyl isopropyl potassium.This initiator was 

originally prepared from methyl u-phenyl isopropyl 
ether by a modified form of the procedure described 
by Ziegler and Dislich 4 using benzene rather than 
aliphatic hydrocarbons as the reaction medium, but 
later it was obtained as a suspension in heptane from 
a commercial source s . 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. Transfer 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 ha 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, 105A, 104A 
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 behavlour of these branched polymers will 
be given in a later paper 6. 

RESULTS AND DISCUSSION 

Osmotic pressure measurements on and g.p.c, analysis 
of the products obtained in the reaction of potassium 
polystyryl with chloromethyla ted  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 
p roper t i e s  of  the mixtures  and the l inear  
homopolymers . The latter were isolated separately 
in the sequence of operations in the synthesis of the 
branched polymers. 
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Determination o f  the composition o f  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 polystyrenes6. Figure 1 shows two exam- 
ples of this analysis of chromatograms of mixtures 
containing branched and linear polymers. Results 
given elsewhere 6 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 
o f  branched and linear polystyrenes 

Since all the branched polystyrenes prepared were 
mixed in varying proportions with the linear precur- 
sors m me 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 
logarithmic additivity rule (equation 1), .represent the behaviour 
of blends of linear and branched polymers, while the curves are 
for blends of two linear polymers.O Blends of B1041 and B104; 
O. blends of 3103Land B103; rq. blends of B115L and Bl15; 
X, blendsof B118Land B118;A, blends of B105L and B105 Jnder 
shear (shear stress 7x 103 Nm -2) V blendsof B114L and U25; 
• 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 r/ 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 r/ of blends of branched and linear 
polystyrenes is given by the logarithmic additivity 
rule 

log q = wl log r/t + ~2 log/']2 (1) 

where rD and ,72 are the melt viscosities of the linear 
and branched components respectively and w, and 
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w2 their weight fractions in the blend. Equat ion (1) 
has been found to apply not  on ly  to measurements  o f  
the low shear melt viscosit ies  o f  these polymer 
blends but also to viscosit ies  measured under shear 
(up to a shear stress in the region of  6 ×  104 N m-2).  
This is illustrated in Figure 2 for blends of  B105 and 
BI05L ,  the melt viscosit ies o f  which were measured 
at a shear stress of  7 ×  103 N m -2. 

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

l o g q ~ =  v : ( l - a )  a+  v2 Iogr/2 (2) 
(1 - a v j )  (1 -av~) 

where v~ and v2 are the volume fractions of the two 
components  in the blend and a is a constant in- 
dependent  of  composit ion.  This equation may be 
reduced to equation (1) by substituting weight frac- 
tions for volume fractions and putting a = 0. 

sum of  contr ibut ions  from individual fractions, i.e. 

l~l= .g wi[~l~ (3) 
! 

where [r/] is the intrinsic viscosity of  the whole 
polymer and [r/]iand withe intrinsic viscosity 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 Table 1. The melt and intrinsic viscosities and the 
weight average molecular weights computed for the 
branched polymers alone are given in Tabh' 2. 

Intrinsic v iscosi ty-composi t ion correlation .fbr 
blends o f  branched and linear polystyrenes 

The average intrinsic viscosity of an unfrac- 
t ionated polymer is usually taken as the arithmetic 

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 

Backbone 
polymer 

Two-component mixture from coupling reaction 

Wt fraction oT 
Mixture r/o* [ / / ]  rH=~" P o l y m e r  

Bl14 489 x 103 63'42 
Bl18 820 x 103 63'3 

Mn = 1 8 . 1 x 1 0  ~ Bl16.1 1'16 x 104 629 
~/o = 1 .63x  10 ~ B121 280 x 104 749 
( f ] ITo l  = 70.2b 
[r/,jc H =33 .7a  B120 4"82 x 104 85"0 

B130 9"24 x 104 93'9 
~ /=  2.55 B122 1"98 x 105 109'7 

Bl15.1 1"79 x 105 107"5 

Bl10.4 1"00 x 104 63"98 
/~n 12-16X104 Bl16.3 3"28 x 104 75"38 
r /o=2.02X103 B123 7"85 x 104 92"7 
[ 'q]THF=48-1 B108.2 9"41 x 104 89"45 
[q ]CH=29 .5  a B131 8"05 x 105 136"6 
,5=5 7B B124.2 1"82 x 105 106"9 

Bl15.2 7"41 x 10 s 149"8 

B109.F 2"00 x 104 77'8 
/~n = 15.5y,'104 B109.1 1"66 x 104 78"3 

B107.1 4"71 x 104 64"6 
r/n = 9.55X103 B105 1'28 x 105 101"4 
[/];]THF = 61.4 B108.1 109 x 105 973 
Ir/ICH = 33.2 B103 1"16 x 106 149"6 

= 8.87 B106 1'11 x 106 162"7 
B104 3'34 x 106 206"4 
B l l l  75"7 

Mn--- 21-2×104 Bl12 1"53 x 104 75'8 
~o = 2.39X 104 B107.5 5"74 x 104 98"2 
[ " / ] m F = 7 3 . 2  B108.4 1"93 x 105 115"4 
[,'/]CH = 3 5 . 9  B115.,q, 1"28 x 106 171"5 
/5=  18.7 

Linear precursor (branches) 

[/7] CH "~ b r a n c h e d  com- 
p o n e n t  f rom M n X 10 4 qo * [ q ]  TH =~" [ q l  C N t  

g.p.c.  

316  0666 B114.L 4'65 115 x 102 284 194 
314 0607 B118.L 603 243 x 102 35"67 214 
32'4 0649 B116.L 801 288 x 102 369 233 
35"9 0'372 B121.L 1112 6'80 x 103 5 5 5  30"3 
392 0270 B120.L 1574 101 x 104 694 346 
385 0368 B130.L 17'52 188 x 104 70"7 339 
465 0243 B122.L 24'23 6'57 x 104 94'1 423 
468 0178 B115.L 266 719 x 104 963 437 

32'5 0'667 B110.L 5 6 7  347 x 104 3183 225 
344 0763 B116.L 801 2'88 x 102 36'9 223 
39"0 0542  B123.L 11"43 5'03 x 103 5 3 3  29"4 
42'6 0449 B108.L 13"60 120 x 104 6 5 4  33'8 
52'5 0"654 B131.L 1956 251 x 104 697 36'9 
42'7 0'263 B124.L 2135 617 x 104 8665 38'9 
5 6 2  0522  B115.L 26'60 719 x 104. 963 43'7 

1 '00 B109.L 231 778 
34'9 0"685 B110.L 5 6 7  347 x 102 3183 22'5 
35"9 0658  B107.L 783 5'05 x 102 45'3 25"8 
40'5 0682 B105.L 946 140 x 103 45'9 26"4 
40"8 0428 B108.L 13'60 120 x 104 65'4 33"8 
51'4 0594  B103.L 20'61 273 x 104 79'6 39'2 
56'1 0255  B106.L 36'75 330 x 105 122'2 47'1 
59'4 0'508 B104.L 4177 2'58 x 105 1142 488 

0.734 B111L 496 1'15 x 102 31'55 

31'6 0600 B112L 4'98 170 x 102 29'0 19'5 
383 0"679 B107.L 783 5'05 x 102 45"3 2 5 8  
51'0 052Q B108.L 1360 120  x 104 6 5 4  33-8 
57"4 0"581 B115.L 26"60 719 x 104 963 45-7 

* Melt viscosit ies (N s m -2) were measured in a melt penetremeter at 460K 
Intrinsic viscosit ies (dm3/kg) were obtained using a dilution viscometer: (i) in THF at 298K, (ii) in cyclohexane at 308K 

a Intrinsic viscosit ies estimated from Iog[r/lCH--Iog/~n relationship 
b Intrinsic viscosity in toluene at 298K 
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Table 2 Derived results for branched polystyrenes 

Inverse Parent 
branching mixture 
frequency, 

Derived viscosities~:of branched polymers Calculated molecular 
, weights* 

B -5  ~r/JTH F [t/'] CH t/O MBn x l 0  -5 MwX10 

682 

202 

B114 81 "0 38"0 4"36× 104 3:00 3"18 
B118 81 "4 37"7 7'85x 104 3"35 3'63 
Bl16.1 77"0 38"0 8"81 × 104 3"85 4'28 
B121 107"2 45"2 3"52× 105 4"64 5"32 
B120 127"0 51 "5 3"23× 106 5'82 6'91 
B130 132"0 46"8 1 "48× 106 6'28 7'52 
B122 150"7 61 "5 6"17× 106 7"99 9"87 
Bl15.1 150"8 60"9 1"22× 107 8'59 10"69 

Bl10.4 80'0 37"6 5"43× 104 4"50 4"91 
B11ti.3 87"4 38"2 1"41x10~ 5'86 6"48 
B123 125"8 47"1 7"95x 105 7"82 8"78 
B108.2 118"9 53"6 1 '17x 106 9"08 10"25 
B131 172"3 61 "5 5"25× 106 12"53 14"31 
B124.2 166"3 53"7 3"80x 106 13"56 15"50 
Bl15.2 208"2 67"7 1:00× 107 16"60 19"05 

168 B109.FI" 77"8 36"1 2:00× 104 3"60 3"73 
B110.1 99"4 40:6 1 "00× 105 6:58 7-01 
B107.1 100'0 41 "2 4"84x 105 8"49 9"12 
B105 129'5 47"1 1 "00× 106 9:94 10"74 
B108.1 140"0 50"5 2"24x-106 13:61 14"81 
B103 197"5 59"7 1 "53× 107 19'83 21 "71 
B106 280"5 82'8 3:89x 107 35"15 37"63 
B104 295"0 72"0 3"89x 107 38"60 42"58 
B111 92"0 4"40 4'66 

109 B112 106'7 39"5 3"09x 105 11 "43 12"11 
B107.5 123"3 44"2 5"31× 105 16'76 17"43 
B108.4 161'4 66:8 2'48x 106 25"64 26"80 
Bl15.4 225:5 67'4 1 "03x 107 51"86 54:08 

*The molecular weights M B and M B are calculated from equations (2) and (A1) respectively, 

given in Part 21. Backbone and branches assumed to be monodisperse 

l '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 

~lntrinsic viscosities (dm3/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 1). This assumes that 
q u a n t i t a t i v e  c o u p l i n g  o c c u r s  be tween  the 
chloromethyl group in the backbone and the 
potassium polystyryl (branch precursor). Weight 
average molecular weights, M,t,~, are calculated from 
the ratio M~! /M~ ~, an expression for which was 
derived by Orofino s and given in the Appendix to 
the previous paper on comb-shaped polystyrenes j. 

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 ratioMw/M, generally lower 
than 1 "2 (see results in Table 2 of the paper on linear 
polystyrenes3), and this has been confirmed by gel 
permeat ion  ch romatography .  Appl ica t ion  of  
Orofino's equation to the branched polymers con- 
sidered here shows that the ratio M~/M~ for them 

depends much more on the corresponding ratio for 
the backbone polymer than on that of the branches. 
Uncertainty in the ratio Mb/M b for the branches 
produces a relatively much smaller error in Mw t~ than 
a similar uncertainty in the ratio M~/M~ for the 
backbone e.g. a 20% change in the ratio M ~ / M ~  
for the backbone changes the value of M~ by the 
same amount, for all the branched polymers, 

b b whereas a 20% change in Mw/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 M~" /M,{ ~ ) becomes wider as the average 
branching frequency decreases. 

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

). = M,L/Mo.~ (4) 
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where M~ and Mo are the molecular weights of the 
backbone polymer and repeat unit (monomer) 
respectively, and ,6 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 o f  branching on the melt- and intrinsic 
viscosities o f  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 q ~ -  log t/~) or (log 
[r/]~log [q]L) against (log M ~ - l o g  M~.) in Figures 
3, 4 and 7, where B and L refer to the branched 
polymer and the linear backbone respectively, and 
r/o, [r/] 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 Figures3 
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 I. 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. 2 and in previous study 1 

Polystyrenes with Branched polystyrenes Comb-shaped 
long-chain branching (Fulimoto et al. 2) polystyrenes 

(present study) (Part 21 ) 

,,1.* 682-109 152-17"5 110-  2"3 

Mln b 4 6 5 x  10 ̀= - 6"5x 104- 0"52x 104 - 
418×  104 358x  104 4"5x 104 

*~. = 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 0-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 9 that the measured 0- 
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 
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Figure 3 Variation of (log [/7] B - log [r/] L) with (log Mw - log M L ) 

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 [r/] versus IogMw plots for each series of polymers shifted to 
a common origin on the same plot, given by the broken line, for 

linear polymers. 
• 2 branches per backbone (,k=---682) 
O 5.78 branches per backbone (~= 202) I Series of polymers 
V 8'87 branches per backbone (,k= 168) with long-chain 

branching 
• 18"7 branches per backbone ~=  109) 
X 33 branches per backbone ~=  33) ~ Series of comb- 
[ ]  71 branches oer backbone (~t= 15) ,I ~ shaped polymers 1 
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Figure4 Variation of(log [t/lEIog [r/] q) with (log M~-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 l04 but from the upward trend ap- 
parent in these results, when the molecular weight of 
the branches reaches about 6 - 7 x 1 0 4  the 0 -  
temperature should be quite close to that of linear 
polymers. Whether the 0-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 0- 
point dimensions of the molecules. By assuming that 
the type of branched polymer under consideration 
here obeys random flight statistics, Orofino t° derived 
an equation for the mean square z-average radius of 
gyration (So 2) 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 

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 [~]THF against log 
( S0 z) 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 
[r/]c. and log (S~), where [q]c ,  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 F o x - F l o r y  theory of in- 
trinsic viscosity of linear polymers 
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Figure 5 Variation of (log ~S02)B-Iog {S '2) t) with (log M~ 
-log M~,) for the series of branched polymers deoicted in 
Figures 3 and 4. Here (:S~) 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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Figure 6 Logarithmic plot of the variation of the intrinsic 
viscosity in tetrahydrofuran at 298.K with the calculated mean 
square unperturbed radius of gyration for branched 
polystyrenes. The symbols represent the same series of 
polymers as in Figure 3. The slope of the same plot for linear 
polystyrenes in THF at 298K is 0.65 

where a is the exponent  in the M a r k - H o u w i n k  
relation. In a 0-solvent, a = 0"5 and in a good 
solvent a>0'5. For linear polystyrenes i n T H F  at 298 
K,-a  = 0-65.  In T H F  the slope of  the log [qlTnv 
versus log ( So> 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 [q] versus log 
( 520 > 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 a" bet- 
ween the Mark -Houwink  exponent  in a good solvent 
and its value in a 0-solvent is related, to a good ap- 
proximation,  to the expansion ~ of  the polymer 
molecule over its 0-point dimensions when dissolved 
in the good solvent by 

i 

~3 c~ M ~ (6) 

By analogy with linear polymers,  therefore,  the 
variation in the slopes of  the log [r / ]r ,~ 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 0-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 part icular  it will be necessary to show whether or 
not cyclohexane at 308K is a 0-solvent (or near 0- 
solvent) for polystyrenes with long-chain branching, 
i.e. that the 0-temperature in eyclohexane is around 
308K and is indelSendent of  the length of  the bran- 
ches (cf. the results on comb-shaped polystyrenes by 
Decker,  mentioned earlier). 

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. It 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 f requencies  ~. For  these 
polymers a minimum is exhibited in the log qo versus 
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 6f 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 r/0 versus log M,, curves show a progressive 
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the four series of polymers with long-chain branching, where/7o 
is the low shear melt viscosity at 460 K. The curves shown here 
are the usual log ;7o 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 3-4. Symbols as in Figure 3 
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displacement away from the (log ~/~ -logr/~)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 0-solvent by 

r/o oc, < S~3 34 (7) 

where the exponent 3"4 is the slope of the log r/o 
versus log M plot in the region of chain en- 
tanglements. Figure 8 shows the result of plotting log 
rl0 against log <S~ > for the polystyrenes with 
long-chain branching, where < So 2) 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 

 oO, < 148 (8) 

where 4"8 is the slope of the straight line shown in 
Figure 8 .  Th~s 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 0-point dimensions than linear polymers. 
Figure 8 also shows mat for a given (So )  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 polystyrenesL 

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 a l l  
and some of their results are reproduced in Figure 9. 
In their work the viscoelasUc properties were 
studied as a function of the branching Ii'equency with 
the branch- and backbone lengths held constant. 
Four series of polymers were studied, each series 
being characterized by h 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 variat ion of the low shear melt 
viscosity with the theoretical mean square unoerturbed radius 
of gyration for the polystyrenes with long-chain branching. 
For a g i ven (S2) ,  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 l inear 
polymers beyond the critical chain length is shown by the 
broken l ine. Symbols as in Figure 3 

The ranges of variables covered by Fujimoto et at. 
are given in Table 3 , where  it is seen that the 
molecular weights of the branches in the polymers 
prepared by Fujimoto et 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"6× 104), of 
our results on comb-shaped polymers. For the latter, 
where M,~ < 4"6x 104, minima were observed in the 
log r/0 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 104, 
to pass through the point representing the backbone 
polymer without first passing through minima, at 
least at the higher branching frequencies. 
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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 I0 
showing that the melt viscosities of these branched 
polymers also show a more pronounced dependence 
on the theoretical 0-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 q0 versus log (S~,) 
plot for the latter is somewhat lower (4"8). It is ap- 
parent in Figure 10 that in the range of branching 
frequencies covered by Fujimoto et 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 plot of log r/0 versus log (So) 
for the polymers prepared by Eujimoto et al. (Figure 
1 O) 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 
r/o with log (S~)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 e 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 broken curves. • J- 
series; O I-series ;AH-series ; A F-series ; • 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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Figure, 11 Schematic representation of series of hr~nched 
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 p~obably 
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 
b e h a v i o u r  of  two o the r  chemica l ly  d i f fe ren t  
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. 11,12 and those 
on some star-shaped polybutadienes by Kraus and 
Gruver  j3. 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 ( X/>I 300backbone repeat 
units per branch) than the branched polystyrenes 
described in this paper (X<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 

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 
I × 105. For  the tri-chain polymers it is lower, in the 
region of  6 ×  104. Above these molecular  weights the 
slope of  the log r/0 versus log Mw 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 at 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 p r o o f  

Since the paper on comb-shaped polystyrenes j was 
published a paper has appeared (Candau, F. and 
Franka, E . M a k r o m o l .  Chem. 1971, 149,41) in which 
it is shown that for comb-shaped polystyrenes the 0- 
t e m p e r a t u r e  in cy c lo h ex an e  depends  on the 
branching frequency as well as on the branch length. 
As the branching frequency increases the 0- 
temperature decreases and this decrease is most 
pronounced  for the polymers with the shortest bran- 
ches. In the results presented by Decker 9 no 
variation of  0-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  0-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. 
Erra tum 

Part 13 , (Po lymer  1971, 12, 547) Table 3. The 
figure for sample U31 in column 5 should read 9.20. 
not 8.32 as shown. 
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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 t-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) 8-~0, nylon- 
6,6 L~-~, and isotactic polystyrene ~3,~4 after annealing 
or crystallizing in a relatively low range of tem- 
peratures. Cold drawing also induces similar melting 
behaviour with these polymers t2,~3 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 a, crystallization in 

two different lattice structures E2, partial melting 
followed by recrystallization followed by complete 
m e l t i n g  7, s p o r a d i c  and  p r e d e t e r m i n e d  
nucleat ion 6, and conversion of chain-folded 
crystallites to chain-extended type ~o.~3. 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 Ul(60 004) U2(65 045) 
M, 1.2x10 ~ 6 ' 0x  10 4 
M,./M,, 10 - 
Density, g/ml 0. 960 0. 965 
Melt index, g/10 rain 
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 m___aybe identified in the text since values of 
M, and M,4M,I 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~L The estimates of M,.I~I,, 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 in decalin at 120°C 
and viscosity-average molecular weights were 
calculated from the expression'~: 

• ~ - 4  , ; " 7  ~0..7 8 
[fl] = 2.76 x IU t/v&.)" 

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-I), 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. 

~ Cool t o  

Tc (32°C/min) 

Crystallize 

R E S U L T S  A N D  D I S C U S S I O N  

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 
M WD have been varied. 

Temperature of  crystallizing and annealing 
It is known from dilatometric studies ~7,~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 1 shows the results of the 
procedure using a high-density polyethylene of M 
1"2× 105 which had been annealed and crystallized 
for 10 min. The Figure also shows the percentage 
crystallinity obtained after subsequent quench- 
cooling and remelting. 

Part ial  melting and part ial  crys ta l l iza t ion 
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 

Heat to 160°C 
32°C/rain) 

Hold for 10 rain  

I 
Cool to 30°C ] 

I 

(32°C/min) * [ 
H e a t  t o  To .J_ 
(32oC/min) v 

Anneal 

Cool t o  30°C 
(32°C rain) 

Melt(8 °(2/mi n ) t ~  

7~. crystallization temperature; Ta. annealing temperature. 

* Designated 'quench-cooling' in the text. 
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 (/~v = 1.2 x 
10 s) before (C]) and after (0) quench-cooling 

be seen, however ,  that this explanat ion  is inadequate  
to account  for all exper imenta l  observat ions.  

Figure 1 shows that after anneal ing or crystall- 
izing, fo l lowed by quench-coo l ing ,  the total  
crystallinity passes through maxima at certain tem- 
peratures.  The tempera ture  at which maximum 
crystal l ini ty is obta ined  is about  5°C lower for 
crystal l izing that for annealing;  this' difference is, o f  
course,  accountab le  for by the degree of  super-  
cool ing needed to effect nucleat ion,  but it also 
provide  s an al ternat ive means of  p roduc ing  double  
endotherms with some polymers.  For example,  if a 
polymer  is part ly crystfillized f rom the melt and then 
the tempera ture  is slowly raised, melting occurs (en- 
d o t h e r m  o b t a i n e d ) ,  and a t he rm a l  nuc l ea t i on  
resulting f rom the persistence of chain al ignment  
may cause further material  to crystallize at a higher 
t e m p e r a t u r e  w h e r e  m a x i m u m  e x t e n t  of  
crystall ization occurs in anneal ing (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 tempera ture  is raised 
relative to the rate of  re-crystal l izat ion.  This 
behaviour  has been observed in these laborator ies  
with the polymer  poly(hexamethylene  terephthalate) .  

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

It may be seen f rom Figure 1 that melt ing and par-  
tial crystal l izat ion occur  in the ranges 1 2 5 -  133 °C 
and 1 2 5 - 1 2 8  °C respectively.  If  the two processes 
are compared  in these ranges, it will be seen f rom 
Figure 2 that quench-coo l ing  and remelt ing can 
p roduce  a double  endo the rm with a sample  that has 
been annealed  for 10 rain and possibly less but, if the 
same s a m p l e  is c ry s t a l l i z ed  f r o m  the melt ,  
crystall izing 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 compar i son  may only  be made at 
tempera tures  such that the crystal l ine f ract ions 
existing at anneal ing and crystall izing tempera tures  
are comparab le  in size. Examinat ion  of  Figures 2(a), 
(b) and (c) shows that roughly this condi t ion is met 
when crystal l izing at 126 ° C and anneal ing at 
1327°C. Under  these condi t ions  and after quench-  
cooling,  remelt ing gives a double  endo the rm after 
3 0 - 9 0  min crystall izing and 1 0 - 3 0  rain of  an- 
nealing. 

Explana t ions  will fol low later, but the most 
significant observat ion f rom Figures 2(a), and (c) is 
that a crystall ine fraction may exist at certain an- 
nealing and crystallizing temperatures  for at least 10 
and 30 min respectively,  and hence have an op p o r -  
tunity to increase in fold length and in degree of  
crystal l ine perfect ion,  and yet there is obta ined  only 
a s i n g l e e n d o t h e r m  af ter  q u e n c h - c o o l i n g  and 
remelting. It would seem, therefore,  that the 
phenomenon  of  double  endo the rms  is dependent  on 
another  pa ramete r  in addit ion to those of  tem- 
pera ture  and time. 

Effect o f  molecular weight and MWD 
It is impor tant  to recognise that molecular  weight 

and its distr ibution are important  parameters  and 
that the tempera ture  ranges within which fractional 

136 137 

[345 Ai36 A 

{,> / \ { . / /  __ / / 

(2) / / ~  (5) 132J (8) / t  

13s.s <---- ,34 

Figure 2(a) Melting endotherms of polyethylene (My= 1 2× 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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7" e _ ~  125°C t29°C 132°C 

136"5 137.5 

Figure 2 (b) Melting endotherms of polyethylene (My= 1 2 x 105) 
after annealing at various temperatures for different times. Peak 
temperatures indicated (°C). anneal, quench-cool ,  
melt; . . . . . .  anneal, melt 

Yc = 125°C 126°C 127°C 

13-7"5 

A 
O Sh /' ~ 

3h 

24h 

136.5 
^ 135 

/ 
/ 

137.5 134.5 

A 
', //I,, 

[ J; 134 136"8 

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 not6; 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 M WD respec- 
tively. It is particularly important  to note that the ef- 
fect of  narrowing the M WD is to narrow the tem- 
perature range of  annealing that will produce dauble  
endotherms.  The fractions used to produce some of  
the data are of  unknown homogenei ty 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 M WD. 
The rate of  crystallization ~gand 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 pro longed  annealing on 
the basis that : quench-cool ing 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 

80 

6~ 

-& 

40 

c3 2o 

0 I I : 

120 

\ o  \ 

\\ 

',~ 

\ \ 2 ~  I 

/ / \ \  

a ) 
\ \  \ 

I I I I 
125 130 135 

Temperature (°C) 

Figure 2(c) Melting endotherms of polyethylene (/~v = 1.2 x 10 -~) 
after crystallizing at various temperatures for different times. 
Peak temperatures indicated (°C). crystallize, quench- 
cool, melt; . . . . . .  crystallize, melt 

Figure 3 Percentage crystalline content remaining after an- 
nealing different polyethylenes for 10 min at various tem- 
peratures. O,/~v = 1.8xlO4fraction. A ,  /~v= 25× 104 fraction. 
rq,Mv= 12 x 104; Mv/'Mrl= 10 
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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), (¢) 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 crystalline phase, 
may be found m the work of Mandelkern ~9, which 
shows that for isothermal crystallization in the range 
1 2 5 - 1 3 0 ° 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 × 104 to 10s; 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 × 10 ~, 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 compaa-ing 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 1 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  fur ther  on the ob- 
servation made in the previous section that small 
crystalline fract ions may exist for appreciable time at 
certain crystal l iz ing 'and anneal ing 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 observat ion,  it should be 
noted that existence of  a small crystall ine fract ion 
corresponds  to a situation where only  a com- 
paratively small extent  o f  f ract ionat ion has oc- 
curred,  and therefore  the molecular  weight of  the 
crystalline fraction produced by quench-cool ing  will 
not have changed sufficiently for it to have a melting 
point  differing significantly f rom 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 1 that the efficiency of  frac- 
t ionation 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 fract ionation 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 
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Figure 5 Peak temperature versus time for polyethylene (/~v= 
1.2 x 105 ) after crystall izing and anneal ing at different tem- 
peratures.. ........ crystall ize at 126"C;-  - a n n e a l  at 129°C, 
anneal at 132°C 

Table 1 Increase in percentage crystal l inity 

Tc or Ta After crystal l izing After anneal ing 
for 3 h for 3 h 

1 a 2 b 3 4 d I a 2 ° 3 c 4 d 

115 3"0 1"0 1'0 0'5 0'8 0'0 0'0 0"0 
120 7"0 3'5 2"5 1 '3 4"2 2"4 0'8 0"1 
124 16-5 12'5 7'5 6'6 11"5 7"2 3"5 1'9 
125 11.5 15"7 14"0 13.6 17'3 12'3 9"8 7"5 
126 1.5 12"0 18'0 17.0 18'1 15'2 13'3 10'8 
127 0'8 6'5 12'8 18.5 17"0 16'5 15"7 14'6 
128 0"5 4"0 10'4 19.6 4'9 17'9 16"8 16"2 
129 0.0 1"5 8'0 17"0 1"0 6'7 18"6 17'9 
130 . . . .  0'8 2"7 14"1 19"6 
132 0"0 0'0 3"0 8"5 0"1 0"9 5'6 10'8 

amy= 2"6× 104; Mv/Mn=2"5 
bMv= 5"3× 104; Mv/Mn=2"O 
bMv= 11 "4× 104; Mv/Mn= 2"0 
dMv= 16"8× 104; Mv/Mn= 2.0 

ar ises  f rom the g r ea t e r  ra te  o f  a d d i t i o n a l  
c rys ta l l i za t ion  occur r ing  at that  t empera tu re .  
Movements of  the high-temperature peaks are not so 
temperature dependent  as the low-temperature peaks 
which bears out the suggestion made ear l ier that in  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 1 shows that at temperatures  below 125 °C 
the extent  of  further  crystall ization increases with 
decreasing molecular  weight. This result  may be at- 
tr ibuted to the greater mobili ty of  the smaller 
molecules,  and leads to the conclusion that an- 
nealing or crystallizing at relatively low tem- 
peratures will lead to the format ion of  a new 
crystalline fraction initially of  low molecular  weight, 
therefore  containing a high concent ra t ion  of  chain- 
end defects, and hence having a low melting point. 
This fract ion will increase in size, average molecular  
weight, degree of  perfect ion and melting point  with 
durat ion of  thermal treatment.  This behaviour  has 
been observed with a high-density polyethylene of  
/~,, 6 × 104, and unknown distribution, which had 
beefi very rapidly cooled  from the melt to obtain the 
relatively low crystalline content  of  60%. Very long 
times of  annealing at l l 0 ° 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- 
p e r i m e n t s  c o n d u c t e d  w i t h  p o l y ( e t h y l e n e  
terephthala te)  8-'°, n y l o n - 6 , 6  ~- '3 ,  and isotactic 
polystyrene ~3-'4, where a l ow- t empera tu r e  en- 
dotherm is readily produced,  whose peak tem- 
p e r a t u r e  changes  l ike that  of  h igh -dens i ty  
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 9 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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I-igure 6 Melting endotherms of polyethylene (/~v= 6 x 104 ) ob- 
tained after annealing for A,0; B,1;C,16;D.65h and quench- 
cooling 

low-temperature endotherm to melting of  the chain- 
folded crystalline 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 o ther  investigations ~,t3, 
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 fract ionation involved?' 

In the last analysis double endotherm phenomena 
are observed because semi-crystalline polymers may 
be obtained in a metastable state, and because non- 
equil ibrium techniques such as differential thermal 
analysis permit the intermediate stages of annealing 
treatments to be studied. Quench-cooled polymer in 
p a r t i c u l a r  is r e m o t e  f r o m  t h e r m o d y n a m i c  
equilibrium, and there are good reasons for expec- 
ting that the quench-cooled states of  nylon-6,6,  
p o l y ( e t h y l e n e  t e r e p h t h a l a t e , )  and  i s o t a c t i c  
polystyrene are more unstable than that of high- 
dens i ty  ~ ,o lyethylene .  No r e l a t i ve ly  d i f f i cu l t  
moiety ,  ~ r  ad ju s tmen t s  are n e e d e d  for  the 

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

c r y s t a l l i z a t i o n  o f  h igh -dens i t y  p o l y e t h y l e n e ;  
however, when chain 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 
equil ibrium lattice positions, with the result that the 
overal l  rate of crystal l izat ion 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)znylon- 6,6, and isotactic 
polystyrene are annealed at low temperature.  The 
effect of M W D  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 f rac t ionat ion 
probably occurs during the annealing of  these 
polymers it is not claimed that it is the sole or even 
major  process  respons ib le  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 Moir~ 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 
films. 

I N T R O D U C T I O N  

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 elastomersL 
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 2 , 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 specimen3, 4 or cast as a film 
from dilute solution 5,6. 

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 7. 

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. 

E X P E R I M E N T A L  

Samples 

Copolymer samples, designated S~ and $2 ~ were 
characterized using a combination of dilute solution 
techniques. The composition of the copolymers was 
established by ultra-violet (u.v.) and infra-red (i.r.) 
spectroscopy and showed a common butadiene con- 
tent of 46% cis, 46% trans and 8% vinyl units. 
Styrene was present to the extent of 26 and 23 wt.% 
($w)s respectively. Sample S~ 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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cyc lohexane  solut ion.  The prec ip i ta t ion  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  composit ion.  Heterogenei ty  parameters (P 
and Q) as defined by Benoit  8 w e r e - 2 8 0 0  and 90 
respectively. This conclusion was cor robora led  inde- 
pendently by studying two samples in different 
solvents. Gel permeation chromatographic  (g.p.c.) 
studies of  S~, and $2 and'S~ fractions indicated the 
presence of  2% and 8% homopolystyrene and 
s t y r e n e - b u t a d i e n e  (SB) block polymer respectively 
in the unfract ionated samples. The molecular  
weights were equivalent to the styrene block and half  
the overall molecular  weight in the corresponding 
tr iplex polymer .  Weight- and number-average  
molecular weights (M,,M,,) for S~ and $2 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~ andS2 were relatively 
sharp (M,./M,, = 1"21) and skewed towards low 
molecular weights. The distributions of  the S~ 
fract ions decreased in width from M,,/M,, = 1-2 to 
1"1 for decreasing molecular  weight.The correspond- 
ing styrene block molecular weights (Mw)~ for Si and 
$2 were 13 300 and 11 300 respectively (7"able 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  evaporat ion 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 ~j. 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(OsO4) 
vapour.  The grids were suspended above a 1% 
aqueous osmium tetroxide solution in a closed con- 
tainer for 0 .5  h. Both preparat ion techniques proved 
unsatisfactory for obtaining uniform films thin 
enough for e lec t ron microscopic  examinat ion ,  
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 o f 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 (4.75 cm diameter),  the bot tom of 
which was just covered by freshly distilled and 

-SBS block polymers: P. R. Lewis and C. Price 

cleaned mercury.  Con t ro l l ed  evapora t ion  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, control lable  
evaporation rate (<lcm3/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 
concentrat ion 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 ~um 
was used to enhance contrast  and the microscope 
had p r e v i o u s l y  been  c a l i b r a t e d  at va r ious  
magnifications using diffraction grating replicas. 

R E S U L T S  

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 1 0 -  16 nm and 1 0 - 2 6  nm respectively 
for a S~ sample prepared from benzene solution. 

By slowing down the rate of  solvent removal and 
cast ing f rom mercury ,  c o m p a r a t i v e l y  regular  
hexagonal arrays of  domains were observed in all 
films. Figure 2 and inset show representative arrays 
of  S~ and $2 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 f ive-coordinate 
point 5/3*. The defect width is large judging from 

* Array domains  are numbered  hor izontal ly  and vertically from 
the bot tom right-hand corner  of  the Figure. 

i~ ~ i !~i 

Figure 1 I r r egu la r  t ex tu re  in S~ f i lm p r e p a r e d  f rom b e n z e n e  un-  
der  f lash  c o n d i t i o n s  
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Figure 2 Ordered array of domains in $1 film prepared from ben- 
zene at slow evaporation rate. Inset shows $2 film at same scale 

Figure 3 Randomly oriented grain structure in $2 film. Electron 
diffraction pattern at upper left showing amorphous halos 

the decrease in shear angle from the bot tom to the 
top of  the plate ( ~  1 0 -  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 , m a i n  sizes (D) and inter-domain 
dis tances  (dint) lay in the range 1 9 - 2 1 ,  1 3 - 1 5  nm 
and 4 2 - 4 4 ,  3 3 ' 5 - 3 5 " 5  nm for SJ and $2 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 $2 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/~m 2 
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) 2 gave an average grain 
area (,4) of  5 .05  #m 2 and hence an average grain 
size (,4)'~ of  2 .25 /~m 2. .4 agreed well with an in- 
d e p e n d e n t  p l an ime t r i c  es t imate  of  4 .1  /~m2.. 
Minimum and maximum grain areas and widths were 
2.8,  7.7/~m 2 and 0 .425 ,  5.1 ~um respectively. Areas 
of  penumbra similar to that noted in Figure 3 exten- 
ded over a considerable propor t ion  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 

confined to grain boundaries and no significant 
penumbra occurred within grains. Moir~ fringes, and 
phase  i nve r s ion  ef fec ts  b o r d e r e d  the in te r -  
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 /./m -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 1~. 

Relat ive grain or ien ta t ion  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 distort ion 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 orientat ion 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  $1 fractions were cast as thin films 
to explore the correlat ion between styrene block 
molecular weight (M,.)s and domain size (D) 
suggested by SJ and $2 (Table 1). Although there 
were clear differences in D and d~,, between the 
various samples, there appeared to be no simple 
correlat ion with the characterization data. The 
values in general fell between those for SJ and $2, 
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. F~, FI3) only linear arrays were 
obtained but this may be but a reflection of  the lack 
of  exact  co n t ro l  over  rate of  p repa ra t ion .  
Measurements of  dint were made on least distorted 
films by averaging along coherent  array axes. A sam- 
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Table 1 Charac te r i za t ion  data of SBS copo lymers  

(xw)s d int D 
Sample Mw and (Mw)s {OA 

(nm) (nm) 

S~(B) 102 000 0-26 13 300 42-  44 19- 21 0195 
(0'238) (35-39) (18-20) (0"510) 

S~'(C) 43-45 19-22 0-215 

F7(B) 131000 0 " 2 4  15700 41"5-43"5 18-24 0"220 
(0'22) (16-22) (13-16) (0"760) 

F~(B) 113 500 024 13600 (36-40)(14 '5-165)  (0420) 
(022) (14- 16) (7 '5-95)  (0570) 

S2(B) 91000 023 11 300 3 3 5 - 3 5 5  13-15 0150 
(021) (26-34) (14 -18 ) (0530 )  

pie 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 (~0,) was calculated using the equation 
(pA = 0"905 (D/d,,,) z. Although benzene was the 
principal solvent used for casting, the suggestion that 
solvent type could affect phase texture ~4 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 1 also includes 
characterization data together with the volume frac- 
tion of  styrene (~p,) calculated from the weight frac- 
tion (2,)~ assuming the densities of  polybutadiene 
and polystyrene to be 0'93 and 1"04 respectively. 

Although most films exhibited distinct hexagonal 
arrays, multilayer effects were evident in certain 
samples. Figure 4 shows such a film (Sl) where long- 
range order  seems to be absent al though a few signs 
of regul/~rity 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 $1 film produced at a slow 
evaporation rate from cyclohexane. Inset shows detail of film 
with coherent packing (x 1.67) 

Figure5 Moir~fringe pattern created by random film overlap in 
$1 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 p r o d u c e d  by s h a d o w i n g  d u r i n g  
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 effect is due to optical con- 
fusion between two independent  superimposed 
arrays which have been rotated 0 degrees with respect 
to one another.  The fringe diameter (F) is related to 
the inter-domain spacing by the equation 

F = di,lt/2sin0/2 

Decreasing angles give honeycomb patterns with 
steadily increasing cell size, although 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 Moird pattern with a cell size of  2d~,, (85 nm), 
where the angle of  incidence is 30 ° . 

At intermediate evaporat ion rates (>lcm3/h),linear 
arrays with varying degrees of curvature were obser- 
ved. Figure 6a shows a typical quasi- 'spheruli t ic '  
structure (the size of the 'spherulite '  in the top centre 
is ~ l  /~m) in an S~ sample where the degree of  cur- 
vature is very highL 5, while Figure 6b shows a port ion 
of more regular structure surrounded by a disor- 
dered phase array (Fv). Degenerate linear arrays of  
the type shown in Figure 7 were observed in some 
samples, particularly the high SL fractions. The g.p.c. 
distribution for this sample (F~ 2) 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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a 

b 

Figure 6 (a) Quasi- 'spherulit ic' structure in $1 array of l inear 
domains. Mercury stains are prominent on the film surface. 
(b) Regular l inear array in $1 fraction (F7) encircled by cur- 
vi l inear morphology. Mercury blot is present at middle left. Both 
samples prepared from benzene at intermediate evaporat ion 
rate 

Figure 7 Degenerate l inear array prepared at intermediate rates 
of evaporation. Doubly spaced texture present at left of plate. $1 
fraction containing SB and SBS species (F12) 

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 1). Area fractions were calculated Using the 
equation ~A = D/di,t. 

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. 

D I S C U S S I O N  

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 structuce from the films themselves. 
With one exception (FT), 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 5. The alternative possibilities of 
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Figure 8 (a) Linear array in SB polymer (F13); (b) multilayer array 
in SBS polymer (Fll) showing domain termination and breaks; 
(c) domain division and combination effects leading to double 
spacing in Fll film; (d) incoherent multilayer in $1 film showing 
spacing variation. (All samples prepared at intermediate rates 
from benzene) 

Electron microscopy of sym-SBS block polymers: P. R. Lewis and C. Price 

.~=-~ 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 fract ion 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 uni form two-dimens ional  extension 

¢#A = e.1 + (1 -¢#4)~. '"  

where ~p~ is the area fraction for the strained film,~, the 
overall elongation ratio and n = I/2, 1 and 2 respec- 
tively. Thus a strain of  10% would result in observed 
percenti le 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 if 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- 
t roduced into films of  circular arrays, presumably 
during pick-up onto the grids, but in one case strains 
of  the order  o f  300% occurred in a microfi lament 
owing to vacuole formation L6. 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 preparat ion condit ions as in Figure 
1.  Although no degradation occurred during film 
examination,  rippling effects were observed, in some 
cases leading to severe contract ion of films as shown 
in Figure 6b (Table 1). The effect is probably ther- 
mal in origin. Similar effects have been noted in thin 
films of  natural rubber ~7 

T h e  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 (Table 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 7. 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 d~n, 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 d~n, between sections cut parallel and per- 
pendicular toan SBS sample composed of cylinders is. 
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 tg. 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 2' = kD(M,,)~ 
where k = Np~/4 for cylindrical domains and N is 
Avogadro's number. For constant molecular weight, 
X will approach a close-packed value with increasing 

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 2 ' 4 x 1 0  5 and 2"0x10 5 
chains per pm 2 for S~ and $2 respectively. 

A C K N O W L E D G E M E N T S  

We would like to thank Dr G.W. Lorimer and 
Professor R.B. Nicholson of the Department of 
Metallurgy, University of Manchester for the use of 
an electron microscope, assistance in electron op- 
tical examination and many stimulating and useful 
discussions. We would also like to express our ap- 
preciation to Professor J.A. Chapman and Mr 
S. M. W. Grundy for help in the initial stages of our 
work. One of us (P.R.L.) would like to acknowledge 
the tenureship of an SRC research studentship while 
this work was carried out. 

R E F E R E N C E S  

I Holden, G., Bishop, E.T. and Legge, H . R . J .  Polym. Sci. (C) 
1969, 26, 37 

2 Gee, G. Q. Rev. 1947, 1, 265 
3 Hendus, H.,lllers, K.and Ropte, E. Kolloid-Z.  1967, 216, 110 
4 Matsuo, M., Sagae, S. and Asai, H. Poly~ner 1969, 10, 79 
5 Fischer, E. J. Macromol .  Sei. 1968, A2, 1285 
6 Lewis, P.R. and Price, C. Nature 1969, 223, 494 
7 Lewis, P.R. and Price, C. Polymer 1971, 12, 258 
8 Bushuk, W. and Benoit, H. Can. J. Chem. 1958, 36, 1616 
9 Lewis, P.R. and Price, C. to be published 

10 Kato, K. J. Polym. Sci. (B) 1966, 4, 35 
I1 Hall, C.E. 'Introduction to Electron Microscopy', McGraw- 

Hill, New Yorl~, 1966, p 278 
12 Jeffries, Z., Kline, A.H. and Zmimer, E.B. Trans. Am. Inst. 

Mech. Eng. 1916, 57, 596 
13 Traube, H. and Essmann, U. Phys. Stat. Sol. 1968, 25, 373 
14 Beecher, J.F., Marker, L., Bradford, R.D. and Aggarwal, S.L., 

J. Polym. Sei. (C) 1969, 26, 117 
15 Robinson, R. Discus(is'. Faraday Soe. 1958, 25, 29 
16 Price, C. and Lewis, P.R. Lab. Pract. 1970, 19, 599 
17 Andrews, E.H. Proc. R. Soc. 1962, A270, 232 
18 Dlugosz, J., Keller, A. and Pedemonte, E. Kolloid-Z.  1970, 

242,1125 
19 Hunt, J.D. and Jackson, K.A. Trans. Am. hist. Mech. Eng. 

1966, 236, 843 

26 POLYMER, 1972, Vol 13, January 



Peak resolution and X-ray crystallinity 
determination in heat-treated cellulose 
triacetate 

A.M.  Hindeleh* and D.J. Johnson 

Textile Physics Laboratory, Department of Textile Industries, 
University of Leeds, Leeds LS2 9JT, UK 
(Received 4 May 1971) 

X-ray dif fract ion traces of cel lu lose tr iacetate f ibres heat-treated in the range 
220 - 290°C were resolved by a computat ional  method which fits Gaussian 
or Cauchy funct ions 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 est imating crystal l in i ty and the area under the background is a 
parameter for est imating the non-crystal l ine or disordered component. This 
measure of actual crystal l in i ty is shown to be dependent upon the funct ion 
chosen for the peak profile. After appropriate correct ions, crystal l i te widths 
were obtained and compared with f ibri l  widths measured on electron 
micrographs. Cauchy resolut ion data overestimate crystal l i te size whi lst  
Gaussian resolut ion data underest imate it. In all cases the crystal l i tes from 
fibres annealed at 290°C have greatly increased widths compared with 
crystal l i tes from fibres annealed at 220°C or 250°C. 

I N T R O D U C T I O N  

In an earlier paper  we have discussed measurements  
of  relative crystallinity in heat- treated cellulose 
triacetate by a corre la t ion method L. A clearly 
marked transit ion in crystall inity index was observed 
at 172°C and at anneal ing tempera tures  above this 
value the increase in crystall inity was inversely 
c o r r e l a t e d  with  t enac i ty .  T h e  bas i s  o f  the 
c o r r e l a t i o n - c r y s t a l l i n i t y  method is the X-ray  scat- 
tering law, termed the 'law of  conservat ion of  inten- 
sity' by Vainshtein 2, which states that total scatter in 
reciprocal  space f rom equivalent  regions with perfect 
lattice order  (crystalline), imperfect  lattice order  
(paracrystall ine),  and complete  disorder  (amor-  
phous) is identical. For  a r andom system of  atoms 
which may or may not be ordered  • 

I,~'~'l(s) dv~ = 4rr I~, l ( s )  s 2 ds 

cx~ ~ 2 = 4rtJ',, f s 2 ds (1) 

f 2 = ~ N i f 2 / X  Ni 

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

2 t r J o l ( s ) s d s  = 2 ~ l ~ ' f 2 s d s  (2) 

*Present address: Department of Physics, University of Jordan, 
Amman, Jordan 

In our earlier paper~ we showed that complete  
randomiza t ion  of  fibres was difficult without  in- 
t roducing errors  due to cutting or grinding and that 
rotat ion is adequate for the purpose  of relative 
crystallinity. We now propose  to investigate the 
possibili ty of  defining a non-relat ive or actual 
measure of  crystall inity based on the above ex- 
pressions for the equatorial  scatter from fibrous 
specimens of cellulose tr iacetate heat- treated above 
the transit ion tempera ture  of  172°C. 

M E A S U R E M E N T  OF A C T U A L  C R Y S T A L L I N I T Y  

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 fract ion 

X~, = f, l~ (20)d(20), 

and an amorphous  fract ion 

X~m = S,~'/'l~m(20)d(20). 

Modern  theory has in t roduced the concept  of  lattice 
imperfect ions which give rise to a defect phase. 
Hosemann  has demonst ra ted  by means of  optical  
t ransforms how imperfect ions in lattice order  may be 
described in terms of  distort ions of  the first and 
second kind 3 . With dis tor t ions of  the first kind, long 
range lattice order  is preserved and a series of  orders  
of  a part icular  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 o f f  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 at tempt  to measure crystall inity by an im- 
proved method which takes into account  lattice im- 
perfections,  Ruland 4 has made use of  equat ion (1) 
with the addit ion that if Lr is the intensity in the 
crystall ine phase 

4n~o I .  (s) s2ds = X .  4~r ~o f2  s2Dds 

Where X .  is the crystall ine fract ion and D is the 
disorder  function of  the form exp ( -k s2 ) .  The crys- 
talline fract ion can then be de termined f rom 

Xcr 
r sl' f2s2ds ~s~ 1~ (s) s2ds js .... 

× 
~ l(s)s2ds fsr, f2s2Dd s SI~ JStI 

where.sp and s,, are the upper  and lower limits of  in- 
tegration. As k and hence D are varied,Xc, 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 0"14 and 0 6 5 .  The 
method requires the separat ion of  S21c~(S); this is 
again done  by drawing a line underneath  the minima 
and must arbi t rar i ly  exclude a part  of  the scatter due 
to distort ions of  both kinds. Consequent ly  Ruland ' s  
conclusion that the results are in favour of  a two- 
phase crystall ine non-crystal l ine system can be an- 
ticipated. 

Buchanan and Miller s have discussed in great 
detail the separat ion of  size broadening  and distor-  
tion broadening  f rom line profiles of  isotactic 
p o l y s t y r e n e  af ter  c o r r e c t i o n  for  i n s t r u m e n t a l  
broadening.  A background curve which again 
follows the diffraction minima is said to involve 'a 
certain amount  of  guesswork' ;  not surprisingly, the 
corrected l ine-profi le  data are found to support  a 
microstrain theory rather than a paracrystai l ine 
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 f rom a 
background all of  which are determined on a sound 
mathemat ical  basis. The classical expression for a 
symmetrical  line profile in X-ray  diffraction is 

I = /max F(kx) 

where F(kx) is exp(-k2x 2) i.e. Gaussian 

o r  
1 + k2x2 i.e. Cauchy. 

In many cases l ine-broadening correct ions  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 distort ion 
broadening6.  

We have already discussed the general  applicat ion 
of  a computer  program? based on a minimizat ion 

procedure  due to PowellS. This p rogram 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- 
per imental  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 
d i spara te  nature  together  with a po lynomia l  
background initially given zero parameters .  

EXPERIMENTAL 

X-ray diffraction 
Cellulose triacetate yarn of 150 denier 36 

fi laments produced by Socie'td Rhodiaceta  was an- 
nealed at constant  length in a nitrogen atmosphere,  
at temperatures  control led to ± I°C in the range 
180-290°C,  for 30 min. Equatorial  X-ray  diffraction 
traces were recorded with a modified Hilger and 
Watts Y l l 5  diffractometer  and a Y90 constant-  
output  generator;  the diffractometer  employs a scin- 
til lation counter  whose output  is fed through a 
single-channel pulse-height analyser to a counter  or, 
via a ratemeter ,  to a chart  recorder.  

A correct ion program for use on the Univer- 
sity's K D F  9 computer  was written and established. 
The p rogram corrects  for air scatter, polarizat ion,  
and Compton  scatter; it also allows for various 
Lorentz  correct ion factors to be chosen. The correc-  
ted trace is then normal ized to a convenient  standard 
area according to equat ion (2). A subsidiary ex- 
per iment  showed that the choice of  Lorentz  factor 
including a recent factor due to Celia et al. 9 has no 
significant effect on peak widths where the width is 
o f  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-" 
propr ia te  function has been fitted. The posit ions 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 
ul trasonic irradiation.  The breakdown products  
were concentra ted,  drops  placed on carbon-coated  
grids in the usual way, then negatively stained with 
phosphotungst ic  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 1. 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 t h e 2 8 s c a l e ,  in 
Figure 3. An initial resolution was carried out for 
eight peaks but an improvement  in the sum of 
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Figure I Uncorrected diffractometer trace of cellulose triacetate 
yarn heat-treated to 290 C 
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Figure 2 Corrected trace of Figure 1 
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squares could only be achieved by including the ad- 
di t ional  peaks 200, 400 020 and the two separate 
peaks 410,220 rather than a single peak at an inter- 
mediate posit ion. In the final stages of  computa t ion  
for resolut ion the posit ions of  the peaks, initially 
constrained,  became addit ional  iterative parameters  
so that a mathemat ica l ly  improved fit could be made. 

Table 1 gives full details of  the parameters  for the 
resolved peaks f rom the 290°C specimen. The 
mathematical  posit ions of  the peaks are all less than 
2% different f rom those given by Dulmage  and the 
peaks contr ibute  94% to the total scatter. In our 
earlier publ icat ion i this specimen was considered t'o 
be 100% crystalline and was the C ...... standard 
of the corre la t ion 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 
mare peaks were narrower;  surprisingly the total 

cellulose triacetate: A. M. Hindeleh and D. J. Johnson 

contr ibut ion 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 tr iacetate yarn an- 
nealed at 250°C and 220°C are given in Tables 3 and 
4. The difference in crystall inity 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.  
Corre la t ion crystallinities (CI) of 72 and 48 were 
recorded earlier for these specimens ~ 

Electron microscopy 

The breakdown products  of  all three heat-treated 
specimens were essentially fibrillar. Fi,~ure 4 is a 
typical example  of  fibrils from the specimen an- 
nealed at 220°C. The enhancement  effect of 
defocusing phase contrast,  which has been studied in 
this labora tory  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 part icular  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 

Theoretical Experimental Amplitude Width 

Peak 20 28 d 20 

200 7"21 7"34 8"5 2-16 
110 8"45 8"29 60"0 1'00 
210 10"49 10"46 82"3 1"49 
310 13"28 13"15 87"9 1"62 
400.020 14"92 t4-73 40"0 0"41 
410 16"40 16"02 57"8 2'00 
220 16'97 17"00 57'4 0'99 
320 18 '80 18 '91 98-4 2-60 
600 21 '80 21 '29 57-4 1- 32 
130 23-35 23"47 53'6 3'94 
520 23"80 24"30 64"5 2"99 

310 ~ 3 2 0  

// 

3 5 tO t5 2 0  
2e (degrees) 

130 
© ,,,,.-~ 

/ ~s2c 
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Figure 3 Corrected trace of Figure 2 resolved into eleven 
Gaussian peaks and a polynomial background 
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Table 2 Peak resolution and crystallinity of cellulose triacetate 
annealed at 290°C 

Crystal l in i ty:  Gauss ian 94% Correlation method ~ 
Cauchy  95% 100% 

Width Width L (~) L,(,8,) L-(~) 
(20 ~) (20 ° ) Gauss ian r Cauchy  r Cauchy  r 

Peak Gauss ian r Cauchy  r G a u s s i a n c C a u c h y  c Gaussian c 

110 1 0 0  0 6 7  97 334 167 
210 1 4 9  1 0 6  62 136 91 
310 1 62  0 9 5  57 162 103 
410 2 0 0  1 "80 46 64 51 
220 0 9 9  0"88 100 186 114 

r= reso lu t i on ;  c =  correction 

Table 3 Peak resolution and crystallinity of cellulose triacetate 

annealed at 250uC 

Crysta l l in i ty  : Gauss ian  52% Correlation method ~ 
Cauchy  59% 72% 

Width" Widtiff L (,~,) L(,&) L(,~) 
(20 ° ) (20 ° ) Gaussian r C a u c h y r  Cauchy  r 

Peak G a u s s i a n r  Cauchy  IGauss ianc  C a u c h y c  Gauss ian c 

110 1'54 1"29 60 100 72 
210 2'06 1"36 44 93 68 
310 1"36 1"08 68 131 89 
410 4"50 2"74 21 38 34 
220 2"25 2"00 41 58 46 

r =  resolution; c = correction 

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

Crystallinity : Gaussian 49% Correlation method 1 
Cauchy 56% 48% 

Peak 

Width Width L (,8,) L(~,) L (~,) 
(20 °) (28*) Gaussian r Cauchy r Cauchy r 

Gaussian r Cauchy r  Gaussianc Cauchyc Gaussianc 

110 352 156 25 76 59 
210 464 217 19 50 41 
310 169 157 54 76 58 
410 312 6-05 29 16 15 
220 315 319 29 32 28 

r=  reso lu t ion ;c = correction 

Similar fibrils were found from the specimen 
heated at 250°C. Figure 5 shows a, typical fibrillar 
bundle with slight defocusing phase contrast and 
fibrils with widths again in the range 3 0 - 7 0  A. 
These fibrils are very similar to those obtained from 
native ce l luloses  such as cotton and ramie. 

The fibrils obtained from ce l lu lose  triacetate heat- 
treated at 290°C are somewhat  different. Figure 6 is 
a g o o d  example  o f  the increased size o f  the fibrils 
which appear to have crystall ized 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 o f  130 ~ and a standard deviat ion o f  30 
A. 

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 correct ion methods  are generally used; the 
deconvo lut ion  procedure discussed by Stokes ~2 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 correct ions  for Gaussian or Cauchy instrumental 
profiles. The usual correct ions  which approximate to 
the deconvo lu t ion  procedure discussed by Jones'3 
are: 

f12 = B 2 -  b2 (Gauss ian)  

fl = B - b  (Cauchy)  
where fl relates to the corrected profiles,  B to the ob- 
served profile corrected for geometrical  factors, and 
b to the instrumental prof i le .  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 p rog ramme evaluates data according to 
line breadths at half-peak intensity; consequent ly  
this is the l ine-breadth measure used here. 

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

1 K)t/cosOd (20) L ( h k l )  - fl - 

the usual Scherrer equat ion with K = 1 and d(20) 
the breadth of  the curve in terms of  20. The values 
of L ( h k l ) a r e  given in Tables 2,3 and 4 ; r refers to the  
resolution,  c to the correct ion applied.  The narrow 
profiles of  the 290°C heat-treated cellulose tr iacetate 
are affected much more by the instrumental  correc-  
tion than the b roader  peaks of  the fibres heated at 
lower temperatures ,  but in all cases the Cauchy 
resolut ion fol lowed by a Cauchy correct ion appears  
to give crystalli te size values which are too great. 

Crystal l i te  d i s tor t ion  
If the crystallites in cellulose tr iacetate have no 

distort ions,  or distort ions of  the first kind only, then 
the pseudo-orders  110, 210, 310, 410 should have 
the same width in a direct ion normal  to 110, i.e. 

L ( I 1 0 ) :  L ( 2 1 0 ) :  L ( 3 1 0 ) :  L ( 4 1 0 )  
1. 1'05: 1"15: 1"25. 

Inspection of  Tables 2,3 and 4 shows that there is no 
regular increase in L (h l0 )  . The Gaussian resolution 
of 290°C cellulose triacetate shows a monotonic  
decrease in L (h l0 )  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 double t  400 020. In all cases it would appear  
that distort ions of  the second kind are present 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 over lapping peaks limits the ac- 
curacy of resolution in the region of 220. 

Since three true orders of  reflection are needed to 
deconvolute  size and distort ion profiles by most 
methods based on theories of  microstrain or 
paracrystal l ine distort ion broadening s, we must 
consider here the use of  the pseudo-order  h l0 .  

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 
r e so lu t i on  o f  the 290°C ce l lu lose  t r i ace ta t e  
specimen. I f  we consider that the breadth is divided 
into componen t s  due to size broadening  fl~ and 
distort ion broadening fl~, then a Gaussian correct ion 
can be applied of  the form, 

If  B~ = I/L and /3,; = 4esin0/Z, where e is the 
microstrain distort ion Ad(hkl)/d(hkl) discussed by 
Wilson H, then f rom a plot  of  fl2(hl0) against 
(2sin0/,a.)2, the intercept I/L and the slope 2e can be 
found. Hence for the 290°C specimen L = 105 ,~ and 
e = 0 .03 .  I f  we consider  the reflections 110 and 
220, L = 97A, e = 0 for the 290°C specimen, and L 
= 7 6  A,  e = 0 .05  for the 250°C specimen. 

We may note that e can be related to an average 
measure of  distort ions of  the second kind (g,2),~ by 
e = 1.25 (gfl)v~. Then (g,2),~ = 0 .025  ( 2 . 5 % )  
which compares  reasonably with values found for 
drawn polye thy lene  ( 3 . 0 % )  and po lye thy lene  
crystals ( 2 . 0 % )  ~6. 

Table 5 Summary  of resu l ts  

CONCLUSIONS 

The results of  the investigation are summarized  in 
Table 5. The difficulty of  resolving many overlap-  
ping reflections in X-ray  diffraction traces of  
crystalline cellulose tr iacetate has been overcome in 
so far as it is now possible to make a mathemat ica l ly  
opt imized fit to given profi le functions and an un- 
constrained polynomia l  background.  However  the 
actual crystallinities measured here are still relative 
in the sense that they refer to the function at tr ibuted 
to the line profiles. The Cauchy resolut ion data ap- 
pear to overest imate crystalli te size if we compare  
L ( l l 0 )  with the electron microscope  results on 
mean fibril width. With the exception of  the 250°C 
sample,  the Gaussian resolut ion tends to un- 
derest imate the crystallite size, consequent ly  it 
would seem that a profi le intermediate  between the 
two would be more  appropr ia te .  It is intended to in- 
vestigate profiles of  part  Gaussian part  Cauchy form 
with a f ibrous material  giving fewer over lapping 
equatorial  peaks. 

It is difficult in this case to estimate the effect of  
paracrystal l ini ty but it would appear  that distort ions 
of  the second kind are present in all specimens. In 
f ibrous materials  such as isotactic polystyrene,  where 
several true orders  of  a par t icular  reflection can be 

Specimen Resolution C~st. Non-cryst. CI L(A) ~A) 

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 

CI= Correlation crystallinity index 1 
L =  Crystallite size normal to (110) planes 
F = Mean fibril width from electron microscope observations 

obse rved ,  the r e so lu t ion  o f  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 distort ion.  
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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- 
methylsuiphoxide/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 supports the conclusion that this transition 
is to a largely, though not fully, right-handed =-helical conformation. 

I N T R O D U C T I O N  

Poly(L-tyrosine) has been studied extensively in 
aqueous solutions using the techniques of  optical 
rotatory dispersion ( o . r . d . ) a n d  circular dichroism 
(c.d.)l, 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 e -he l ix  to random coil conformat ional  
change. The ambiguities in the interpretation of  the 
o.r.d, and c.d. data stem from the presence of  side 
chain chromophores  which contr ibute Cot ton effects 
overlapping those from the peptide chromophore .  
Fur thermore  it is suggested that in the helical 
polymer,  t y r o s y l - t y r o s y l  interactions are present. 
More recently Patrone e t  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 conformat ion and the antiparallel/y-structure at 
pH values between 11.25 and 11.5. 

The conformat ion of  poly(L-tyrosine) has also 
been studied in non-aqueous solvents. Coombes e t  

al.  4 questioning earlier work 5 concluded that in 
pyridine and dimethylformamide,  in which the 
phenolic groups are non-ionized,  the polymer is in 
the helical conformat ion.  In dimethyl sulphoxide 

'~CNR Postdoctoral  Fellow on leave from: Ist i tuto di Chimica,  
Universita degli Studi, Trieste, Italy. 

(DMSO) Fasman 6 assumed poly(L-tyrosine)  to be 
helical by analogy with poly(L-glutamic acid) which 
shows b0 = - 5 6 0  ° in this solvent. A monotonic  
change of b0 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 
confo rmat ion  of  poly(L-tyrosine) .  Two recent 
papersT'~-give strong evidence for a helical confor-  
mation in tr imethylphosphate (TMP) a solvent 
having the advantage of excellent transmission in the 
6 #m region of the int'ra-red and in the ultra-violet. 

We have used nuclear magnetic resonance (~l.m.r.) 
in addit ion to other spectroscopic techniques in an 
attempt to help understand further the conformat ion 
of poly(:L-tyrosine)in the non-ionized form. The 
solvent systems used are D M S O - w a t e r  and 
DMSO - T M P .  

M A T E R I A L S  A N D  M E T H O D S  

The sample of  poly(L-tyrosine) (Pilot  Chemicals, 
Lot T24) showed an intrinsic viscosity of 0-84 dl/g 
in 0.2 M NaCI at pH = 12. The molecular weight 
calibration of Idelson and Blout 9 for poly(L- 
glutamic acid), also in the random coil form, 
suggests that the molecular weight is greater than 
50 000 and the sample can thus be regarded as a high 
polymer. The integrity of the sample was further 
checked by preparing the ordered conformat ion in 
aqueous solution at pH 11.2 in 0.2 M NaCI. The 
sample as purchased was dissolved at pH 12.5, dia- 
lysed against 10 --2 N HCI and lyophylized. Adding 
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alkali  to pH 11"2 brought  this lyophylized sample 
into solution. The optical  rotat ion was then found to 
be in close accord with that published previously ~. 

DMSO for optical  rotat ion was a BDH product  
'special for spectroscopy ' and was used without fur- 
ther purif ication.  DMSO d6 (99-5%d) for n.m.r, and 
i.r. spect roscopy was an SIC product  and was used 
directly f rom fresh 1 ml ampoules .  T M P  was a BDH 
product  and was distilled at 93°C under  25 mmHg.  
The D 2 0  was an ICI  product  of  99"5%d isotopic 
purity. 

All po lymer  solut ions were prepared  by dissolving 
the polymer  in DMSO and then adding the ap- 
propr ia te  amount  of  water or  T M P .  Most  of  the ex- 
per iments  were carried out on material  that had first 
been dialysed against acid and then lyophylized 1. 
This p rocedure  was not found to affect the spectral  
proper t ies  in the solvent systems used and several 
measurements  were subsequently made on untreated 
polymer.  

SPECTROSCOPY 

Ultra-violet  absorpt ion spectra were recorded at 24°C 
on a Perk in-Elmer  402 spec t ropho tomete r  in 1 mm 
cells at po lymer  concent ra t ions  between 0"06 and 
0 .09% w/v. Optical  rotat ion was measured on a Ben- 
dix Polarmat ic  62 spect ropolar imeter ,  using fused 
and jacketed quartz cells of  path lengths 0.1 and 10 
mm at concent ra t ions  of  between 0-2 and 2% w/v. 
Infra-red spectra were obta ined with a Grubb  Par- 
sons 'Spect romaster '  using bar ium fluoride cells and 
polymer  concent ra t ions  of  3 - 5 % w / v .  High tempera-  
ture i.r. spectra were obta ined using a Research and 
Industr ial  Ins t ruments  high tempera ture  cell heated 
by water  circulated f rom a Haake  thermosta t  bath. 
Wavelength cal ibrat ion was control led  by switching 
to single beam operat ion whilst scanning and ob- 
taining a por t ion  of  the a tmospher ic  water band 
close to 6 / tm .  N.m.r. spectra were obtained at 220 
MHz using a Varian H R - 2 2 0  spect rometer  and at 
100 MHz  using Jeolco 4H-100  and Varian HA 100 
spectrometers .  In ternal  TMS reference was used 
throughout .  

RESULTS 

In order  to establish that the polymer  exists in the 
un-ionized phenol ic  form in the solvent systems 
studied, spectra were obta ined in the ul tra-violet  and 
these are shown in Figure I. In TMP,  DMSO and 
D M S O - w a t e r  the spectra show no sign of  the peak 
at 294 nm characteris t ic  of  the ionized form (pH 
13'5 in water  l) and are in good agreement  with 
those published for the po lymer  in T M P  7,8. 

For  poly(L-tyrosine)  in DMSO Fasman 6 obtained 
a b0 value of  + 4 9 4  °. In the same solvent at 22°C our 
polymer  gave b 0 = + 3 0 0  ° and on the addit ion of  
20% water  this changed to + 5 7 0  °, suggesting a con- 
format ional  change. Since the contr ibut ions  of  side- 
chain ch romophores  to this paramete r  are by no 
means fully unders tood,  we preferred simply to 
moni tor  the rotat ion at a single wavelength for 
fol lowing comformat iona l  changes. A wavelength of  
345 nm represents  a compromise  between high 
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Figure 1 Ultra-violet absorption spectra of poly(t--tyrosine) in dif- 
ferent solvents 

rotat ional  sensitivity and adequate optical  trans- 
mission. Figure 2 shows the effect of  water addit ion 
at 22 and 60°C. That  a conformat iona l  transition is 
being observed, is suggested by the sharpness of  the 
rotat ional  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  b roader  transit ion is obser-  
ved at 60°C and is fully reversible; recooling 
solutions f rom 60 to 22°C reproduced  the room tem- 
perature curve. Since TMP is thought to p romote  the 
helical conformat ion  of  poly(L-tyrosine) v,8 , mixtures 
of  T M P  and DMSO were studied at 345 nm and the 
results are given in Figure 3. A transit ion similar to 
that already seen on water addit ion to DMSO 
solutions is observed and the bulk of  the rotat ional  
change occurs over a narrow range of  solvent com- 
posit ion suggesting a conformat iona l  change and 
therefore that in DMSO the polymer  is not helical. 

Infra-red spectroscopy has been of  increasing use 
in conformat iona l  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 conformat ion .  Damle  7 has shown that films 
cast f rom T M P  or pyridine show parallel  dichroism 
of amide I and perpendicular  dichroism of  amide II,  
concluding that the polypept ide  is helical. We have 
observed similar dichroisms in films cast f rom 
pyridine and DMSO. Accurate  measurement  of  the 
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Figure 2 Optical rotation (345 nm) ot poly(L-tyrosine) in 
D M S O - H 2 0  solvent system : O, 22°C; • 60°C 

amide I posi t ion in films cast f rom pyridine,  TMP 
and DMSO gave a value of 1657 c m - l  in all three 
cases and we conclude this to be the characterist ic  
frequency of  this vibrat ion in helical poly(L-  
tyrosine). Further  evidence for this corre la t ion  
comes f rom electron diffraction studies in this 
labora tory  l° of  films of poly(L,-tyrosine) which show 
the presence of  a 1-5 ~ meridional  reflection charac-  
teristic of  the 0t-helix. The amide II  band is quite 
distinct in these films, al though of irregular shape 
and lies at 1544 cm -1. Figure 4 shows the 6/~m region 
of  solutions of  poly(L-tyrosine)  in T M P  and 
T M P / D M S O  d6 1:1. The spectra are virtually iden- 
tical and amide I appears  as a sharp band at 1657 
c m - l .  Damle  7 has concluded that the polymer  is 
helical in T M P  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% D20. 
The s ' , ' c t r u m  of  the polymer  in the mixed solvent is 
very similar to that already described,  showing a 
sharp an~ide I band at 1658 c m - I  and a distinct 
amide ~ band at 1543 cm - l .  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 c m - 1  and amide II is very indistinct. 
Although the amide I f requency is unusually high 
this appears  to be the spectrum of a r andom coil con- 
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Figure 3 Optical rotation (345 nm) of poly(L-tyrosine) in 
D M S O - T M P  solvent system at 24C  

format ion.  These i.r. results are thus in good accord 
with the proposal  that poly(L-tyrosine)  is r andom 
coil in DMSO and addition of  20% D2 O or 50% 
T M P  causes transit ion 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 l that can be assigned to a small 
p ropor t ion  ( :1- 15%) of /J-material. On the assump- 
tion that this is due to low molecular  weight frac- 
tions, at tempts were made to separate the higher 
molecular  weights by precipi tat ion and by dialysis, 
but without success. The propor t ion  of p-mater ia l  
remained approximate ly  constant.  That  poly(L- 
tyrosine) readily takes up the p -conformat ion  has 
been pointed out by Patrone et al. ~. 

In an at tempt  to assess the validity of  these con- 
clusions drawn on the basis of  i.r. frequencies we 
have studied several other polypept ides  in DMSO d,~ 
solution. Values of  b~ and amide I posit ions are 
given in Tabh,  1. It is known that L-aspartate 
polymers  in the r andom coil form in t r i f luoroacet ic  
acid (TFA) give anomalous ly  high b~ values in the 
range - 1 5 0  ° to - 2 6 0  °t~. 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 l and 11 
region of the i.r. spectrum was found to be very 
similar indeed to that of  poly(L- tyros ine)  in DMSO 
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Figure 4 Infra-red spectra of poly(L-tyrosine) in solution in : (a) 
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Figure 5 Infra-red spectra of poly(L-tyrosine) in solution in : (A) 
dimethylsulphoxide 0'6- 20% D20,(B ) dimethylsulphoxide d 6 

Table 1 Values of bo and amide I positions 

Polymer Solvent bo Conformation Amide I 
(~,o= 212nm) 

Poly(p-n-propy I-L-aspartate) DMSO 
Poly(~-benzyI-L-aspartate) DMSO 
Poly(O-methyl-gL-serine) DMSO 
Poly(L-tyrosine) DMSO 

Poly(y-benzyI-L-glutamate) DMSO 
Poly(L-glutamic acid) DMSO 
Poly(L'-carbobe nzoxy-L-lysi ne) DMSO 
Poly(L-tyrosine) DMSO + 20%D20 
Poly(L-tyrosine) DMSO : TMP (1:1) 
Poly(L-tyrosine) TMP 
Poly(L-tyrosine) solid form 

-160 ° Random coil 1675 cm -1 
-130 ° Random coil 1673 cm -~ 
- Random coil 1666 cm -1 

Random coil (?) 1663 cm -1 

-570 ° Helical 1652 cm -~ 
-770 ° Helical 1654 c m  - 1  

-623 ° Helical 1650 cm -1 
Helical (?) 1657 cm 1 

1 Helical (?) 1657 cm 
1 Helical 1657 cm 

Helical 1657 cm -1 

d~, wi th  an a m i d e  I b a n d  at 1666 cm - t .  L-Ser ine  
p o l y m e r s  have been  f o u n d  12 no t  to t ake  up  he l ica l  
c o n f o r m a t i o n s  on a d d i n g  c h l o r o f o r m  to T F A  
s o l u t i o n s  bu t  to  p r e c i p i t a t e  in the  fo rm of  an t i -  
p a r a l l e l  f l -sheets  and  o n l y  the  r a n d o m  co i l  fo rm has 
been  o b s e r v e d  in so lu t ion .  The  i.r. s p e c t r u m  of  this  
p o l y m e r  in D M S O  d 6 shows  no peak  at 1635 cm -~ 
i n d i c a t i n g  the absence  o f  fl - s t ruc tures .  It is in fe r red  
f rom this  tha t  the  p o l y ( O - m e t h y l - D L - s e r i n e )  is a lso  in 
the  r a n d o m  co i l  f o rm  in D M S O  d6 s o l u t i o n  and  the 

very sha rp  n .m.r ,  spe c t r a  o b s e r v e d  s u p p o r t  this.  F o r  
the  r a n d o m  co i l  fo rm o f  p o l y p e p t i d e s  in D M S O  d 6 
the re fo re ,  the  a m i d e  I p o s i t i o n s  are  f o u n d  in the 
range  1666 to 1675 c m - ' .  Severa l  p o l y p e p t i d e s  that  
take  up the r i g h t - h a n d e d  a -he l i c a l  fo rm in D M S O  d,, 
have a lso  been  s tud ied  and  the b 0 va lues  and  a m i d e  I 
p o s i t i o n s  are  a lso  given in Table 1. The  range  o f  
va lues  f o u n d  are  in g o o d  a g r e e m e n t  with the 
f r equency  range  o b s e r v e d  for  he l i ca l  p o l y p e p t i d e  in 
the so l id  s ta te  and  in c h l o r o f o r m  so lu t i on  of  
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1 6 5 0 - 1 6 5 8  cm -* ~3 These data lend support  to the 
suggestion that in DMSO d6 poly(L-tyrosine) is in the 
r andom coil form while in 80% DMSO : 20% D20, 
50% DMSO : 50% TMP and in T M P  the polymer  is 
most p robably  helical. The question then arises as to 
the helix sense. 

T h e  left-handed sense has been proposed by Ap- 
plequist and Mahr 14 on the basis of  dipole moment  
measurements .  The minimum energy calculat ions of  
Ooi et al.15 indicate that there is a preference for the 
r ight-handed sense and their proposed side-chain 
conformat ion  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- 
t roscopy can under certain circumstances give an in- 
dication of  helix sense. Miyazawa et al. 1~ have 
calculated that the left-handed form of polypeptides 
should show an amide I band 8 cm -1 to higher 
frequencies of  the r ight-handed form and this has 
been borne out by exper iment  both in solution and 
in the solid state using k-aspartate  esters 17. Thus 
l e f t - h a n d e d  p o l y ( / ~ - b e n z y l - L - a s p a r t a t e )  in 
ch loroform solution shows an amide I band at 1668 
cm -1 and at 1666 cm - I  in films 17. The r ight-handed 
form occurs in mixed alkyl/aryl esters and shows an 
amide I band at 1 6 5 8 -  1659 c m - I  films 17. Para sub- 
stitution of poly(fl-benzyl- L-aspartate) with chloro or 
methyl also induces the r ight-handed form and in 
ch loroform solution the amide I band of these 
polymers  lies at 1656 cm -1 to 1657cm -118. Right- 
handed poly(phenethyl-L-aspar ta te)  in ch lo ro form 
solution also shows an amide I f requency of  1~57 
c m - ,  t,. The sum total of  the evidence is thus that a 
frequency of  1 6 5 7 -  1658 cm t for helical poly(L- 
tyrosine) is strongly suggestive of  the r ight-handed 
helix sense. Damle7 in a footnote  to his paper  gives 
amide 1 frequencies of  films of helical poly(L- 
tyrosine) as 1661 _+1 cm -1 , concluding that this 
could indicate a left-handed helical sense. We can 
offer no explanat ion for these differences in the ob- 
served frequencies but would not have postulated the 
right hand sense had we observed amide 1 frequen- 

-1  cies in the range 1 6 6 1 - 1 6 6 2  cm 
Addit ional  information on the conformat iona l  

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 addit ion of  D~O 
and TMP are shown in Figures 6, 7 and 8. In DMSO 
dt~ the peak assignments (ppm from TMS) are 7.96 
ppm amide NH; 6-94 ppm aromat ic  H meta  to 
hydroxyl;  6.59 ppm aromat ic  H or tho  to hydroxyl;  
4.43 ppm, z~CH; 2.62 and 2.86 p p m / 3 C H  2 protons.  
It is immediately apparent  that the spectrum is very 
sharp in DMSO, the line widths of  the aromat ic  
protons  being~3 Hz, a value similar to that tk)und for 
other polypeptides in TFA. Addit ion of  TMP or 20% 
D 2 0  brings about several changes in the spectrum. 
Firstly, marked line broadening is observed,  the 
amide proton NH peak in part icular  becoming too 
broad to be observed. The meta  aromat ic  protons  
show greater  dipolar  broadening then the ortho  
probably  due to their closer proximity  to the main 
chain. Both observat ions suggest a change to a more 
rigid conformat ion  of the polypept ide  backbone.  

studies of poly(L-tyrosine) : E. M. Bradbury et al. 

Secondly,  several peaks show a chemical  shift tran- 
sition (see Figure 9) the form of which closely 
parallels the optical  rotat ion changes. This is 
strikingly clear with the e C H  peak, part icularly when 
the optical  and n.m.r, data are compared  for the 
room tempera ture  and 55°C measurements ,  leaving 
no doubt  that the same conformat iona l  changes are 
b e i n g  o b s e r v e d  by b o t h  t e c h n i q u e s .  T h e  
measurements  at elevated tempera ture  were made to 
enable the czCH peak to be observed at higher D20  
contents than is possible at room temperature .  This 
is due to the large upfield shift of  the water peak with 
increasing temperature.  On the addit ion ol '~2()c~ 
D 2 0  the etCH peak shifts upfield by ~0.3  ppm and 
this can be compared  with the value o f ~ 0 . 5  ppm 
well established for helix format ion in polypeptides 
dissolved in chloroform/ t r i f luoroacet ic  acid mix- 
tures (see Bradbury et al.J%. In water /methanol  a 
similar shift is observed 2° al though in water alone 
the shift is of  much lower magnitude 21,22, 

Close inspection of the spectra in l"igurus 6 and 
8 shows that the a C H  undergoes a marked 
broadening in the centre of  the transition and ap- 
pears to have a double  peak character.  This 
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< j ,J 
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's:o -4's 4'o 8 5  8 0  7 5 7 0  o 5 
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, .~ / '  'L.,.,,,.~.~. / 

Figure 6 220 MHz proton magnetic resonance s p e c t r a 4 0 - 8 5  
ppm of poly(L-tyrosine) in DMS© d6/D20 solvent system at 22 C. 
% [920: A,0; B,9: C,11; D.15; E,22 

POLYMER, 1972, Vol 13, January 37 



Conformational  studies of  poly(L-tyrosine) : E. M. Bradbury et el. 

cV 

D 

C 

I I I 

8~s so 7.s 7.o 0'.s o!o 
ppm 

Figure 7 100 MHz proton magnetic resonance spectra 6'0-8"5 
ppm of poly(L-tyrosine) in DMSO d61TMP solvent system at 29°C. 
% TMP : A,0; 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 evidence 23 now supports the proposal  of  
Ullman 24 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 addit ion of  D 2 O o r T M P  
to DMSO solutions. 

The behaviour of  the sidechain proton  resonances 
on adding D 2 0  or TMP to the DMSO solutions are 
of  interest. The  fl-protons show marked changes in 
chemical shift and width over the composi t ion range 
corresponding to the conformat ional  transition, In 

415 410 315 310 2"5 
ppm 

Figure 8 220 MHz spectra, 2"50 to 4-50 ppm, of poly(L-tyrosine) in 
DMSO/D20 mixtures at 55°C. A, pure DMSO ; B, 3"9% D20; 
C,5"7% D?O; D, 67% D20; E, 18"7% D20 

pure DMSO d 6 the AB part of  an ABX system is ob- 
served havingA~0-20 ppm. Addit ion of  D 2 0  has little 
effect upon the low field doublet;  however, the up- 
field doublet  moves downfield (A being 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 f l C H  2 group as the D 2 0  is added. 

The ortho and m e t e  proton resonances show dif- 
ferent behaviour through the D 2 0  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 m e t e  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 m e t e  protons in the ring 
are the same the differences observed for the mete  
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  t y r o s y l -  
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 m e t e  
protons resonances is made more complicated by the 
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Figure 9 Chemical shift values for poly(t--tyrosine) in DMSO /D#O 

¢-rnCtO-H 
~3- CH2 ~ _  

2.9 2"8 2.7 44 4-3 4.2 4,1 6"9 6B 
ppm 

mixtures at • 22°C; X 55°C 

C-or t ho-/-/ 

67 66 65 80 79 

presence  o f  the a d j a c e n t  f l C H  2 and  the c lose r  
p r o x i m i t y  o f  the  p o l y p e p t i d e  b a c k b o n e  the  effect  o f  
the i n t e r a c t i o n s  o f  a r o m a t i c  r ings  s h o u l d  be sough t  in 
the b e h a v i o u r  o f  the r e s o n a n c e s  o f  the  o r t h o  p r o t o n s .  
T h e r e  is l i t t le ,  however ,  in this  b e h a v i o u r  to suggest  
the  p re sence  o f  a r o m a t i c  r ing  i n t e r ac t i ons .  The  o r t h o  

p r o t o n s  r e s o n a n c e  peak  shows  a very  smal l  c h e m i c a l  
shift  d i f f e rence  and  the smal l  b r o a d e n i n g  to be ex- 
pec ted  for  a t r an s i t i on  o f  the p o l y p e p t i d e  to a more  
r ig id  c o n f o r m a t i o n .  It s h o u l d  be n o t e d ,  however ,  
that  the t ime  scale  o f  the o p t i c a l  s p e c t r o s c o p i c  
t e chn iques  is very  much  sho r t e r  than  for  magne t i c  
r e s o n a n c e  t echn iques  and  i n t e r a c t i o n s  may  exis t  for  
a su f f i c ien t ly  sho r t  t ime  to be o b s e r v a b l e  by o . r .d .  
and  c.d.  but  no t  by n ,m.r .  

The  c o m p l e t e  shift  d a t a  p r e s e n t e d  in F i g u r e  9 

c l e a r l y  shows  ev idence  for  a change  in c o n f o r m a t i o n  
o f  p o l y ( L - t y r o s i n e )  as 20% D 2 0  is a d d e d  to a 
D M S O  d6 so lu t ion .  The  sum to ta l  o f  the  spec-  
t r o s c o p i c  e v i d e n c e  s t r o n g l y  ind i ca t e s  tha t  this  t r an -  
s i t ion  is f rom the r a n d o m  coi l  to a he l i ca l  c o n f o r -  
ma t ion .  The  same changes  are  o b s e r v e d  as T M P  is 
a d d e d  to a D M S O  d 6 so lu t ion .  It is no t  p o s s i b l e  to 
s ta te  wi th  c o m p l e t e  sure ty  that  t r a n s i t i o n  to a 100% 
he l ica l  fo rm is ach ieved  with  ou r  p o l y m e r  s a m p l e  in 
these  so lven t  systems.  Whi l s t  the n .m.r ,  peak  
pos i t i ons ,  in p a r t i c u l a r  the  a r C H  show l i t t le  change  as 
g rea te r  than 15% D 2 0  is a d d e d  and  the op t i c a l  
r o t a t i o n  behaves  s imi l a r ly ,  ne i the r  m e a s u r e m e n t  has 
an a b s o l u t e  c a l i b r a t i o n  a p p r o p r i a t e  to the  sys tem,  as 
for  e x a m p l e  is pos s ib l e  wi th  many  p o l y p e p t i d e s  us ing  
the b0 p a r a m e t e r .  C o m p a r i s o n  o f  the w id th  o f  the 
/~CH 2 a n t i o C H  peaks  in D M S O  d 6 / 2 0 %  D 2 0  with  
that  o f  fu l ly  he l i ca l  p o l y ( y - b e n z y l - L - g l u t a m a t e )  o f  
s i m i l a r  m o l e c u l a r  weight  sugges t s  tha t  the  p o l y m e r  is 
l a rge ly  but  no t  fu l ly  he l ica l .  Thus  a l t h o u g h  a l imi t ing  
c o n f o r m a t i o n  is c l e a r l y  o b t a i n e d  in 20% D 2 0  and  
5 0 %  T M P ,  the p re sen t  e v i d e n c e  does  no t  cons t i t u t e  
de f in i t ive  p r o o f  o f  a fu l ly  he l i ca l  s t ruc tu re .  

CONCLUSIONS 

The  s p e c t r o s c o p i c  e v i d e n c e  p r e s e n t e d  a b o v e  shows  
that  p o l y ( L - t y r o s i n e )  in D M S O  d6 is in the  r a n d o m  
co i l  c o n f o r m a t i o n .  A d d i t i o n  o f  2 0 %  D 2 0  o r  T M P  
resu l t s  in a c o n f o r m a t i o n a l  t r a n s i t i o n  to a l a rge ly  
t hough  p r o b a b l y  no t  a fu l ly  he l i ca l  c o n f o r m a t i o n .  
T h e  i.r. f r equenc i e s  for  the a m i d e  I o f  the  o r d e r e d  
fo rm lie in the  range  o f  f r equenc ie s  f o u n d  for  a r igh t -  
h a n d e d  e - h e l i x .  
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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. B~j the nature of 
the method measurements are confined to the microcrystalline regions of 
the polymer and in addition to providing information about the intermolecular 
force field it is possible to calculate the crystalline elastic constant, Cll, 
perpendicular to the chains as 18.2+ 0.2×101° dyne cm -2. 

We report  here a measurement  of  the [1070] phonon 
dispersion curve for lattice vibrat ions perpendicular  
to the cha in  axes  in h e x a g o n a l  p o l y t e t r a -  
f luoroethylene(PTFE) .  This leads to the elastic stiff- 
ness constant  CLt 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 ~-3 ensures that the stiffness 
measured is that of  crystall ine regions in the polymer  
and it is expected that this value of  the modulus  will 
be larger than that for bulk polymer  3. 

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

For  the fibre axis direct ion the interchain force 
field has been probed by laser Raman  scattering 
below and above the 19°C phase t ransi t ion 5. Elastic 
moduli  along the chain direct ion have also been 
calculated 5-6 and measured 4. Neutron inelastic scat- 
tering 7 has conf i rmed the calculated dispersion curve 
for the o8 (chain longitudinal  acoustic) branch in this 
direction. The present  measurements  in the perpen-  
d i c u l a r  d i r e c t i o n  h a v e  u s e d  f i b r e s  a n d  
polycrystal l ine material ,  character ized by neutron 
diffraction. The a and c parameters  were in 
agreement  with accepted8 values (5"66 and 19"5 /~ 
respectively) and the crystall inity was greater  than 
95% in each case. The anisot ropy and hexagonal  
symmetry of  the system allow separate assignments 
to be made of  phonon  singularities in the neutron 
coherent  scattering spectra for both  isotropic, 
polycrystal l ine and fibre specimens. 

Neutron scattering exper iments  were per formed 
on the 6H cold neutron spect rometer  9 and a rebuilt  
version of  the 4H5,  cold neutron scattering ap- 
paratus ~0 at AERE,  Harwell .  The large solid angle 
counter  bank of  the 6H instrument  was used for high 
intensity but relaxed momen tum resolut ion studies 
and the phonon  arc j° of  4H5 for high momen tum 
resolution in the scattered neutron wave vector.  In 
the spectrometers ,  the neutron beam incident on the 

sample, has a well defined wavevector  modulus  Ikol, 
(A) . [~ .  5%)  but a divergence o f + l ?  The beam is 
therefore  quite bright and the scattered intensity 
correspondingly  large. The resolut ion obtained for 
the total momen tum transfer, Q = k-k o can be chosen 
to suit the mosaic spread of the scatterer by opting 
for either large or small scattered angular  resolut ion 
detectors. This combinat ion  of proper t ies  has been 
most valuable for opt imizing coherent  scattering 
measurements  f rom our  polymers  where 'mosaic '  
spread may be as high as 30 ° . 

In a typical exper iment  at lower scattering 
angular resolution the time of  flight spectra of  scat- 
tered neutrons are recorded s imultaneously in coun-  
ters at thirteen different scattering, angles between 
7 ° and 90 ° to the incident beam (Figure 1 shows the 
spectra at some of  these angles). For  incident 5.0/~, 
neutron s the momentum transfer Q approached that 
for the prismatic [1010] Bragg reflection of  
polyte t raf luoroethylene  at high scattering angles. 
The momen tum transfer condi t ions prevail ing for 
coherent  inelastic scattering ~2 were 

Q = 2 n r - q  (1) 
where r 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 
condit ion may contr ibute  to the scattering spectrum 
but because of  the limited range .of momentum trans- 
fer at tainable with cold neutron up scattering 
(energy gain) and because of  the neutron structure 
factors of  hexagonal  polyte t raf luoroethylene,  a simp- 
lification of the observat ions  occurs. 

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

g,.( Q) = , ~  ('2N~vlotO i )l/2.boIC,o.Qlexp[2n~t(Q.Ro) ] 
0 

(2) 
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Figure 1 Time of f l ight spectra for polycrystal l ine, hexagonal  polytetraf luoroethytene at scatter ing angles (a) 27', (b) 36 ,  (c) 45 and (d) 
54 ° to the incident 5.0 ~, neutron beam at 296 K. The phonon cu t -o f f  is at ~ 900 /./sec for scatter ing at (9 = 36'. 

where bo is the scattering length, Rothe  atomic 
position and C)'o the ampl i tude of mot ion,  in the j th 
vibrat ional  mode of atom o, mass Mo, in a crystal 
vibration of  wave vector,  q, de termined by equat ion 
(1). N is the total number  of  atoms in the unit cell. 
For  acoustic vibrat ions the effect of  the last term is 
to enhance the scattered intensity whenQ approaches  
2n r  for a strongly reflecting set of  planes. 

The optic modes of vibrat ion are conversely affec- 
ted. The remaining scalar product  term determines 
the re la t ive  in tens i t ies  o f  the t r ansve r se  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, Cl a n d 2 t r r a r e  coll inear,  at 
which point the transverse modes are suppressed. 

For a constant  ]Q] exper iment  the resulting energy 
spectrum has a low frequency cut-off  cor responding 
to the longitudinal  acoustic mode of  wave vector 
2 r t l r l -  tQI. This is a consequence of the nature of  the 
dispersion relat ionship o9 (q )wh ich  is a rising /'unc- 
tion of q for acoustic modes. As for the contr ibut ion 
of the transverse modes,  they have a cut-on at lower 
frequencies in the spectrum rising cont inuously  from 
zero and hence have no dist inguishable features. The 
possibility of  the transverse features obscuring the 
longi tudinal  cu t -of f  may be e l iminated  by a 
theoretical  t reatment  ~. 

The steps taken in character izing the coherent  
features in PTFE time of flight spectra are then as 
follows: (a) the anisot ropy 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; (5) 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 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 [ ]010]  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  contr ibut ion to this func- 
t ion.The peak maximum is taken as the longitudinal 
edge and qmin evaluated from equation (1). 

The phonon frequencies and wavevectors are plot- 
ted on the dispersion curve (Figure 2). It can be seen 
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Figure 2 Dispersion curve for the longi tudinal  acoust ic mode 
a l o n g  [10"1-0] in h e x a g o n a l  p o l y t e t r a f l u o r o e t h y l e n e .  Poly- 
crystal l ine data :o, 4..1 ,g,; A ,5 .0  A data. Fibre specimen : O,5.8 
A data. 
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that the phonon of  zero frequency (elastic scattering) 
occurs at an extrapolated I'QI value equal to  2zrr 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, ~o) 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-l inear  energy scale. 

Within present experimental  momentum and 
energy resolution the points from the fibre ex- 
periments (with Q in the basal plane) and the 
polycrystall ine sample were superimposable. This 
confirms the exclusion of  contr ibut ions 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 t o  investigate 
this suggestion of  long range forces are being 
gathered. The dispersion curve approaches the zone 
edge at 42*__ 2 cm-L 

From the slope at low Jql we find that the high 
frequency veioclty of  sound is 2 . 7 7 ± 0 . 1 0  × 105cm 
sec -~ (2 '77×  103 M sec -~) whereas for the chain axis 
it is 9'74 ± 0"10X l0 s cm sec -t (9 '74×  103 M sec-~) 7. 
Using a crystalline density of  2 '342 g c m  -3 the 
c o r r e s p o n d i n g  v a l u e s  o f  CI~ an d  C33 are  
18'2:1: 0"2× 10 t dyne cm and 222 • 1 × 10 ~° dyne 
cm -+-. The ratio (~1/12) is much greater than for 
polyethylene /'or which neutron scattering (on 
deutero-polyethylene)  gives a ratio of  about 1/202,3 
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Modifications to the morphology of poly(m-phenylene 

adamantane-l,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 introduct ion of  or ientat ion and crystallinity 
into thermally stable fibres has a significant effect 
upon the physical propert ies of  these  fibres. For  
example, or ientat ion 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 ~. 

Thermal ly  stable fibres have recently been pro- 
ducedL 2 from poly(m-phenylene adamantane- l ,3-  
dicarboxamide)[poly(m-PAD),  Figure 1] and a report  
is given here of  attempts to introduce morphological  
changes, in the form of  increased orientat ion and 
crystallinity, into these amorphous  poly(rn-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 s t ress-s t ra in  
curves obtained from the fibres. 

P R O D U C T I O N  OF FIBRES 

Extrusion 
A small-scale wet spinning machine was used to 

produce fibres by the extrusion of  a solution of  
po ly (m-PAD)  in d imethy l fo rmamide  conta in ing  
5%(w/w) lithium chloride. A 25%(w/w) solution of  
poly(m-PAD) in dimethylformamide (containing 5% 
LiCI) was extruded through a five-hole spinneret 
into a bath containing 60% (w/w)dimethyl form-  
amide in water at 16°C. The polymer had an 
inherent viscosity of  1.48 dl/g when measured 
(Sewell, J.H. personal communicat ion)  at 27°C as a 
0 '5% (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. 

- 

0 0 H H 
m ~ n 

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

Drawing 
Optimum drawing condit ions 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 condit ions were deduced from reinfor- 
cement data collected from the s t r e s s - s t r a in  trace~. 
These data were then confirmed by drawing longer 
lengths of  fibre on a small-scale cont inuous drawing 
machine and measuring the tensile propert ies of  the 
fibres produced.  G o o d  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 s t r ess - s t ra in  characteristics are illustrated in 
Figure 2. The X-ray diffraction pattern (Figure 3) 
sbowed that the fibres were unoriented and of  very 
low crystal!inity. 

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 3 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 4,5 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 1~o 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 BSttcher. 
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 v~ 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 1, 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 solvent 3-6 and to 
estimate refractive indices and partial specific volumes of 
polymers in solution 7. It 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 7. 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 weightS, 9, 
only rough estimates 2,1° and a few measurements1. 7 
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 u .  

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. 

been proposed. The most widely used 7, 12 -as are those of 
Gladstone and Dale, Eykman, and Lorenz and Lorentz. 
Although the Gladstone-Dale equation is a special case 
of Lorenz-Lorentz equation13, tS, and the Eykman 
equation is empirical t3, 14, these two equations frequently 
give surprisingly good agreement with experimental data, 
as shown, for example, by the recent precise measure- 
ments of Bodmann x2. Most equations proposed for v do 
not take lack of volume additivity of polymer and solvent 
into account, although Heller 7 has proposed an approxi- 
mate way of doing this, and Bodmann t2 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 t3,t6,17 and on 
theoretical grounds t3, 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 12, 19 will be treated rigorously. 
Finally, new equations for the refractive index increment 
will be deduced from the polarizability theory of 
Onsaged 8 and B6ttcher la 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 discussed s. A subsequent 
paper 9 will deal with the application of the general 
theory to a complex case, the solution properties of the 
polymeric titanium oxide trimethylsilyloxides. 
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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 extensively 4, ~a 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 

R~ = f (ndv~ = Kigi(n~, u~ ) (1) 

of the refractive index m, specific volume v~ and molecular 
parameter u~ for each component i, where K~ is assumed 
to be independent of temperature and pressure. The 
many functions f (n  d that have been proposed 4, 13-15, 17 
may be classified as empirical, with g i =  1, or as arising 
from the polarizability theories of  Lorenz and Lorentz 13 
(for which gi = 1 as well) or of Onsager 18 and B6ttcher 13 
(for which g~# 1). The only exception is the empirical 
function of Rosen 17, 20, which has the form R = f ( n ) v =  
Kg(v,u). We shall emphasize those functions that result 
from tlaeories of polariza0ility, 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-B6ttcher 
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 la, and to 
polymers in which the refractive index is determined by 
the properties of the chain segments, and not by overall 
configuration. Nose 2t has shown that this is a good 
approximation, by calculating the refractive index of 
polymers from assigned segment refractions. 

The Lorenz Lorentz specific refraction is la 

Ri = (n'-' i - 1 )vi/(n~ + 2) = 4rrNAcq/3 Mi (2) 

where a; is the molecular polarizability and Mi the 
molecular weight of  component i and NA Avogadro's  
constant. The Onsager-B6ttcher correction to equation (2) 
i s  l a  

gi(ni.m)=9s/~/(n, + 2) [2n~(I - u i ) +  l + 2ui] (3) 

so that 

R~ = (n~ - l)vd(n~ + 2) = 4rrNAa~g~(n~, ui)/3M~ (4) 

The quantity ui = a~/a:} can be used to define a refractive 
index nT : 

u~=(n~ ~-  1)/(riTe + 2), n~'-'= (1 +2ui)/(l - u i )  (5) 

This is the maximum allowed value of ni sincO a u~ is 
the molecular polarization of a uniform dielectric sphere 
of radius at. Values of ai correspond closely, in the few 
cases investigated an, 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 
ai and a a by the same factor. 

The superiority of equation (4) has been demonstrated 
in several areas ~a, although it is undoubtedly an approxi- 
mate answer to the complex problem of polarizability in 
liquids 2z. The Onsager-B6ttcher equation does not seem 
to have been used previously for polymers, except in one 
case. Oster ~a attributed the equation 

Refractive index increments (1): J. W. Lorimer 

(n~ - 1) (2n~ + 1)/9n~ = Ki' 

to Onsager, where K I 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 ui=0,  or n~ = l, so that' it cannot be valid 
except for the trivial case n~ = l, where g~ = 1. 

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

q 

R =  Z wiRi (6) 
i ~ l  

where wi= mdm is the mass fraction and mi the mass of 
component i, and 

q 

m =  ~ mi. 
i = l  

Equation (2) shows that equation (6) assumes that the 
polarizabilities of the pure components are unchanged on 
mixing~, la. Since w~vi/v= Vi/V=4~, 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 

q 

f (n)  = Y~ ¢~f(n~) (7) 

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

q 

(n '~- 1)/(n'2 +2)  = Z ¢i(n~-l),/(n~ +2)  (8) 
i ~ l  

For the Onsager-B6ttcher theory, the equation for the 
mixture is more complex, since the local field at a mole- 
cule depends on ni and ui, and on the refractive index n 
of the mixture as well. It is found that la 

(n 2 -  l)/ne=(12rrNA/V) × 
q 

5", eqmi/M~[2n"(1 - u ~ ) +  l +2ui] (9) 
i = 1  

Substitute from equation (4) for rrNaai/M~ to obtain 

q 

R =  ~ w~RiGi (10) 
i = 1  

where 

Gi = (n/nd2(n~ + 2)(2n2 + n~Z)/(n e + ,.)(2n-" . . . . .  + hi-) (I 1 ) 

or, on introduction of volume fractions, 

o r  

q 

f (n)  = )..] ¢ff(n~)Gi (12) 
i = 1  

q 

(n e - 1)/''2 = E ¢~(n~- 1)(2n~ +,,Te)/n~'(2n2 + n~ 2) (l 3) 
i = l  

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 

The second method of deducing a refractive index rule 
for a mixture is to calculate the dielectric constant • 
(and hence the refractive index through • = n  2) 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 .,4), with subsequent versions by Wiener za. 
Heller 2~, Debye ea, Onsager ~s and BSttcher% 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 Heller za, 
and will not be considered further here. 

SPECIFIC REFRACTIVE INDEX INCREMENTS 

The specific refractive index increment of component i is 
'dn/dcs where ci = ms~ 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 

q q q 

cs= ~ ms~V= ~, ci = ~ flies (14) 
i = 2  i = 2  i = 2  

where fl~ 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 

q q 

dn/dc ,= Y~ (dn/dcd(dci/dcs)= 3", fis dn/dc~ (15) 
i = 2  i = 2  

and the overall partial specific volume of the solute is 
q q 

f&=(OV/Orns)ml= Z (OV/Oms)(OmdOms)= E flih (16) 
i = 2  i = 2  

where fJ~=(aV/amdmj is the partial specific volume of 
component i. 

If  vs is the specific volume of pure component i, then 
es = c~vs, and 0¢~/0c~ = vs. For the solvent, 

0¢ 1/OCs : -- ( V l / V  2 ) 0  V/Ocs = - (¢ 1/V)O V/Ocs ( l  7) 

But, 

0 V/Ocs = (0 V/Oms)(OmdOcs) = OsO(cs V)/Ocs 
= ~ ( V  + c~O V/Oc~) 

Solve for OV/Ocs and substitute in equation (17) to obtain 

o41/Oe~ = - ¢ ~ d (  I - c~e~) ( l 8) 

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

q 

(Of/On)( On/Ocs) = ~ fl~v~f (n~)G~ - ¢lf;sf (nl)G d(1 - Csgs) + 
/ = 2  

q 

Z fl~chf(nO(OGs/On)(On/Ocd + 
/ = 2  

¢af(na)(OGdOn)(On/Oe,) (19) 

This equation may be simplified greatly by taking an 
infinitely dilute solution, where es=0, i=2  . . . .  q, e t =  1, 
G~ = 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 

q 
,.[Of/an-f(n x)aG dan]., + O.f(n 1) = E fl~vsf(d~)Gi 

i = 2  

q 

= E flsR~G~ (20) 
i = 2  

The term on the right hand side is, by equation (10), the 
number average of the product R~G~ for the solute. I f  
vi and m are independent of molecular weight and equal 
to vs and ns respectively, this quantity is simply RsGs. 

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

q 

v(Of/On)nl + f;sf(nl) = Y, flsRl (21) 
i=2 

If Rs is the same for all species, equation (21) is 
equivalent to an equation deduced by M~ichtle and 
Fischer 6. 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 
f ( n )  = (n 2 -  1)/(n 2 + 2) and G~ from (11) into equations (20) 
and (21). This gives 

a 2 * 2 q  2 _ _ _  \ n 2 )} 
l~[2n?+ni  ~ _ [ n i - I  n l [ 2 n l + n l  ~ [ ~  ,~ [ n i -  o *2 o 

2 ~2nl _1_/71_) t i= 2 ~ /7~. - ~o ' - -VS | -  
(22) 

for the Onsager-B6ttcher equation, and 

v = [(n~ + 2)2/6nl] Bsvs(n~ - 1)/(n~ + 2) - 
Li=. 

} - 2) (23) 

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

g 2nl "}- /71 9 *2" - z ,) 
+ n, )Vs(ni-  (2v/n,) 2n~+n~ e (2n*+n]2)+(2n2 1)/n~ 

/ n ~  - 1 \ . . . .  
=t's( ',,~ I(2/7~+/7.,:) (24) 

\ ., 

for the Onsager-BSttcher case, and 

6/7, v/(nx + 2) 2 + G(n~ - 1)/(n-~ + 2) 

(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 ~s 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 ns (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 z2 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 nl 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 S as the difference 
between the right and left sides of equation (25), and 
assume that equation (24) agrees exactly with experiment. 
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From equations (20) and (21), with ni independent of 
molecular weight, we find readily that 

= R~(1 - G~) - vf(nl)(OG1/On)nl (26) 

The explicit correction terms are 

~ ,  2 R s ( n ~ - n O ( n ; - n ~ n ~ )  
R.,.( 1 - u~O = n~(n~ + 2)(2n~ + ,~-)*~ (27) 

and 

- vJ(nl)(OG, ~an),,, = 4v(n'~ - 1) × 
(n~ - n~e)/n l(n~ + 2)~(2n~ + n; 2) (28) 

Methods for estimating n~ and n,* and calculating these 
correction terms will be discussed below. Note that the 
corrections disappear only if n ~ = n ~ = l ,  which is, of 
course, the conditions under which equations (22) and (23) 
are identical, if ni is independent of molecular weight, i f  
n~=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 v~-t~ between the specific 
volume of the pure polymer and the partial specific 

, )  o * o volume at infinite dilution. In general, if n?n~ > n~.-, and if 
~>0. the correction term equation (27) is negative if 
n.~>nl, positive if n~<na, positive if I ls<na.  Also, 
n~Z<n 4, in general, so that the correction term equation 
(28) is always positive in practice. 

ADDITIV1TY OF VOLUMES 

If additivity of volumes of polymer and solvent holds 
strictly then z,~ = tTi and equations (22) and (23) become, 
with ni independent of molecular weight, 

. o * o \  ..*,, 2 * o x  . . . . .  z 2n~ + n,-  i [zn~nl  +n~- i 
* 0 |  I ~ 4 *o / v = (v~n l/2n;)(n; - n~) 2hi + n ~ - / \  zn ,  + , h -  / 

and 

(29) 

v = vs(n~ - n~)(n~ + 2)/2n l(n~ + 2) (30) 

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

R~=t,~(n~- l) /(n~+Z)=f;s(,7~-1)/(f f~ + 2) (31) 

Here, ~s is a refractive index (called n.~ by Heller) chosen 
so that equations (30) and (31) are satisfied simultaneously. 
From measured values of t,s, n8 and v, Heller used 
equations (30) and (31) to evaluate gs and fi, 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 

g,= R,(nt+2) / (n  ~ -  1) -  6nlv/(n~- 1)(n~+ 2) (32) 

This equation is much easier to use than Heller's method 
and gives values identical to those v 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 ~s, 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 v and by Rietveld 26 agree with the conclusions of 
Bodmann v~, that the Lorenz-Lorentz equation gives 
results accurate to 1 or 2 ~o only, in general. Equation (24) 
should provide a more accurate method of determining 
partial specific volumes from measured values of v, hi, 
ns and t,8 if n~ and n: can be estimated. 

PARTIAL SPECIFIC REFRACTIONS 

Bodmann 12 has introduced the concept of partial specific 
refractions /~z through the equation 

q 

R =  Z w~R~ (33) 
i = 1  

and has deduced, by a complicated procedure, a practical 
equation for the calculation of /~'~ for a solute from a 
given theoretical equation for R and experimental values 
of v, nx and ~s. Partial molar refractions seem to have been 
introduced first by Guggenheim 19, whose treatment is 
simpler than Bodmann's. We note that m R  is an extensive 
quantity (homogeneous of degree one in the masses of the 
components). Euler's theorem on homogeneous functions 
then gives at once 

with 

q 

m R =  x~ miRi  (34) 
t ' = l  

Ri = [O(mR)/Omi]mj (35) 

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

q 

Rs = Z [O(mR)/Om~](Om~/Om,Om~ (36) 
i = 2  

q 

= E ~ ik i  
i = 2  

For a mixture, equation (10) gives 
,/ 

mR=f(n)  V= ~ miRiGi  
i = 1  

Differentiation of the first part of this equation gives 

Ri =f(n)~/+ (Of/On)(On/Oci)(I - c~hi) (37) 

Differentiation of the second part gives 

q 

Ri = RiGi + Z ~if(ni)(OG~/On)(On/Oci)(1 - c i f i )  (38) 
i = l  

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

Rs = v(Of/On)nl + e,~.J'(n 1) 
q 

= Z fiiRiGi + vf(nD(OG1/On)nl (39) 
i = 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=Rs for the 
Lorenz-Lorentz equation, as shown by Bodmann lz. For 
the Onsager-B6ttcher 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 n~ for the solvent can be estimated from 
the variation of refractive index and density p l (=  l/v1) 
with temperature, at constant pressure. Differentiation 
of equation (4) for component 1 gives, if Otl and ul are 
independent of density the result 

/l~ 2 = 2nzl[2nlplOnx/Opl - (n21 - 1)]/[nl(n~- 1) - 
2planl/apl] (40) 

after algebraic rearrangement. BSttcher 27 has deduced a 
similar equation, but in a form suitable for calculating the 
parameter al. 

In practice, very precise data are required to evaluate 
plOnl/Opl, and calculation shows that the error in n .2 is 
about 7 times that in plOnl/Opl, and that the resulting 
error in equation (24) is about half that in n~ 2. No data 
of sufficient precision are available for polymers or for 
tetrahydrofuran. Of the other solvents used by 
Bodmann 12, benzene, toluene, chloroform and cyclo- 
hexane give reasonable values of n~ from experimental 
data2S, 29, but data for other solvents used by him give 
values of n~ less than unity. One reason for this is 
apparent from data for water, where p~On 1/Opl 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 n~/nl is independent of wavelength, and derive the 
values na /n l= l ' l 126  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 (1.578 for water, by 
the above methodZT; 1.545 for CS2 and 1.546 for CC14 
from dielectric data3°). 

To test the Onsager-Bbttcher equation for specific 
refractive index increments, we use the precise data of 
Bodmann 12, and calculate the difference 3 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 3 
to give the correction equation (27). Equation (27) is then 
used to calculate n~ for the polymer. These values are 
all given in Table 1 for PMMA and polystyrene at 25°C, 
two different wavelengths, and in a number of solvents. 
The original data 12 are not repeated here. 

The calculated values of n~ are constant to within the 
error expected from the error in ~ (at least 12 +0.0003) 
for each of the four cases in Table 1, except for two cases 
for PMMA in benzene and toluene, which give values 
less than unity. In these two cases, n~--n~, 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 3 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*/n8 in Table 1 is 1.19, standard error 0.05. This 
suggests that the general approximation n~/n~=7, with 

= 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 Table 1 
are given in Table 2. The greatest difference in the values 
for the left hand side of equation (24) is 0.6 ~o for PM MA 
and 0.8~o for polystyrene, compared with the Lorenz- 
Lorentz values 12 0.9 and 1-3 ~ ,  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 12 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 

System 

Corrections to the Lorenz-Lorentz equation for refractive index increments 

436 nm 

nl 3/10 a -103vf~G/~n 103Rs(1-Gs) n~ nl 
(cm:~/g) eq. (28) by diff. eq. (27) 

546 nm 

3/103 -103vf~G/~n 103Rs(1-Gs) n~ 
(cm3/g) 

PMMA in: 
acetone 1.3645 0"6 2'9 - 2 . 3  1"86 1.3577 
ethyl acetate 1.3778 1.2 2.9 - 1 - 7  1.81 1.3714 
n-butyl acetate 1-4007 1.0 2.8 - 1 . 8  1.90 1.3936 
THF 1.4138 1.0 2.7 - 1 . 7  1.89 1.4068 
dioxan 1.4290 1.3 2.4 - 1 . 1  1.96 1.4216 
chloroform 1.4527 2.9 1.5 1.4 1.83 1.4436 
toluene 1.5133 2.7 0.6 2.1 - -  1.4962 
benzene 1.5195 2.9 0.2 2.7 - -  1-5016 

Average and std. error 1.88+0.05 
n;/ns 1.25 

- 0 . 6  2.7 - 3 . 3  
- 0 . 2  2.7 - 2 . 9  
- 0 . 3  2.6 - 2 . 9  
- -0.3 2.5 - 2 ' 8  

0.0 2.2 - 2 . 2  
1.5 1.4 0.1 
1.3 0'9 0"4 
1-5 0.6 0.9 

1.66 
1.77 
1.74 
1.72 
1 -75 
2.12 
1 48  
1.74 
1.75+_0.18 
1.17 

Polystyrene in: 
MEK 1.3848 - 4 . 0  5.8 - 9 - 8  1.86 
dioxan 1.4290 - 3 , 2  6.1 - 9 . 3  1.86 
cyclohexane 1.4333 - 3 , 3  3.9 - 7 . 2  1.95 
toluene 1.5133 0,6 7.1 - 6 . 5  1.85 
benzene 1.5195 0,6 6.7 - 7 . 3  1 "75 

Average and std. error 1.85+0.07 
n *s/ns 1.14 

m 

1.3779 - 2 . 5  
1.4216 - 1 . 7  
1.4257 - 2 . 1  
1 • 4962 1.6 
1.5016 0.4 

5.3 - 7 . 8  1.88 
5.4 - 7 . 1  1.90 
2.9 - 5 . 0  1.98 
6.5 - 4 . 9  1.92 
6.2 - 5 . 8  1.83 

1.90_+ 0.04 
1.19 
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Table 2 Test of equation (24) with n*i/ni=l .2 (units: cm3/g) 

436 nm 546 nm 

System Left side Right side Left side Right side 

P M M A  in: 
acetone 3.642 3.655 3.562 
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 3.634 3.556 

± 0.008 ± 0.02 ± 0.007 ± 0.02 

3'568 

Polystyrene in : 
MEK 
dioxan 
cyclohexane 
toluene 
benzene 

Average and 
standard error 

5'332 5'308 5-116 
5' 325 5' 109 
5"329 5'116 
5' 291 5' 078 
5' 292 5" 079 

5"314 
± 0" 021 + 0' 01 

approximat ion for n~, 

5.108 

5.100 
+0-020 +0.01 

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

Other assumed values of 7' can be used, but calculations 
show that it is not satisfactory to take n~ as a constant  for 
all components .  In general, ?, > 1.2 gives poorer constancy 
of the left side of equat ion (24), while 7 <  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 ~8 and v, 
errors of about  1 ~ and several ~ ,  respectively, are to be 
expected in the worst cases, and it is impor tant  to use the 
most reliable value of n~ 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* 

d. W. Lorimert and D. E. G. JonesJ; 

Department of Chemistry, University of Western Ontario, 
London 72, Ontario,Canada 
(Received 3 May 1971) 

Theoretical equations are deduced which predict that the specific refractive 
index of a polymer in solution is v=v®+ vo/Mn, where Mn is the number average 
molecular weight, and v~o and vo depend on the refractive index, nl, 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 
i f /~n and the dependence of v on /~n are known. The difference between the 
true and observed values can be very pronounced for values of Mn 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 1, 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 molecu!ar 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. 
I" Part of this work was carried out while on sabbatical leave at 
Dept. of Chemistry, University of Southampton, Southampton 
SO9 5NH, UK. 
~Present address: Department of Chemistry, University of 
Otago, Dunedin, New Zealand. 

solution. General equations for the refractive index 
increment have been deduced 3 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 4 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: 

4 r r N a ~ / 3 = P o + r P r ,  r - -0 ,  1, 2 . . .  (1) 

w h e r e  NA is Avogadro's  constant and Po, Pr are the 
molar polarizabilities of the two end-groups and the 
repeating unit, respectively, each multiplied by 3/47r. 
The molecular weight of  molecule i is 

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

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

47rN a~i/3 = ao + Po~Mi (3) 
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where 

ao =- Mo( eo/ M o -  er/  Mr) (4) 

Poo =- Pr/Mr (5) 

If the Lorenz-Lorentz equation holds, the molar 
polarization is 5, for component i, 

[R]i=(n 2 -  1)vzMi/(n~+2)=47rNAad3 (6) 

where n~ is the refractive index and v~ the specific volume 
of component i. The Onsager-B6ttcher correction to this 
equation is~ 

[R]/= (47rNaoq/3)gi (7) 

where 

gi = 9n~/(n~ + 2)[2n~(l - ui) + 1 + 2ud (8) 

with ui a molecular parameter which has been discussed 3 
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 6, v, while equation (3) with equation 
(6) has been used by Bodmann s, 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 i is 

Ri = (n~ - 1)v,/(n 2 + 2) = ao/m, + R oo (9) 

Clearly, Roo=Poo, in this case, is the specific refraction 
for the infinite polymer. For the Onsager-B6ttcher case, 
equations (3), (6)-(8) give 

(n~ - l)vcmi = 9n~(ao + R o~mo/(1 2 * 2) -uO(2n  i +n~ (10) 

where 3 
n~. 2 = (1 + 2 u 0 / ( l - u i )  (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 ,  I, 2 . . .  (12) 

where Vo, Vr are the molar volumes of the end-groups 
and of a repeating unit. For many homologous series 7, 
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/ Mi + voo (13) 

where 

bo : Mo( Vo/Mo-  Vr/Mr) (14) 

u~= G / M r  (15) 

Clearly, v~ is the specific volume of the infinite polymer. 
If fii=mi/m,,, is the relative mass fraction of com- 

ponent i in a polydisperse component of mass ms, the 
specific volume of this component is 

v,~ = bo/Mn + voo (16) 
where 

q 

~ln= Z fidMi (17) 
i=2  

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 9 (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 G 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 b0 
and c~ are functions of the nature of the solvent, for 
a given polymer. To emphasize this, we write for the 
partial specific volume 

~s=bo/ mn  + #oo (18) 

Equation (18) has also been proposed empirically 1~ 
from data on poly(methyl methacrylate) and poly- 
styrene, again without specifying which average molecular 
weight is involved. Statistical mechanical calculations ~2 
also support equation (18), but add a small term KRT 
to bo, where K is the isothermal compressibility of the 
solvent at temperature T, and R is the gas constant. 

SPECIFIC REFRACTIVE INDEX INCREMEN'IS 

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 

(2 v/n~)( 2n 4 + n~2)/( 2n~ + n~ 0~) = 

[ R ~ / ( l  - us ) (2 ,~  + JC'-) - ~ ( / / i -  1)/,~1 + 

[a0/( l -  us)(2n/+ n,,*,2)- 50(//i - l)/n~]/Mn (19) 

for the Onsager-B6ttcher case, and 

6/11 v/(n~ + 2) 2 = [R oo- 0oo@i - 1 )/(,~ + 2)] + 

[a0-  b0(//~- l)/(n~+2)]/JQn (20) 

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

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

v= voo+ vo/M,~ (21) 

for the solute, and 

v~= voo + vo/ M~ (22) 

for each component, where vo~ is the value of v~ at 
infinite molecular weight, and v0 is related to a0 of 
equation (3) and to b0 of equation (18). Both v~o 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 1',3-~, 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) ~7. It is doubtful that the p-oligopheny- 
lenes constitute a true homologous series, but equation 
(21)is in reasonable agreement with experiment even in this 
case. In general, calculation 13-t5 and experiment l~ show 
that the term in &in is usually not important for values 
of kStn greater than 5-10× 103. Dependence of v on 
molecular weight will be greater for polymers with 
large values of a0 and b0, 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), 6n~v/(n~+2)" is ap- 
proximately linear in (n~- l)/(n~ + 2) for a given polymer 
with a given h4n, since fo~ and b0 vary only a few ~o in 
different solvents, in several cases ~1, ~5. Rearrangement 
of equation (20) shows that v is also approximately 
linear in nl, since the factor 6n1/(n~+2) varies only 
about 2 ~  over the range n~= 1"3 to 1.7, which covers 
most common solvents. In fact, this range of nl is so 
small that plots of v against n l  or against n~ are both 
linear. This observation has been considered to be a 
consequence of the Gladstone-Dale equation TM ~, ~8, ~a 
but obviously has a much more general basis. The 
dependence of v on refractive index of the solvent is 
more complex for the Onsager-BSttcher equation 
(19), but can be calculated if n~ is known with sufficient 
accuracyL 

THE LIGHT-SCATTERING EQUATION 

The turbidity r for a polydisperse non-electrolyte in a 
single solvent is given byL 2 

q 
~'/H'= ~ xiM~(On/Oxi) 2 -  

i ~ 2  
q 

½ Z ~j(a,,/axO(a./axj)x~xj (23) 
i , j = 2  

where 
H ' =  32~'an~/3NAClA 4 (24) 

with NA 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 i=mdm~,  where nq 
is the mass of the solvent. The quantity 

flij = Mj(O In ~l/Oxj)zi, 

where ~,~ is the activity coefficient of component i, is 
the first term in a Taylor expansion of in ~,~ in the con- 
centration. In terms of the concentrations c~=mdV 
in mass per unit volume, x i=  c~/cl, and 

x~On/Ox~ = c~ v~( l - c~ ~)  (25) 

The terms in equation (23) are correct to quadratic 
terms in x~ so that c~0~ 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), 

C 1H'vZCs/r = 1 /l~tw + 2A zCs (26) 

where the weight-average molecular weight is 
q 

Mw = E c~M~/cs (27) 
i = 2  

q 
with Cs= Y~ ci the total solute concentration, and the 

i = 2  

seeond virial coefficient is 

.42 = ~ Z [3~mcd~t~,c~ct (28) 
~,3 

We therefore rewrite equation (23), using equation (25), 
in the form 

ClH 'V2Cs/'r = 
(l/Mobs)[1--(½MobsV2ClCs) i~j fltjv, vjC,C,] -1 (29) 

where 
q 

Mobs = ~ ~ 2 C~ .~Mi/cs v (30) 
i = 2  

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

C 1H' v 2Cs/'r = 1/Mobs + 2A obsCs (31 ) 

where 

Aobs=(¼M%bsV2Cz, Cl) Y~ [3ijvivjc~cj (32) 
Z,3 

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 Mw and 
Az. Substitution of equation (22) in equation (30) gives, 
using equations (21) and (27), 

Mobs=(v~/,)2[~w+2~o/voo+( '0/ ,®)21~.]  
= / ~ t n  + ( v oo /v)  2 ( / ~ w  - - / ~ t n )  ( 3 3 )  

The observed molecular weight is equal to the weight- 
average molecular weight only when v= vo~. In general, 
both the number-average molecular weight and the 
dependence of v on molecular weight must be known 
in order to obtain Mw from Mobs, and Mobs can be 
larger or smaller than 3~tw, depending on whether v 
increases or decreases with molecular weight. 

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

I '~ 2 o Aobs=(~MSbsV C.7Cl) • [3ij(voo+ vo/M~)(voo+ vo/Mj)Qcj 

" M , / v  MobsCl)x =(A2va -"- 9_ 

[1 + B~I30cicj(I/Mi+ I /Mj+ vo/vxMiMj)] (34) 

where 
9 - -  4B= vo/vooczMwA2. 

The main difference between Aobs and A._ 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: 

o - -  2 A2 = (J/NAc;M,,)  Z. F(J~I~ )cicJMiMj (35) 
t,3 

where 

J = (¢1 - ~q)v~/V1 (36) 

with ¢1, K~ enthalpy and entropy parameters charac- 
teristic of the polymer, Vs the specific volume of the 
polymer, and V1 the molar volume of the solvent. 
The function F(J f~)  contains the quantities sc~j in its 
argument, which are related to the excluded volume 
of an tj pair. In the present case, v~ is an increasing 
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function of molecular weight, and calculations show z° 
that F ( J ~ )  is a decreasing function of molecular 
weight. A reasonable approximation for the range of 
molecular weights over which v~ is not constant is 
thus to take J F ( J ~ )  constant. According to equations 
(35) and (28), this means that/?q = 4AzM~M~Cl, and equa- 
tion (34) becomes 

Aobs/A 2 = ( v~Mw/vMobs) 2 x 

[1 +(2v0/vooMw)(l+ v0/2vooMw)] (37) 

Once ~-],, is known, Az can be obtained from Aobs and 
equation (36). 

Figure 1 shows the dependence of Mobs and Aobs on 
the refractive index of the solvent for a polymer with 
34w = 2~tn = 2000, v~5 = ~ = 0-9 cm3/g, n~-" = 1'60, a0 = 10, 
b0= 100cm~/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 
Mobs and Aobs on HI. 

MIXTURES OF POLYMERS 

q' 

= ~ + ~o/]ffL~ 

where 

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, WB= 1--)t'A. 
For each of the q ' -  1 members of type A (component 1 
is the solvent), 

v~ = v:~ + v~/Mi, i= 2 . . . . .  q' (38) 

and a similar equation holds for the remaining q - q '  
members of type B. The observed refractive index 
increment is then 

q 
E [3~( vB + V~o)/MO 

i=q '~ l  

(39) 

V0 = .ra v~ + .v~ v'0 ~ (40) 

~,~ = wiv:~ + W~v~ (41) 
q' 

M-,~*--WA/ Z fi~/]~ (42) 
i=2 

and XA, xt~ are the mole fractions of A and B, and a 
- -  B similar equation holds for M , .  From equations (30), 

(38) and (39), the observed molecular weight is given 
by: 

q 
VZMobs= E v~eiMi/cs 

i=2 

=(,~:5.)"w~(~;~,--* ,~,~,~), , ~  -B  M , , ) + t  ~ - ' D r  , . - M ~ ) +  
(vA)2wAM ;? + ( v")2),'t{M. ~ (43) 

where e.~=eA+c~ is the total solute concentration, and 
the weight-average molecular weight of A is 

q' 
--A M ,,,= ~ c~Mi/CA (44) 

i=2  

Mw--B is defined in the same manner. Equation (43) may 
be expressed in a form analogous to equation (33): 

g2Mobs=~23~C~+v~(M,,- -*  ~ -- v )voo+ -° - M , , ) + 2 ( P -  R ) ( v "  l{ - 

( Q  - S )( v-~ - v~) 2 + 2R( v A - v B) ~ + 

S ( v A -  vu) 'z (45) 

where 
--* --~t M,, = I*'AM;, + I*'B/~ ]) (46) 

and ~¢w and ~ 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 ~, ~ and M~ in 
equation (45), equating the resulting equation to equa- 
tion (43), and comparing coefficients 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 = WAWB(M)). -- ~¢ ~) 

Q = W A W B 0 f B / ~  ;), "4- WA/~  I~) (47) 
R = WAW,(~q,,* -- ~ '  ~)) 

Equation (45) contains ,~,~, which is not directly 
measurable from the properties of the mixture alone. 
if wAM;, ~ and )~'t~7/l,{ are not widely different, a-/,~ is 
much closer to M,, than to /14,,. For vi} = v~)~=0, equation 
(45) reduces to t-he 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 Mobs. Since the total refractive index 

can approach zero while ~,,  ~ -  vB and v A  Vt{ 
remain finite, these terms alone can cause the observed 
molecular weight to become very large in an appropriate 
solvent et. 

If  the properties of each component of the mixture 
are known, the behaviour of equation (4~) as a function 
of the refractive index of the solvent can be found. 

-- A As an example, take M,,,= 5000, M '  9000 

- .~  - A  _ / ~  ~{/~ t {_  2. M,,] M . . . .  ., ,, -- 

For polymer A, v, ~ =~=(- 0.8cm3/g, H(-= 1.50, a0=20, 
b0=200cma/mol.  For polymer B, the parameters are 
those used to derive Figure 1. For a mixture with. 
WA=W~{=0"5, 2 P = R =  1500, Q = S / 2 - 8 7 5 ,  

~ . , = 2 ~ : = 3 5 0 0 ,  

~¢,~=1429, M, , ]M,=2"35 .  In l:~ure 2, the observed 
molecular weight, calculated from equations (45) and 
(19), is plotted as a function of H~, the refractive index 
of the solvent. As in Figure 1, it is apparent that the 
mixture terms become less important as the value of 
nt differs more from the refi'active index of either solute 
component. If the assumption ,Q,,=~¢~ is made, the 
correct M,, can be estimated from measurements of 
Mobs as a function of m. 

Comparison of Figures 1 and 2 shows the striking 
difference in the dependence of Mo~).~ on n~, especially 
near the value o f m  for which ,~ becomes zero. I n principle, 
this dependence can be used to detect the presence of 
two components with different refractive index incre- 
ments. A simple mixture and a copolylner cannot be 
distinguished however, since equations of the same form 
hold for a copolymer 21. 
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Figure 1 Mobs/~lw as a function of refractive index of solvent, 
nl, - - - - ;  Aobs/A2 as a function of nh - - . .  The polymer has 
Mw=2/~n=2000,  and other parameters as given in the text 

countered  in practice. F o r  the example given above,  
v B -  v A and , ,B_  vA vary from 0.07 to 0.09 and ~o/~ oD oo 

varies f rom 0.06 to 1.0 over the range n l =  1.8 to 1.3, 
while ~ varies f rom 0.2 to - 0 . 3 .  Accord ing  to equat ion 
(45), Mobs is then a quadra t ic  function o f  l / J ,  o f  the 
form:  

Mobs = A + B/~ + C/~ 2 (48) 

F o r  the example given above,  A = 2 . 8 7 x  103g/mol, and  
the average values o f  B and C are - 4 8 . 0 x  103cma/mol 
and 5 . 6 x l 0 3 c m 6 g - ~ m o l - ~ ,  respectively. I f  the da ta  
for  the example are fitted by quadra t ic  least squares z2 
to equat ion (48), the values 

A = 3 . 2 1 x 1 0 3 ,  B =  - 4 9 . 0  x103, C = 7 . 0 x l 0 3  

are found,  in reasonable  agreement.  Figure 2 also shows 
Mobs as a funct ion o f  1/~. The least squares curve is 
indist inguishable f rom the plot ted  points  on the scale 
of  the Figure.  A similar  approx imat ion  should also 
hold  for the s impler  case v0a= v~ ~=0, but  if the da ta  of  
Bushuk and Benoit 21 are fitted to equat ion (48) by 
least squares, the values of  the coefficients A, B and C 
differ considerably  f rom their estimates. The s tandard  
error  o f  est imate is also large, and emphasizes that  
highly precise scattering da ta  are necessary if a mixture 
is to be analysed by any of  the above  methods.  

% 
x 

0 

12 

IO 

I 

| 

\ 
\ 
\ 

\ 
\ 

\ 

I 
/ 

/ 
I 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

2 
I'O 1"2 1'4 1"6 1"8 2 .0  

n I 
- 5 0  0 5 0  

cm3g-l/ 

Figure2 Observed molecular weight of a mixture with parameters 
as given in the text as a function of a refractive index of solvent, 
nt, ; and as a function of average refractive index increment, 
p, - - - - .  The dashed curve is parabolic. The correct weight 
average molecular weight is /~w=3500 

If  the proper t ies  of  the individual  componen t s  of  the 
mixture (or copolymer)  are unknown,  t rea tment  of  
exper imental  da t a  using equat ion (45) to find the para-  
meters (47) is difficult, since the roughest  approx imat ion  
gives ~2Mo~s as a quadra t ic  function of  the refractive 
index of  the solvent. A useful approx imat ion  is to 
assume that  ~ / ~ ,  v A - v B  and v =~-v  ~ vary much less 
than ~ or  ~ over the range of  values of  n~ that  is en- 
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Preparation and properties of 
networks containing chloroprene 
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The free-radical solution polymerization of chloroprene (CP) photoinitiated by 
manganese carbonyl [Mn.,(CO)lo] in the presence of organic halides has been 
studied and found to obey conventional steady-state kinetics with kvkE~/"=O.012 
mol ~/2 i~/,~ s w'~. Use 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 point is 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 1-4 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 w a s  

therefore thought desirable to use a diene as crosslinking 
monomer to enable the osmium tetroxide fixation 
technique described by Kato 6 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 7. 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 kpkt  a/2 (kj~, kt 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 4, s. (Chloroprene itself does not 
behave as an active halide in the reaction.) Reasons 
have been advanced in an earlier publication 4 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 (k~>kt 1/2=0.055mol t/~ 11/2 s-l/., at 25°C) 
allowed k~,kt 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 4 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 [Mn2(CO)a0] 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-bury! 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 methyl methacrylate and the 
preparation of poly(vinyl trichloroacetate) have been 
described in an earlier paper 9. Analar ethyl trichloro- 
aceta.te, required for the determination of kpkt -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 elsewhere 1. 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 1°. 

A JEM7 electron microscope, operating with an 
accelerator voltage of 80 kV, 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 t~m. 

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 (0-04% w/v), and the solvent was 

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 v/as greatly facilitated by the carbon support. 
Film thicknesses obtained by this technique were 
calculated to be of the order of 100 nm. 

Thin films of the PVTCA/PCP network (I) (Table 1) 
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 1% 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 (Table 1) from which excess monomer and 
solvent had been removed in vacuum, was stained in a 
1% 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 kpkt 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 J were determined by comparable experi- 
ments with methyl methacrylate. Figure 1 shows that the 
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Figure I Proportionality between rate of polymerization of chloro- 
prene ~ and square root of rate of photo-initiation j i / 2  at 25°C. 
[Chloroprene]=8.16mol I-1; solvent=benzene. 104[Mnz(COho] 
(mol I-1): O 5.14, • 10"28.[Ethyl trichloroacetate]=0.032mol I-L 
,~=435-8nm 
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Figure 2 Proportionality between rate of polymerization of 
chloroprene and chloroprene concentration at 25°C. Solvent= 
benzene. 104[Mn2(CO)10]=10.28mol 1-1. A=435.8nm. [Ethyl tri- 
chloroacetate] = 0' 032 mol 1-1 

rate of polymerization ~o 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: 

co=kpkt 1/2[M] j-l/2 (1) 

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

kpkt 1/'~=0'012+0"001 tool -1/e 11/2 s 1/2 (2) 

Termination reaction in chloroprene polymerization 
Use of a polymeric halide such as PVTCA in association 

with an organometallic derivative (e.g. Mn2(CO)10) leads 
ultimately to gelation if termination occurs at least 
partly by radical combination. Under tile simplest 
conditions, application of gel theory leads to the follow- 

0 ing expression for the gel time t~, 

1 / P,,. ktc 
tl)= c ktc+ktcl (3) 

in which P,,, c represent the weight-average degree of 
polymerization and base-molar concentration of the 
prepolymer and ktc, kta are the velocity coefficients for 
termination by combination and disproportionation, 
respectively, in practice, t~ ~ may differ from the observed 
gel time tu on account of the occurrence of transfer 
processes, initiator consumption, and radical wastage 
arising from ring-formation 1, 2. Methods for calculating 
tl) from t o 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  

consumption of M n2(CO) 1011. Chain-transfer was supposed 
to be negligible in the chloroprene system; for methyl 
methacrylate the transfer constant to monomer was 
taken as 2 × 10 -5 at 25°C. According to equation (3) a plot 
of  l/t ° against f for constant c should be linear with 
slope 

Pw ktc 
c ktc +kia 

Thus if Pw/c is known, ktc/(ktc+kta) may be calculated. 
Alternatively, if t o is determined for a monomer for 
which the nature of  the termination reaction is known, 
application of equation (3) gives Pw/c and hence leads to 
a value of ktc/(kta+kta) for the monomer under investi- 
gation. We have adopted the latter procedure, with 
methyl methacrylate as the reference monomer. From a 
plot of l/t~ ) against f for methyl methacrylate we find 
that 

fi,+,/c = (5'56 + 0"72) x 104 tool 11 (4) 

A plot of  l/t ° against f for chloroprene in benzene 
solution (80% v/v) is shown in Figure 3 for a value of 
c (0.046 bmol I 1)equal to that in the methyl methacrylate 
experiments. From equations (3) and (4) we find that 
for chloroprene at 25°C 

ktc 
- 100_+0'13 (5) 

ktc + ktct 

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 o f  networks contahl- 
ing chloroprene 

During the preparation of these networks it was found 
that for reactions taken beyond the gel time the con- 
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Figure 3 Dependence of corrected gel time t~ on f at 25"C. 
[Chloroprene]=8.16mol I-1; solvent=benezene; 104[Mn2(COho] 
(mol I-1): x ,  2.57; @, 5.14; 0 ,  10.28. [PVTCA]=0.046bmol  I - l  
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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 tg, and 
the effect is much less marked than with chloroprene 
(see Figure 5). It has previously been reported 5 that 
styrene also shows considerable autoacceleration under 
similar conditions. The autoacceleration is clearly a 
manifestation of the Trommsdorf-Norrish effect, arising 
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20  4 0  60  80  
Reaction time (min) 

Figure 4 Autoaccelerauon during network formation with chloro- 
prene at 25°C. [Chloroprene]=8.16mol I-Z; solvent=benzene; 
[PVTCA]=0.046bmol  I -z. 109J (mol 1-1 s-l):  N,  76; O, 15; A ,  7.5. 
Measured gel times (min): [7, 4; O,  20; A,  44. 104[Mn2(COho] 
(tool I-Z): 17,10.28; O, 5.14; A,  2.57. - - - - represents calculated 
initial rates of conversion 

from a reduced velocity coefficient of chain termination. 
The results obtained with the three monomers suggest 
that a low value of kpkt -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 
kpkt -1/2 are polymerized, since it allows appreciable 
conversions to be obtained in "relatively 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. J × reaction time), rather 
than from kpkt am. 

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 I II 
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Figure 5 Autoacceleration during network formation with methyl 
methacrylate at 25°C. [MMA]=7 .5mol  I-Z; solvent=benzene. 
[PVTCA]=0 '092bmol  I - l .10sJf=3.8mol  I -z s -z. 104[Mn2(COho]= 
5"14mol 1-1 . Measured gel t ime=55min 

Initial [Mn2(COho] (mol 1-1) 5.14× 10 -4 6.4x 10 -~ 
[PVTCA]  (g/I) 10 12.5 
[M]  (mol I -a) 8"16 7.65 
Observed gel time (min) 44 3-4 
Reaction time (min) 25 35 
10%.¢o(mol I - t  s -a) 7"5 110 
102 [AM] (mol I -a) 1 29 (calc) 43 
% Chloroprene in network (w/w) 10-4 75.5 
Mean no. of crosslinked units per 
weig ht-average prepolymer chain 0.57 11 • 7-8.8 
~n 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 II (Table 1), 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 I (Table 1) 

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

Figure 7 Electron micrograph of film prepared by the first method ; 
thickness ~2/Lm; network I (Table I) 
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Figure 9 Electron micrograph of film of blend of PVTCA and 
PCP (100 : 16 w/w) cast as in the first method; thickness ~2/~m 

torti(~n 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 blends 12. 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 ( ~  150rim) 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 200nm; since it is greater than even the 
fully extended length of an average PVTCA chain, the 
rubber domains cannot be connected by single PVTCA 

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 (P~ = 2290) if no 
PVTCA is incorporated. Further, the domain diameter 
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a 

Figure lOa Schematic representation of specimen I (Table 1). 
, PCP chain; , PVTCA chain 

b 
Figure 10b Schematic representation of specimen II (Table 1). 
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 
Pn=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 7.5x 10-9× 1500=1.12× 
10 -Sbmol 1-1, and since the concentration of PVTCA 
is 4.6× 10-2bmol 1-1 the probability of a given unit 
entering into reaction is only 2.43 × 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 lOa. 

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 lOa would be thermodynamically 
unfavourable. 

The situation is naturally more complicated with 
specimen II  (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 lOa, but that the domains must 
now be linked together, predominantly by PVTCA 
(Figure lob), but perhaps also by some polychloroprene 
(X, Figure lOb). Geometrical constraints may necessitate 
the trapping of some PVTCA in rubber domains (Y, 
Figure lOb). 

If  the suggestions advanced above are correct, it 
follows that in these systems the domain size should be 
mainly determined by the mean crosslink length, 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 
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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 Jolocked 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 c~-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 also 
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 1 4. Both the 
equatorial reflections (at approximate Bragg spacings of 
80/k (el), 45/k (e._,) and 27• (ea))and the meridional 
reflections (as orders of a macroperiod of 198,~) 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 fibre 3. The 
matrix-microfibril contrast observed in the transmission 
electron microscope 3, 6 has suggested a line structure of 
'holes' arranged in an electron-dense medium '~ and this 
structure has been related to the spacings and intensities 
of el, 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 
redmction treatments prior to staining. This paper 
examines the effect of difl'erent prior reduction treatments 
on the X-ray diffraction of silver-stained keratin. 

EXPERIMENTAL 

Lincoln wool samples were prepared in which (i) 40~o 
of the wool cystine was reduced with thioglycollic acid 
(termed 'most reactive' cystine); (it) 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) 80~o 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 × 10 -4 N) hydrochloric 
acid wash to remove any metal ions and reduce the ash 
content of the wool 7, 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 laboratory s. Nickel 
filtered CuK~ (,~= 1.54A) radiation was used and was 
generated from a Hilger Y-25 100t~m microfocus tube 
operating at about 35 kV and 2.5mA. 

High-angle photographs using CuK~ radiation were 
taken on simple glass-capillary collimated cameras, also 
designed in this laboratory 9. The source of X-rays was a 
Hilger and Watts Y-90 X-ray generator, working at 
34kV and 14mA. 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 
MkIIIC.  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 thiogtycollic 
acid followed by a standard wash to yield samples of 
known constant thiol content (equivalent to 4 0 ~  
reduction), and the silver nitrate staining procedure at 
pH 5-4, were both developed in this laboratory 3. Uptakes 
of silver were measured gravimetrically against blank 
samples. 

Reduction with 4 ~ (w/v) THPC at pH 5.410 yielded a 
sample with 80~o of the cystine converted to thiols. 
In the case where the sample had already been reduced 
by thioglycollic acid and subsequently alkylated, all t h e  
remaining cystine was reduced. Before further reaction 
THPC reduced samples were quickly washed in successive 
changes of conductivity water for 10 rain. 

The alkylation procedure with 0.05 M ethylene di- 
bromide at pH 8 has been described elsewhere al. 

The thiol contents of all the samples were measured 
by gravimetric uptake of phenyl mercuric hydroxide 3, 
and by measurement of the remaining cystine after 
alkylation of the thiols, by the Shin O'Hara method 12. 
This was compared with the cystine content of untreated 
wool, which was found to be 860 t~mol/g, in agreement 
with the analyses of other workers ~, 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 

Table 1 Uptakes of silver after reduction of cystine in Lincoln 
wool 

Reduction treatment 
Thiol content Silver uptake 
(Fmol/g wool) (t~mol/g wool) 

0.45M thioglycol l ic acid (pH 6) 340 
0.2M THPC (pH 5.4) 700 
0.45M thioglycol l ic acid (pH 6) 
alkylation with (CH2)2Br2 
further reduction with 0.2M 
THPC (pH 5.4) 580 
Complete reduction and 
alkylation 0 

1220 
2120 

1470 

310 

Table 2 Intensity distr ibution of the low-angle equatorial reflec- 
t ions el, e2, e3 at approximate respective Bragg spacings 80 ~., 
42 ~ ,  27 ~ in silver-stained Lincoln wool 

Approximate 
enhancement 

Intensity ratio (intensity ratio 
Treatment lel : le~ : le3 le2 : I~.s~)* 

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 
80% 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 ~, 

far too high to be accounted for by a stoichiometric 1 : l 
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 pho.tograph of the 
sample in which the 'most reactive' cystine has been 
reduced and labelled with silver is shown in Figure 1, and 
that of the sample in which the 'least reactive' cystine 
has been reduced and labelled is shown in Figure 2. 
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Figure 1 Low-angle X-ray diffraction photograph of Lincoln wool 
that has been silver stained after reduction of the 'most reactive' 
cystine 

- ~th 

th 

rd 

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 ~, a This type 
of pattel m, 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 fi'om 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 el due to external 
interference between microfibrils, and e,, and ea repre- 
senting the scatter from a single cylinder, radius 37'5A, 
having an intensity ratio le,, : l e a ~ 4  : 1. When, however, 
the 'least reactive' cystine is labelled, the relative intensity 
of et becomes much lower, and le., : lea ~ 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 
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lower the intensity of the external interference giving rise 
to el. By drawing an analogy with untreated Lincoln 
wool, where le2 : l e a ~ l  : 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 microfibri114. In the usual stained 
specimens as typified by Figure 1, 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 lee : le3. 

these results suggest, tneretore, 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 feature of the meridional difl'raction 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 a lysine repeaO ~', HL I t  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 

1 

Intensity ratio 
Treatment lard : /5th : /Sth 

'Least reactive' cystine silver stained 
80% cystine silver stained 
'Most reactive' cystine silver stained 

1 0 : 2 : 1 . 5  
1 0 : 2 : 4  
10" : - -  : >10 

* I n  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 (~) 

Untreated 'Least reactive' 
Order Lincoln wool cystine silver stained 

3rd 65.8 61.65 
5th 39* 36.80 
8th 24.4 23.20 
Macroperiod (,&,) 198 185 

* A very weak reflection which is only occasionally observed 
in untreated specimens s,~-~ 

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 collagen iv, and more recently 
on untreated a-keratin 8, 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 reflecUon is enhanced, its 
Bragg spacing is the same as in untreated specimens at 
24.4A. When the 3rd, 5th and 8th orders are enhanced, 
however, the spacings all contract by 6 .5~ and the 
macroperiod falls from 198 to 185/k (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 coiP 8, xg. (Recently, other a-helical 
forms have been shown to be possibilities 2°-23, but, this 
is irrelevant to the following argument.) In particular, 
the strong meridional ~eflection at 5.15A represents the 
pitch of an a-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 2 ~  24) but accurate measurement showed 
that the reaction sequence had caused no change. 
However, further considerahon 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"15/~ 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, 

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 s-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 s, 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 25 or, more specifically, cystine residues 8. 
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 
66A 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 198A, its actual Bragg spacing being 
recorded as 39A s,2~. These characteristics would be 
expected if the cystine residues giving rise to the repeat 
were occasionally spaced at intervals shorter than the 
theoretical 39-5 A. The contraction of non-helical regions 
every 66A 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 5th order 2,4. 

CONCLUSIONS 

The structure of the matrix 
The broad halo (Bragg spacing=25.~) observed in 

X-ray diffraction studies of silver-stained fibres and the 
sharp diffraction ring (Bragg spacing= 21 ,~) observed in 
X-ray diffraction patterns of the silver-stained kerato- 
genbus zone of developing fibres have been interpreted as 
indicating matrix order2V, 28. In the latter studies 2s 
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 keratinization owing to oxidation of 
cysteine to cystine. 

More recently, very wide angle studies have suggested 
that the matrix consists of short, randomly orientated 
s-helical segments 3, s, and the 25,~ halo has been related 
to the leflgth of a segment 8. A closer examination of this 
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Figure 3 The molecular configuration of c~-keratin. (a) Proposed 
structure for the matrix, consisting of short units of helical plus 
non-helical material, about 25 ~, long. Cystine (half-cystine repre- 
sented by © ) i s  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,~ long. The non-helical 
sections all contain cystine and there is a 66 ~ cystine (half- 
cystine represented by ©) repeat. The other cystine repeat 
(half-cystinerepresented by x )  is shown as 39.5~ 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 ol  slightly 
greater spacing along the meridian s , 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 
matrix 29. 

In th~s 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 keratin1), 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 tbrm a fairly 
large proportion of the protofibrils. Optical transform 
results show that 607k lengths of coiled coil will yield 
well-ordered helical reflections, although if the length is 
reduced to 27A they become diffuse e'5. 

The idea of alternating helical and non-helical regions 
has been the basis of various mechanical models e9, a0, 
and also some recent models derived from chemical 
studies al-aa. 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 
residues2a, ~5, and the straight ~-helix models ~°-'~. 
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 
fibres 34 

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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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 t (DBB), using X-ray 
diffraction techniques. It has also been determined by 
Tomashpol'skii and Markova 2 (TM) using electron 
diffraction techniques. The DBB structure has been 
refined by Arnott and Wonacott  3. Neither Daubeny 
et al. nor Arnott  and Wonacott located the hydrogen 
atoms; Tomashpol'skii and Markova, however, have done 
SO, 

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 4, .5 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 to the chain axis. The 
opposite efi'ect has been observed experimentally by 
Liang ~ and Manley and Williams 5, 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 satislies 
the infra-red results. 

However, unless the repeat distance along the molecular 
chain is to v.ary, compensating rotations must be applied 
to other wdence 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. 

CAECULATION 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/~) is the correct 
value of this length. The evidence for the unit cell 
determined by Daubeny et al. was very conclusive and 
this cell has been confirmed by the independent investi- 
gation of Tomashpol'skii and Markova. Thus this 
ass/~mption 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 
is calculated. The calculations are considered in three 
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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 • 31 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 
2-3-1 120 117 123 126 
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 I 
(1) Normally assumed value for length and angle of this bond 
(2) Calculated from coordinates of Daubeny et al. 
(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 is 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 

are designated ~, /3 and ~ respectively. The polarization 
of the absorption band due to the symmetric vibration 
will be controlled by ~, and that due to the asymmetric 
vibration by a. 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. 

RotaUon 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 0. Thus the 
coordinates of 6 may be expressed as a function of 0. 
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 4'. The coordinates of 
A may therefore be expressed as a function of 0 and ~b, 
and its distance from P calculated in terms of these 
variables. Since PA= 5"375,~ (half the repeat distance), 
q~ may be expressed as a function of 0 and its value 
determined for any value of 0. 

For a given value of 0, 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 
CH2 bonds will bisect the angle between bonds 5-6 and 
6-7 and the angles c~,/3, and ~, may be determined. 

By repeating the calculation for different values of 0, 
the smallest possible values of ~ and ~, 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 0 and q~, 
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 10.75 A, 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, i.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 ~,/~ and ~, calculated for each of the methyl- 
ene groups. It 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 V occurring in this range 
was determined. 
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RESULTS OF CALCULATIONS 

Normal bond lengths and angles and centro-symmetrv 
The angles ~, /3 and 7, defining the inclination of the 

methylene groups to the chain axis are plotted in Figure 3 
as a function of 0. It is seen that the minimum values of 

did not occur at the same value of the torsion angle 0 
as the minimum in y, and that neither angle approaches 
anywhere near the values required to explain the observed 
dichroisrn. 
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Figure 2 Coordinate system 

Figure 3 Inclination of methylene group to chain axis. - -  No 
strain; . . . .  10% strain in bond 3-4; • 10% strain in bond angle 
3-4-5; C) 10% strain in 3-4 and 10 ° strain in 3-4-5 

Strained bond lengths and angles and centro-symmetrv 
The angles ~, /3 and 7 were most sensitive to strain in 

the length of bond 3-4 and in the angle of the bond 3~-~ ,  
and are plotted as functions of 0 for both of these strains 
in Figure 3. The Figure shows that even with a 10~ 
strain in 3-4, or a 10 ° strain in 3-4 5 ~ and 7' 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 0 the angle y is seen to approach the 
range of values required to explain the dichroism, but 
(~ remains outside the range for all ¢). Similar results are 
obtained (though not plotted) if 3 4 is strained still 
further whilst maintainifig the strains in 3-4-5, or if 4-5 
or 5-6 are strained by 5 or 10'~o whilst maintaining the 
strain in 3 4 and 3-4-5. No combinalion 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 7' were 79-4 ° and 85-6 ~ for 
each of the groups. The conformation for which 7' was 
a minimum was centro-symmetrical with 7=69.0  ° and 

= 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 f rom 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 1 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 a, /3 and 7 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 
a, /3 and 7' 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 7' 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 ~. 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 I 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 8 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 

on /, 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 I 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; (iii) 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 000or 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 (%) 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 C,e is related to 
an increase in polydispersity of molecular weights in the fractions. 

INTRODUCTION 

Poly(ethylene oxide) is particularly 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 70cC. 

Several studies of the melting of very low molecular 
weight poly(ethylene oxide) samples have been made t a 
It has also been reported< '~ 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 < v which indicate a complex morphology in such 
polymers. 

Here we present an experimental and theoretical study 
of the mehing 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 

cdmmercial 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. 

Table1 Character is t ics of the poly(ethy lene oxide) f ract ions 

Mn 
[71 

Fraction Source Osmomet ry  Ana lys is  (d l /g)  Mw/Mn 

1 000 A 1040 1070 - -  1 • 06 
1 500 A 1580 - -  0. 062 1 - 05 
2 000 B 2030 1910 --. 1 • 05 
4000 A 4070 - -  0-118 1 0 5  
6000M C 6100 - -  0-186 1.11 
6 000 A 6100 6040 - -  1 • 23 

10000 B - -  - -  0.295 1 "2 
20 000 C - -  - -  0" 374 1 ' 2 

A.  Shell Chemical  Co. Ltd, Shel l  Centre, London,  S W l  
B. Hoechs t  Chemicals  Ltd, Hoechs t  House,  Sal isbury R o a d ,  
Houns low,  Midd lesex 
C. Union Carbide Ltd, Chemicals  Div is ion,  8 Graf ton 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 ofa  Mechrolab Vapour Pressure Osmometer 
and by end-group analysis 8. Intrinsic viscosities in 
benzene at 2 5 C  were measured as described earlier 9. 
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 5 x 10GA to 
700A nominal pore size, were used at a flow rate of 
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1 cm3/min. Correction for adventitious dispersion was 
made by the method of Aldhouse and Stanford 1°. 
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 (e2) of a hypothetical monodisperse 
polymer sample. For the set of columns used here we 
found ~r= 10.5-0.047v where v is the elution volume in 
cm 3. Calibration was by plotting log10 Mn 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 (<200mg),  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, Tc. Thermal equilibrium was established 
within 2min. 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 I°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, Tin, was taken to be 
that temperature at which detectable crystallinity disap- 
peared; a subsidiary melting transition was defined by 

C 

E: 
(3n 

C /y 
I I 

61 62 63 64 65 
Ternperotur¢ (oc) 

Figdre I Dilatometer meniscus height (arbitrary units) against 
temperature (°C). for poly(ethylene oxide) fraction 6000M crystal- 
lized at various temperatures (Tc). A: Tc=54.1°C; B: Tc=54.8°C; 
C: Tc= 55"5°C 

the appropriate point of inflexion in the melting curve 
(see, for example, Figure 1). 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/dayL 

Low-angle X-ray scattering 
A Rigaku-Denki slit collimated low angle camera 

was used, with copper Ks 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 0.075 cm wide. 

Poly(ethylene oxide) samples (dimensions 2.5 x 1.0 x 0.1 
cm) were prepared on Melinex polyester film by melting 
and then recrystallizing on a microscope hot stage 11. 
The Melinex film was removed before the sample was 
exposed. 

RESULTS 

Single melting transitions were found for samples with 
Mn~<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 100 ~ and to 10-15 ~ 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 Tc 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. 6 have shown this to be so for several 
samples of poly(ethylene oxide) of molecular weight 
less than Mn=3300. The single melting points for our 
fractions with Mn~<4000 (Table 2) are consistent with 
this simple crystal morphology. 

Fractions with Mn ~-6000 have one melting transition 
when Tc > 55°C. Low-angle X-ray scattering from such 
samples [Figure 2(a)] corresponds to a repeat distance 
of about 390,~,, which is close to the extended chain 
length. Two melting transitions are observed for fractions 
ofMn ~- 6000 when Te < 55°C. Low-angle X-ray scattering 
from these samples [.Figure 2(b)] is indicative of lamellar 

7'4 P O L Y M E R ,  1972, Vol  13, Feb rua ry  



Melting of low molecular weight poly(ethylene oxide) : D. R. Beech et al. 

Table 2 Effect of molecular weight and crystall ization condit ions 
on the melting of poly(ethylene oxide) 

High crystall inity Low crystall inity 

Fraction Tc (~C) Tm (°C) Tc (°C) Tm (°C) 

1000 34.8 39.1 36.8 39- 0 
36-1 39.1 

1500 43- 3 49.0 44.9 48.7 
44-8 49.0 
45.9 49.0 

2000 45.2 53  8 46.9 53  6 
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 
509  61.4 
524  61 6 
534  61 5 

Table 3 Effect of molecular weight and crystall ization condit ions 
on the melting of poly(ethylene oxide) 

High crystall inity Low crystall inity 

Fraction Tc ('~C) Tm ('C) Tc (°C) Tm (°C) 

6000M 45.5 
49.7 
53.0 
54.1 
54.8 
55.5 

6000 48-0 
49-2 
49.6 
509  
54.1 
54.8 
552  

10000 35-4 
44-8 
49.9 
53.6 
55.4 
57.5 

20000 30.0 
44.1 
51.1 
54.8 
57"5 

62.4, 64.4 
62.4, 64.5 
625,  64.2 
62.3, 64.2 
abs., 64.4 
abs., 64.9 
61-0, 64.1 
61.1, 64.1 
61.0, 64.1 
61.0, 64.1 
abs. 635  
abs. 63.6 
abs. 638  
64.3 abs. 
64-0 65-0 
64.3 65-1 
64.3 65.3 
64.3 65.2 
64.3 65-3 
65-6 abs. 
65.7, abs. 
658,  66.4 
659,  66.7 
65.9, 66.7 

45'5 62"3, 63'7 
49.7 62'2, 63"8 
53"0 62"2, 63"8 
54.1 62"2, 63"8 
54"8 abs., 64"1 
55"5 abs., 641 
48.0 - -  63.0 
500  60-9, 63-1 
51-5 60.9, 63.1 
53-5 61.3, 63.1 
55-2 abs., 63.3 

54'5 63'9, 64"9 

51 '1 65"0, 6515 
54"8 65-0, 65"6 
56" 9 64- 9, 65" 7 

crystals with thickness about half of the polymer chain 
length. Close examination of the original negative 
of Figure 2(h) 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 (> 15 h) were needed to record the 
scattering fiom extended-chain crystals of 6000M: 
exposure for 2h gave a blank film when Tc=55.5°C 
and a pattern characteristic of folded-chain crystals 
only when Te=53"O~C. The density of the crystalline 
polymer is high when Tc is high v, 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*. 

* Our interpretalion of X-ray data for poly(ethylene oxide) of 
molecular weight 6000 and higher differs from that of Arlie et al. 7 
and Spcgt ~2. We have been aided by the availability of melting 
data and of X-ray studies over a wide range of exposure times. 

c 

b 

Figure 2 Low-angle X-ray scattering from poly(ethylene oxide) 
fraction 6000M crystallized at temperature Tc and exposed for 
18h: (a) Tc=55.5°C; (b) Tc=53-O C 

The fact that lower melting (less stable) folded-chain 
crystals are formed simultaneously with more stable 
extended-chain crystals when Tc<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 15°/oo 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 e t  al .  7 and Spegt lz 
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 n  

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 13 or of Flory and Vrij 14, depending 
upon whether the ends of the molecules are paired 14 
or not x3. The melting points of polydisperse polymers, 
such as our fractions, can be evaluated by appropriate 
extension of these theories. Flory 13 has discussed the 
case of polymers with most probable molecular weight 
distributions. Here we present equations and calculations 
for polymers having exponential 15 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 th~ theory of Flory 13. 

It is 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 

where w(x) is the weight fraction of molecules of length 
x units. We assume that w(x) is given by the Schulz- 
Zimm 15 expression 

b(a+l) 
w(x)= ai xa e-bx (2) 

where b=a/xn, a=xn/ (Xw-Xn)  and is integral in 
equation (2) and xn and Xw are the number- and weight- 
average chain lengths (in chain units) respectively. 

Following Flory aa 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. 

AF~- (1 - A)A/+ R T  [ 1 
NXn = ' -  x~ lnA + 

1 ~ ( lnD+ln / ) ]  (3) 

In equation (3), ( l -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 (I - TIT °) (4) 

where Ah is the enthalpy of fusion of bulk polymer 
per chain unit and T ° is the thermodynamic melting 
point of the polymer (i.e. the equilibrium melting point 
of the polymer asxand ~ tend to infinity) ;ln D = - 2ae/RT, 
where ee is the end interfacial free energy of the lamellar 
crystal, and 

b(a+l) t'oo 
I = - - :  / x (a-l) e-bX(x--~+ 1) dx (5) 

a! J c  

The melting point Tm corresponding to a crystal of 
lamellar thickness ~ is given by the conditions 

OAFs (a~)c =OandA=l (6) 

and is given by 

o 2ae 
±b \x .  (7) 

This formulation leaves open the method of evaluation 
of ~. It has been assumed 2, 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 suggested ~6 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 Tin, for values of ~re in the range 1-5 kcal/mol, 
which show ~ to be substantially less than xn and Tm 
to vary markedly with To. Neither of these predictions 
is confirmed by the results presented earlier. In 
calculations we have adopted values of ~ such that 
xn> ~>0'9Xn, as indicated for extended chain crystals 
by X-ray and density measurements 6, 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: 
Tm°=76°C17; Ah=2kcal/mol2' la;  ~e in the range 
I-5 kcal/mol; Mn > 1000; Mw/Mn < 2 ; ~ ~ Xn. 

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 n ~  known we have covered a wide range 
of values of ere. Comparison of the experimental results 
for mature crystals (Tables 2 and 3) with these and other 
calculations enables us to estimate values of '~e for our 
Table 4 Variation of calculated melting point of poly(ethylene 
oxide) [Tm(°C)] with polydispersity: a e = l ' 5  kcal/mol; ~=xn 

Mw/ Mn 
Mn 

1"0 1'05 1"2 1"5 2'0 
1000 33" 6 37' 7 40" 3 42" 2 43' 5 
2000 52" 5 56' 2 57' 7 58" 7 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 

1 000 1"05 45-0 30.4 15-7 - -  
1500 1"05 54'8 44.9 35-0 25'1 
2000 1'05 59'9 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 63"1 

10000 1"20 - -  - -  70"0 68"4 
20000 1'20 - -  - -  73'0 72'2 
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Table 6 End interfacial free energy (~re) for extended-chain 
crystals of poly(ethylene oxide) 

Mw/Mn Deviation, Sw ae 
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 3.4 
6000 1.20 67 3"6 

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

We suggest that the increase in ~re 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~]Mn. A better parameter 
than Mw/Mn with which to describe the width of the 
molecular weight distribution in this context is the 
deviation S ,  given by 

or, for an exponential distribution, by 

S,v = x,,,(a + 1)U2/a (9) 

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 Sw, together with 
values of  ere calculated for crystals of  thickness ~=Xn, 
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 Sw. In Figure 3 we plot ~e against Sw 
(using the values of Table 6). We find a limiting value 
of ~re near l kcal/mol for monodisperse samples of  
poly(ethylene oxide) and a limiting value near 4 k~al/mol 
for samples of poly(ethylene oxide) of high polydis- 
persity. Calculations for crystals of thickness ~:=0.9x~ 
give very similar results for polydisperse polymers. 

Folded-chain crystals are detected in samples of  
poly(ethylene oxide) of Mn > 4000, ultimately (Mn > 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 
4kcal/mol. It can be seen that calculated values of Tm 
with ~, ,=4kcal/mol exceed the highest measured value 
(Table 3) by about 4°C. This is in keeping with the 
conclusions of Arlie et al. 7 and Spegt a2 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, 
M ~ / M n = I ' 2 ,  ~r~=4.0kcal/mol and ~=xn/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). It is clear that ee for chain-folded crystals 
of  poly(ethylene oxide) 6000 is substantially lower than 
that for crystals of similar thickness (Xn/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 

4 0  

-~ 2 0  

I I I 
0 20 40 60 

s w(chGin units} 

Figure 3 Surface free energy (~e, 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 ~s 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 x in 
polyethylene/solvent systems, and emphasizes the need for accurate redetermin- 
ation of this parameter. 

INTRODUCTION 

The investigations of Blackadder and Schleinitz x, and 
Koenig and Carrano 2, 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 ~rw for 
polyethylenes 4, based on light-scattering results in 
~-chloronaphthalene (a-CN) solutions. Specifically, an 
effort was made to substantiate the suggestion made in 
that work 4 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 5.6, our temperature scan experiments only 
inferred their existence without offering final proof: 
they were therefore not prepared for publication. The 

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 1. Some 12in. in height 
and 3 in. in diameter, it has provision in the top portion 
for connections with vacuum pumps and N2 cylinders. 
A Teflon plug, supported on glass projections, isolated 
a volume of about 15 ml 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 

To N 2 supply 
and pump 

,t 
Sample injection port I~ To pump 

Capacity~lOO ml ~ ~  

Sintered glass disc 

Figure 2 Fractionation 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 3/zV/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 100cm 3 
between the upper flange and a coarse, sintered glass 
disc cemented against the wall of the cylindrical section. 
Connections to vacuum and Nz 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. 

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 500W heaters, while a second 
group of heaters, totalling 700W, 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 l°-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 (FI-F4),  prepared from the 
higher molecular weight sample by fractional precipita- 
tion 7 were also used. Molecular weights were obtained 
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Table I Molecular properties 
of polyethylenes used 

Sample Mw× 10 -3 Mw/Mn 

LPE-1 95 14 
LPE-2 76 11 
F1 180 2.8 
1:2 29 2-4 
F3 15.5 2-2 
F4 4.9 ~2.1 

by light-scattering in o~-CN at 140°C, as described earlier 4, 
and from terminal u0saturation using infra-red spectra. 
Characterization data are given in Table 1. 

The solvents were tetrahydronaphthalene (tetralin), 
~-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 1-a. 
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 [0.1 ~o 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 N2 
atmosphere. 

The concentration range in these experiments extended 
from about 0"3-3"0wt.~o polymer. At concentrations 
below about 0"6% the phase-separation effects already 
noted by others t-a 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"4~o level. Repro- 
ducible, smooth d.t.a, signals were recorded without the 
need of stirring at polymer concentrations above about 
0"7~o, 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/rain. No attempt was made to grow crystals 
isothermally, as in the many kinetic studies of the 
crystallization process from solutions 8-to. 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 
1 h, whereupon re-solution was effected by heating at a 
linear rate of l'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. 

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 At are the areas under the low and high 
T endotherms and the sum of the two. The endotherms 
shown are for 1% solutions of LPE-I, 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 > 2 % 
range• Similar behaviour has been reported earlier 1, 2. 

Ideal solution conditions for polyethylene crystal 
suspensions would require heating along a zero entropy- 
production path n, creating neither superheating effects 
nor morphological rearrangements. Prior experience of 
Blackadder 1, Koenig z,a and Peterlin t2 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) 

80 POLYMER, 1972, Vol 13, February 



Temperature scanning studies of polyolefin solut ions:  H. P. Schreiber 

Table 2 Concentrat ion effects on endotherm parameters 
All results for LPE-1 in tetralin; heating ra te= l ' 2 "C /m in  

Cool ing rate Conc. (c) T' s T s A t At/c 
(wt. %) (°C) (arb. units) 

1 .TC/min 

18°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 
2185 965  100-5 1.232 0.564 
3.006 960  100.4 1-613 0.536 

0.240 96.3 0.099 0.412 
0.470 96,5 0-197 0.421 
1.142 97,1 0.470 0.412 
2.185 97.6 0883 0.405 
3006 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 t.he 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 I. and AI~ shift toward A~I for the slower 
cooting 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 1,2 
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 3-0 
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 (Ioc. cit.) would 

~18 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 5, 6.13. 1.2 
Carrying further the analogy with isothermal crystalliza- 
tion, recrystallization during solution must be regarded -g I.O 
as a kinetic process, so that the traces in Figure 3 are not "~ 

0.8 necessarily equilibrium representations of the crystalliza- 
tion tendency. Also, the failure of the quenched system ~-° 0.6 
to show a distinct pair of endotherms simply may be the 

b 
result of too rapid a traversal of the critical temperature - 0.4 
range for recrystallization to occur on the (relatively) few ~" 
highly perfected nuclei of this system. 0.2 

An attempt was made, accordingly, to specify the 
kinetic basis of the recrystallization process. To do so, O© 
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 T2 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 

results of the experiment ar e 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~ (~  l'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 A~ in systems crystallized 
along the 3.0 ° cooling path, while in the quenched 
systems only the 900 rain 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 rain, 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 T] shows a 
moderate increase with annealing period, with a final 
value (~  100.6 + 0.2c'C) attained after about 2 h annealing. 

Table 3 Effect of ~lnnealing on high temperature peak for LPE-1/ 
tetralin 

2.0% polymer solutions. Anneal T = 9 7 + 0 - 2 ' C  

Cool rate Anneal time A s T s T s 
( C, min) (min) ( C )  ( C )  

0* 0-415 95,1 99.3 
30 0,560 94.9 99.7 
60 0,725 952  100.1 

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 

0* 0.260 - -  - -  

30 0.335 - -  - -  
60 0.380 - -  - -  

120 0.470 - -  - -  
240 0.575 - -  - -  
480 0,640 - -  - -  
900 0.798 - -  - -  
900 0.275 - -  - -  

* Arbi trary definit ion. Finite time is spent in the vicinity of the 
annealing temperature during an uninterrupted scan. 

/ 

I I I I I l I I 

2 0 0  4 0 0  6 0 0  8 0 0  IOOO 

Annealing time at 9 7 ° C  (rain) 

Figure4 Approach to equil ibrium of area under high temperature 
endotherm signal for  2,0% LPE-1 in tetralin (cool ing rate 1.2°C/ 
min) 
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In usual analyses of time-dependent, isothermal 
crystallization indexes (e.g. dilatometric data 13, 14) con- 
cepts of the Avrami equation 15 are applied. In the present 
case, the fractional value of the area A~ should be related 
to annealing (recrystallization) time via, 

1 - (A",)t/(A;)oo = exp ( - kt n) (1) 

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 processes 10, 13. Present results are too scanty to 
pursue this analysis in a formal manner. Assuming, 
however, that the increase in A~ resulting from annealing 
of the quenched suspensions follows a similar path, 
it is possible to define the half-times for (A])oo, 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 Mandelkern t6 for a very 
similar polyethylene (Marlex 50) crystallized from dilute 
solutions in ~-chloronaphthalene: 

Cooling rate tl/2 (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 kinetic 
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 ~, 6 would relate each 
of these effects to a decrease of 2-4 orders o f  magnitude 
in the number of persisting nucleation centres available 
for crystallization or recrystallization. 

Molecular weight dependence o f  solution processes h7 
tetralin 

In order to clarify 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 increase in the relative importance of the higher- 
temperature endotherm is evident as the average molec- 
ular weight of the polymer increases (see Table 1). The 
standard scan failed to produce a higher temperature peak 
for the low molecular weight (Mv=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 

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 e,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- 
tionatio.n is documented in the final columns of Table 5. 
The My of each starting polyethylene sample was calcu- 
lated from the respective My values and weight fractions 
of the sol and gel components, and found to agree 
quantitatively with the experimental My 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" s T'~ A s A s As/At 
(°c) (°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 05.1 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 - -  O' 185 0 0 
F1 : F4 (1 : 1) 95.0 99.8 0.271 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 v x 10 -3 
'Sol fraction' 'Gel fraction' 

Polymer M x 10 -3 M v x  10 -3 Expt. Calc. 

LPE-1 14'3 127 95"0 99'7 
LPE-2 12'9 93 76.0 78"6 
F1 15"5 205 180 187 
F4 4"9 - -  4"9 4"9 
F1/F4 (1 : 1) 7"0 (16'1)* 196 95'5 97"5 

* Calculated M v 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 FI/F4 blend, it was possible to compute My for 
the solvated component originating in FI. This value, 
bracketed in Table 5, helps to establish an apparent 
'critical' molecular weight of Mv~ 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 Schleinitz 1, 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 
( - - - )  c~-chloronaphthalene. 1-0% polymer concentrations. Scan 
rate = 1.2°C/min 

Table 6 Solvent dependence of polyethylene 

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 
My 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. 

Soh'ent dependence of solution processes 
Ample evidence now exists 1,1s, ~7 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-I (1"00~o concentrations) 
in tetralin and c~-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 ~-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 ~o 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 ~ 8 h  
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. 
solution effects 

LPE-1 LPE-2 

Anneal Wt.% M,×  10 -:~ Wt.% M,.× 10:3 

Solvent T(°C) Sol'n Crystal Sol'n Crystal Sol'n Crystal Sol'n Crystal 

<~-CN 107 21 79 10.3 130.4 17 83 8-9 g2.7 
Xylene 97 24 76 14.0 124-5 19 81 13.3 90.7 
Tetralin 97 24 76 14.3 127-0 18 82 12.8 93.0 
Decalin 92 29 71 18.7 140.1 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 
M v > l O  000; tetralin and xylene are about equivalent in 
dissolving chains with My < 13 000, while the equilibrium 
solution capability of decalin extends to about My ~ _ 18- 
20 000. An immediate consequence of this evidence is to 
seek a relationship between the My 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 1a-20. 
Efforts to relate X 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. ~3 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 Anagnostopoulos 21 illustrate the 
problem particularly well. These authors determined X 
from a simplified version of the familiar Flory expression, 
having the form: 

l/Tm- 1/T~n=R/AHu(Vu/Vz) (1 -X) (2) 

where Tm and Tm are the depressed melting point of 
polymer in excess solvent and the melting temperature of 
pure polymer, AHu is the fusion enthalpy per mole of 
polymer repeat units, Vu is the volume per mole of 
repeat units and Vt is the molar volume of solvent. 
The critical experimental evaluation is that of Tin; 
this was determined by heating crystals of polymer in 
excess solvent at a rate of l°C/min on the hot stage of an 
optical microscope. The temperature at which spherulites 
disappeared (viewed between crossed polaroids) was 
equated with Tin. The Tm values for decalin, tetralin and 
xylene, given in ref. 21 are within I°C of the corresponding 
annealing temperatures given in Table 6. Adopting the 
techniques of ref. 21, we have measured a Tin= 107°C 
for a-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 21, 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 x, 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 My of polymer in equi- 
librium solution at the respective Tm values is therefore 
to be considered as fortuitous. Greater reliability in 
measurements of X values will be necessary to clarify 
the question of solvent influence on fractionation 

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 regard2L 

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 x, thereby illustrating 
further the need for suitable experimental procedures in 
testing the predictions of theories for the beha~,iour of 
polymer solutions. 
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Thermally stable fibres from an 
adamantane polymer 

E. Dyson, D. E. Montgomery and K. Tregonning* 
School of Textiles, University of Bradford, Bradford, BD7 1DP, UK 
(Received 26 May 1971 ; revised 26 July 1971) 

The thermal stability of f ibres from poly(m-phenylene adamantane-l,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 1-3 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 4. 

Another series of polymers with thermal stability 
potential are condensation polymers based on the 
adamantane system (see Figure la), 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-l,3-dicarbonyl chloride 
with diamines yields a series of polyamides a the general 
formula of which is illustrated in Figure lb. 

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. 

w C _ _  

lo 

a 

R 

C - -  N - -  R ' - -N 

• H H 

b 

Figure I (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-l,3-dicarboxamide), and 
an evaluation of its high temperature performance. 
According to FlavelP this polymer has a softening point 
of 294°C and suffers no weight loss below 380°C. A Tg 
of 311-317°C has been measured by SewelP from 
thermogravimetric analysis which indicated no weight 
loss below 400°C in air at a heating rate of 32°C/rain, 
but a 0.86 ~ weight loss in air if a temperature of 325°C 
is maintained for 2 h. 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. 

~ j ~  C--N ~ N ~  

,i I i 
o o H 

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

Temperature 325°C 
Input velocity 24.6 m/min 
Take-up velocity 147.0 m/min 

equivalent to a draw ratio of ~ 6.0 : 1 and a draw rate of 
220 000 ~omin -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 25.2 ~o 
initial modulus 51.1 g/den 

X-ray analysis revealed that minimum crystallinity had 
been introduced by drawing 7. 

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 18min and 100h. 

EXPERIMENTAL AND RESULTS 

Fibre production 
A 2 5 ~  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/zm 
diameter into a spin bath containing 60 ~ 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] 

tenacity 
extension at break 
initial modulus 
sonic modulus 
appearance 

1.5 dl/g in conc. H2SO4 
(density 1.84 g/ml) at 27°C 
0.62 g/den 
72.2% 
19.9 g/den 
30.0 g/den 
dumbbell section with com- 
plete absence of voids 

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. 

Tests at elevated temperatures 
A heating chamber was used with the lnstron 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 3 min 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 

c~ 75 o 
EL 

"6 
8 
E 

25 
rY  

Figure 3 

I I I [ I I 

I00 200 300 
Temperature (°C) 

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 5 cm 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 20min at each 
temperature and after removal their lengths were 
measured, the results being given in Figure 7. 

¢I  
.c 

t -  

U )  

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 
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Figure 5 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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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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Figure 7 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 50~o strength loss tem- 
perature of poly(m-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 
50~  strength loss temperature to a more favourable 
value. 

Table 1 Comparison of the 50% strength loss temperatures of 
some selected experimental and commercial fibres 

Fibre 50% strength loss 
temperature (°C) 

Nylon-6,6 tyre cord yarn 145 
Nomex 8 280 
Poly(m-PAD) 240 
Polyimide 9 280 
Aromatic copolyamide 3 260 
Oxadiazole-amide copolymer '~ 250 

encouraging. The fibres retain almost 5 0 ~  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 

A. T. Bullock, G. G. Cameron and P. Smith 

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 1. 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 derivedL The labelled polystyrene was prepared by a 
modified version of the synthesis described by Drefahl 
et a l )  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-butyl nitroxide polystyrene based on the following 
reaction sequence: 

CH2-CH ~ ~ C H2-C H 
I 

I It BuLi/C6H6 ~- 

L 
I 

CH2-CH 
t 

N - O "  
/ 

Bu t 

MeOH 

in air 

/ \  
, Ib 
: 7  " 

I 
Li 

ButNO 

C H z - C H  
I 

\ /  
I 
N - O - L i  + 

/ 
Bu t 

Lithiated polystyrene was prepared by the method of 
Braun 4. The iodination step was modified to yield a 
p61ymer containing 4-6 % iodine corresponding to one 
iodine atom per 20-30 monomer units. 500 mg of iodinated 

a 

b 

But-N-PS 
I 

O" 
eN=35.4 MHz 
om_H=2.SMHz 
ao_H=56 MHz 

,t I, ,111 
C ,,,11 ,,ll ,, , II, 
Figure 1 (a) The e.s.r, spectrum of spin-labelled polystyrene 
(tool. wt. 2000) in toluene solution (1%); (b) stick spectrum for 
t-butyl 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 ifi 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 5. 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 
126000 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 2. Figure la shows the spectrum of 
the labelled narrow fraction recorded at room tempera- 
tqre from a 1 ~ solution in toluene. Each multiplet 
comprises seven lines in approximate intensity ratio 
1:2:3 :4 :3 :2 :1 ,  with a separation of 2 .8MHz 
between adjacent lines. This fine structure is consistent 
with interaction of the unpaired electron with one pair of  
equivalent protons having a H = 2 . 8 M H z  and with 
another pair having an = 5.6 MHz, while aN = 35"4 MHz. 
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 6. 

On this basis, the 'stick' spectrum in Figure lb was 
constructed for nitroxide substitution in the styrene ring 
at the positions ortho- or para- to the carbon atom of the 
backbone, while Figure lc corresponds to nitroxide 
substitution in the meta-position. Figure lb fits the 
observed spectrum closely while Figure lc 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 moleculO. 

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), polyoleflns, 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 
1 certainly intend to use the book as a text lbr 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 mls-, 
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 tus 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 ~he 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 operat ions 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 ill 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 bc of interest to 
any one reader, but, on the other hand, the articles are not 
designed to cover the requirements of  a general reader: but this is 
the feature that makes the book quite different f romothers land  
makes it quite unique in its own special way. 

For the general reader, most of the articles are reasonably easily 
comprehended but the special section on 50 years of 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 scc 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 
chemistr~¢. Then there are three lectures dealing with water and its 
interaction with surfaces. Maybe the most interesting is by Dcr 
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 fu[ure 
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 1. E. Newnham on Minerals, their prospecting, processing 
and production.  There is, therefore, in this wdume sonzething of 
interest to most chemists and fl)r 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 o f  
the book is very high indeed, but so equall~ 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  contr ibut ions  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 o f  the subject, 
contr ibut ions  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 control led  structures. It is fitting therefore that 
the first two papers by M. Mor ton ,  and J. P rud '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 fol lowed 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  o f  a detai led study of  some segmented polyurethanes,  work 
on the synthesis and properties of siloxane block copolymers,  and 
a study of  cat ionic polymerizat ion.  

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 propert ies  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 6f  the book lies in the variety of  
block systems to which it gives coverage. Thus in addit ion to the 
now tradit ional styrene and butadiene or isoprene systems these 
include reports  of  block polymers based on ethylene o x i d e -  
styrene, siloxanes, propylene sulphide, imino ethers, andat-methyl 
s t y r e n e -  isoprene. 

As a source book of  general information on block copolymers  it 
can be readily recommended  to workers  in the field. 

C. P r i c e  

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 Francisco in 1968, published subsequently 
in full in the Journal o f  Macromolecular Science (A) 1969, 3, 
3 2 7 - 8 0 2 ,  and are now issued in book form under  the edi torship 
of Professor G. F. D'Alel io 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 introduct ion by the 
editors are not considered collectively or critically. The 32 
contr ibutors  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 protect ion 
under hyperthermal and hypersonic condit ions,  commenced  little 
more than twelve years ago, being promoted largely by the 

requirements of  sophisticated rocketry and space technology. The 
papers collected in this volume deal with the provision and 
behi~viour of  a wide range o f  heat-resistant polymers (phenolic,  
epoxy, potyphenylene ,  polyamide,  polyimide and related 
heterocyclic polycondensates,  silicones, etc.) and derived com- 
posites, detailed attention being paid to the effects of  chemical 
and mechan ica l  s t ruc tu re  and environmental  c o n d i t i o n s .  

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  (he 
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 o f  Macromolecular Science for 1969, will have con- 
siderable appeal, albeit at a cost of  $26.50, about £11.00 sterling. 

R . J . W .  R e y n o l d s  

Conference Announcement 

2-7  July 1972 

IUPAC International Symposium 
on Macromolecules 

HELSINKI, Finland 

The main topics of the symposium are : 

1. Polymerization and copolymerization reactions 
2. Solution properties and characterization 

methods of polymers 
3. Bulk properties of polymers 
4. Degradation and decomposition of polymers 
5. Polysaccharides and their derivatives 

The programme wil l  consist of a number of main 
lectures given by invited speakers and short 

communicat ions 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 Kingpr int  Limited 
9 2  P O L Y M E R ,  1 9 7 2 ,  Vo l  13,  F e b r u a r y  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 KIA OR9, Canada 
(Received 23 June 1971) 

The vo lume-temperature curves of a number of poly(methyl methacrylate) 
f ract ions produced by various forms of catalysis have been investigated. It was 
conf i rmed that the isotact ic samples have a much lower Tg than has convent ional  
polymer. The highly syndiotact ic polymer, however, was found to have a Tg 
not markedly di f ferent f rom that observed for convent ional  polymer in cont rast  
wi th earl ier publ ished reports. The latter polymers show a more marked /3 
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) t,z included data showing that Tg of the 
iso- and syndicS-forms are markedly, different. The 
isotactic polymer was reported to have a Tg~45r and 
the syndio-polymer one of ~ 115~ A highly isotactic 
polymer is relatively easy to prepare using phenyl 
magnesium bromide initiated 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 -,, 80 ~ syndiotactic (dyads). The 
Tg 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 Tg of around 160~ a. A Ziegler-type catalyst used at 
low temperature according to a method described by 
Abe et at. 4 is the only system we can confirm producing 
a highly syndiotactic polymer (> 95 ~o)- 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 5. Its modification was described by 
Cowie and Toporowski 6. The gradient was produced by 
layering aqueous sodium nitrate solutions of approximate 
densities 1.09 and 2.70. The polymer films of ~ I mm 
diameter and ~0 .3mm thickness were prepared by 
compressing a small amount of powdered polymer 

Table I Preparation 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 78 16 6 
G5-A1 BuLi Toluene -30 51 19 30 
A4 : 2 Radical Aqueous 25 6 36 58 
MTSIA MgEt= THF -78 4 90 76 
Z4-A2.x Ziegler Toluene --90 - -  5 95 

*DPHLi=l,l-diphenylhexyllithium, the product of addition of 
n-butyl lithium to 1,t-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~ 

A number of  samples were studied. All were fraction- 
ated samples of sufficiently high molecular weight 
(> 2 x 10 5) that the Ta observed would correspond closely 
to the value expected for'infinitely 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~ on a Varian HR-100 spectro- 
meter using repeated slow scans over the methylregion. 
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 
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Figure 1 Volume-temperature curves for poly(methyl methacrylate) fractlons of different stereostructure as determined by the 
density gradient technique. O, Z4-A2~; + ,  MTS-1A; f-I, 4 4 : 2 ;  0 ,  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~ 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 !. 
According to these results, extrapolated values of  Tg 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 G5AI has a short block structure with 
It-,,7 and Is,,,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~ 
The experimental accuracy is not sufficient to distinguish 
between these possibilities. It has been suggested 7, s 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 syndiotactie polymers ( 6 0 : 4 0 )  does 
give a similar volume-temperature curve to that observed 
for polymer G5Ai. 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[dt) can be compared with literature 
values.The values for the isotactic polymer, at = 5-5 x 10 -4, 
% = 1 .1x  10 -4 of Goode and co-workers 9 determined 

Table 2 Summarized experimental results (density gradient 
column) 

Tg 
Sample Pi ('C) lO=al lO=ag 10='.~ Tg~= Vg 

PGR-2 0.98 38 5"6 1"3 4-3 0 " 1 3 1  0"818 
DPHL-GIB 0"86 44 5"6 1.45 4.15 0 " 1 3 1  0.822 
G5-A1 0.60 58 5-6 1-7 3.9 0"129 0.832 
A4 : 2 0"24 101 5.8 2"5 3-3 0-124 0"860 
M T S : I A  0"12 103 5"85 2"55 3"3 0.124 0.865 
Z4-A2.~ 0.02 105 5"85 2"55 3"3 0-125 0-866 

dilatometrically are comparable although their ag is 
about 20~o lower than the present value. For conven- 
tional polymer values of at of 5.0 to 5.2x 10 -4 are 
common 10-1z with ag values of 1.9 to 2.3 x 10 -4. Once 
again, the present values are rather higher especially for 
at. Table 2 also gives values of the product Tg.A~, the 
Simha-Boyer constant 13 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 ~4 have 
used the Gibbs-DiMarzio theory to interpret the differ- 
ence in Tg 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 15 and 
measurements of dielectric relaxationlG. 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 t8 indicate little difference so inter- 
molecular interactions in the solid go 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-A2.x; +, MTS: IA ;  
17, ~4 : 2; A ,  PGR-2 

As seen from Table 2, the expansion coefficients of  
syndlotactic and isotactic polymers are noticeably 
different in the immediate region below T 9. This behaviour 
is evident also in previously reported data on isotactic 
and conventional polymers 9-12. Since the expansion 
coefficients 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 (2 x 3 mm) and the scan rate used was 2-5~ 
rain. The length measurements \vere 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 - 1 0 ~  to give 
an ~, value virtually identical to the isotactic sample 
below this temperature. This change should correspond 
to t h e / 3  transition usually attributed to - C O O C H a  
side-chain rotation and which gives a loss-maximum at 
,,,25~ at 1 Hz 19 in shear measurements. The isotactic 
glass shows no appreciable change in expansion coeffi- 
cient at least down to - 8 0 ~  which seems too low a 
temperature for the fl transition. The difference in 
temperature of  the loss-maximum between stereoisomers 
for the fl transition is relatively small 17. These observa- 
tions can be correlated with the observation that side- 

chain rotation is considerably less excited in the isotactie 
formlm ~0. The larger A= observed at Tg for this structure 
could then be caused by both complete side-chain and 
main chain rotation becoming effective at Tg as has been 
previously suggested 19. 

The glass temperatures as measured on the thermo. 
mechanical analyser are somewhat higher than those 
obtained using the density gradient technique. This 
could be caused by plasticization by water in the latter 
experiments, an effect noted by previous authors 21. The 

ef fec t  is small (~5~  except for the isotactic sample 
where it seems to be closer to 12~ The accuracy of  the 
measurements with the TMS-I  instrument is, however, 
limited by the fact that reliable length measurements 
above Tg are virtually impossible to obtain. As the 
modulus decreases, results depend on the weight applied 
to the sample. Although true expansion coefficients above 
Tg were not obtained, those below are reasonably 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 
Centre de Recherches sur les Macromol#cules, CNRS, 6 Rue Boussingault, 
67 Strasbourg, France 
(Received 16 June 1971) 

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~ it was shown that a conformational transition occurs for 
the triblock copolymer. At  lower temperatures seg~egation occurs and the 
second virial coefficient A2 is the weighted average between the A2A and Azt~ 
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 Az, 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 occurs1-1: 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 blocks 5, 
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 G. 7 on studying the temperature dependence of 
their intrinsic viscosities. It was assumed that below the 
transition temperature, To, phase separation is the rule. 
whereas when temperature increases above Te the number 
of heterocontacts is no longer negligible, and it increases 
with temperature, yielding more extended conforma- 
tions. Some authors s, 9 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 Tc is the fact that the location of 
Te itself depends upon the solvent 6. In a solvent in which 

the incompatibility between the corresponding homo- 
polymers is high, Tc is also high. In good solvents for 
both polymers, the critical de-mixtion volume between the 
homopolymers is smaller 1~ and in those solvents Te is 
also found to be lower. 

The main experimental technique which was used to 
study segregation is measurement of the limiting viscosity 
number ['q]. Radii of gyration are not of  great help, 
because the overall dimensions of a two-block copolymer 
containing 5070 of each constituent could not be very 
different for segregated conformations n.  

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 
To. 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 l,l-diphenylethylene was added to the 'living' poly- 
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Table I Molecular weights 
and refractive inde;~ increment 
dn/dc 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 12. 
The molecular weight of the central polystyrene block is 
230 000; the molecular weight of the copolymer itself, 
measured by light-scattering in tetrahydrofuran (TH F) is 
425 000. It contains 53 ~ of styrene, as shown by refrac- 
tive index measurements,as well as by elemental analysis. 

Light-scattering measurements were carried out in 
several other solvents. From the obtained results, 
summarized in Table 1, it can be assumed that there are 
some fluctuations in composition within the sample 13, 

most likely due to the presence of some two-block 
copolymer molecules amongst the triblock molecules. 
Bui we shall not take these fluctuations into account, and, 
following the conclusions of Leng and Benoit la we shall 
consider the value of Mw measured in THF, the solvent 
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(methyl 
methacrylate) homopolymer were both prepared anioni. 
cally. 

Their molecular weights, 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. ~/o styrene/ 
48mo1.~o 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 

801 . J  
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Figure 1 Plot of [C/(I-Io)] at fixed angle (00 ~ against C for the triblock copolymer in benzene solution at various temperatures. I ,  20'C. 
+ ,  24"5~ I-1, 32"C; x ,  34~ A ,  36"5~ O, 40~ 0 ,  42"5~ V,  45~ A,  56~ Y,  60"5~ 
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Figure 2 Plot of [C / ( I - I o ) ]  against C for the triblock copolymer PMMA-PS-PMMA in p-xylene at various temperatures. The intensities 
land Io for solution and solvent are measured at 90". O,20~ x ,  30:C; A ,37C ;  �9 ~7,43~ U, 45"5~ A, 48-C; V,53-5:C;17, 59~C 

the cells was maintained constant within +0.2~ the 
range of temperature covered by our measurements 
extended from 18 to 65~ The cells were fitted with 
ground stopcocks to p~:event 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.e. the dilution of  the solution) with 
increasing temperature. 

Series of  such curves, obtained in two solvents, benzene 
and p-xylene, are shown in Figures 1 and 2. The scaltered 
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 
nmlecule 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 coeJficient 
It  should be recalled first that the second virial coeffici- 

ent Az measured for linear macromolecules in dilute 
solution is dependent upon molecular weight and upon 
the segment-segment interaction coefficient Z. According 

to several authors TM ~5 one can express A2 as the sum of 
two terms: one depends solely upon the unperturbed 
dimensions, and the  other is a function of tile long-range 
interactions which induce expansion of the chain. 
According to Kurata et a1.15: 

1"65 x 102a Ko 0"958 x 10 '-'3 Ko [ 3 ]zl" 
A,,= 63/2,~ Ml/z+ 63/2 r Mll " ~2rr] .Z 

or MI/ZAz= BKo+ DKo.Z 
where 

- M /" " " \  At/ 

In this expression, valid even for rather high values of  A2: 

r is the universal Fiery constant, 
Ko is the unperturbed dimensions parameter of  the 

chain ratio of the intrinsic viscosity at 0 point 
[ r/[o, to the square root of  molecular weight M, 

R 5 is the unperturbed mean square radius of  gyration, 
Z is the long-range interaction parameter. 

For a copolymer one can writeH: 

Z = C1ZAA + CzZBB+ C3ZAB 

where ZAA, Znn and ZAB are the interaction parameters, 
for each type of contact: between two A segments, 
between two B segments, between one A and one B 
segment, and C1, C2, 6"3 are the probability of  occur- 
rence of each type of contact. 

I f  segregation occurs, since in the present case ZaB is 
obviously not zero, the probability factor C3 is 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 virlal 
coefficient Az in the THF solution. I ,  Random copolymer;  
A ,  PS; I-1, PMMA; O, tr iblock copolymer. - - - - ,  see text 

and triblock copolymer, all of  approximately equal 
molecular weights. The solvent is THF. As expected, the 
Az coefficient for the random copolymer is higher than 
tile Az values for PS or PMMA, over the entire range of 
temperature,.owing to the influence of the ZAB factor. 
Looking at the results on the triblock copolymer, we 
can see that in the lower temperature range the Az value 
is close to the weighted average between the A2A and 
A2I~ values.(indieated by the broken line in Figure 3) 
whereas in the higher temperature range the value of A2 
ig bigger than both A2A and A2D. In the intermediate 
rang~ of temlberature the Az coefficient of  the triblock 
copolymer varies in a rather strange fashion, with two 

50 

. . . . . . . . .43-- 

I t 
2 0  3 0  4 0  5 0  6 0  

r (oc) ~o_ 
• 40 

35 

the copolymer are approximately equal to the weighted 
average of  the unperturbed dimensions of  the corre- 
sponding homopolymers 8. x6. 

These assumptions can be written: 

Z = x Z a A  + (1 - x ) Z i m  

Ko= xKoA + ( !  -- x)KoB 

It follows for Az 

M'IZA2 = [xKox+( l  --x)KoB] [B+ D(xZAA + (1 - x)Znn)] 

which can be rearranged to: 

A2=XA2A+(I --x)AzB+ 
1 

[x(I - x)  . D( Z BB-- Z AA) . ( KeA-- KoB) ] M , IZ 

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 Ko 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 17, is. 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. Therefore it 
can be expected that the Az value for the copolymer 
should be higher than the weighted average between 
the two Az 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 

3 0  I I I I I 
2 0  3 0  4 0  5 0  6 0  

r(~ 

Figure 4 Plot of the temperature variation of the second virial 
coefficient Az in dioxan. Zi, PS; [3, PMMA;  O, t r ib lock copolymer. 
. . . . .  , see text 
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Figure 5 Plot of the temperature variation of the second virial 
coefficient A= in chloroform. ZX,.PS; [3, PMMA, O, tr iblock 
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 [-q] measurements in the 
same solvent and at approximately the same temperature. 

Even if it is difficult to explain 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 s c a l e . .  

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 A2 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 A2a and A2B. 

The temperature dependence of Az in  p-xylene is 
shown in Figure 7. Here the A2 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~ than in other solvents. This is 
not surprising, because it has been shownX0, x0 that 
p-xylene "is 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 Kern 10 reaches its highest value. If a 
small amount of a good solvent such as chloroform is 
added the corresponding increase of  A2 is accompanied 
by a lowering of the transition temperature by about 
5~ This can be explained by saying that heterocontacts 
are easier to form. 

Another way of showing the results is to plot A2 
against the amount of added chloroform (Figure 8) at 
two different temperatures; the curve obtained at 20~ is 
linear and the conformations are always segregated. The 
curve obtained over the .same amount of added chloro- 
form, but at 37.5~ is similar to that obtained for A.. 
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)]0 
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/(l-lo), extrapolated to 
zero concentration, [C/(l-lo)]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/(l-lo)]o to molecular weight which exhibits 
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Figure 6 Plot o1 the temperature variation o1 the second virial 
coefficient A~ in benzene. A, PS; O, triblock copolymer 
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figure 1 Temperature variation of A2. In pure p-xylene: O, tri- 
block copolymer PMMA-PS-PMMA; A, PS. In p-xylene con- 
taining 3.85~. chloroform: A ,  triblock copolymer 

an irregular variation. The only variable is the refractive 
index increment d./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 
d./dc factor. Since effects of this kind have never been 
found in polymeric materials this seems to be rather 
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improbable ~~ 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 increment 20. 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. 

Figure 9 Temperature variation of [C/(I-Io)]o (extrapolated to 
zero concentration). Solvent: chloroform, i"-1, PMMA; A, PS; �9 
triblock copolymer 

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 format ion of  
heterocontacts brings with it a change in conformat ion  
which has still to be studied carefully. 

The rules o f  additivity are valid for Ko as well as for 
the viscosity expansion coefficient %, and for the second 
virial coefficient A2 in the case o f  segregation without 
heterocontact interactions. These rules are not valid 
above the transition temperature Tc (or, better, above 
the transition dom'ain) and this is a p roof  o f  the existence 
of  contacts between chemically unlike segments o f  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 

M. d. Gall*, P. d. Hendra*, C. d. Peacockt, 
M. E. A. Cudbyt and H. A. Willis  
(Received 30 April 1971) 

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 
CHz 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 t-4, the 
examination of effects due to crystallinity 5-8, chain 
branching 9-H, and chain folding lz-14. The Raman 
spectrum has been reported by a number of authors 15-19 
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 reviews 20, 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. 

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. 101-105, crystallinity 60-70~); 
(3) sample 2 made into a transparent film by the rapid 
quench methodZZ; (4) a 'high density' sample, made by 
the Phillips process (mol. wt. 10El05, crystallinity 
80-90~); (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~ for 2 hours under 5000kg/cm~ pressure; (7) 
another 'high density' sample, made by a Ziegler catalyst 
process, and of  high molecular weight (tool. wt. -.-10 ~, 
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 belowL 

EXPERIMENTAL 

Raman spectra were recorded on a Spex 1401 Ramalog 
instrument with a Spectra Physics Model 140Ar § laser 
(~700mW in the 5145/~ line) and on a Cary 81L with a 
Spectra Physics Model 125 He/Ne laser ( ~  50 mW in the 
6328/~ line). 

* Department of Chemistry, University of Southampton, Southamp- 
ton, SO9 5NH, UK 
t Department of Chemistry, University of Lancaster, Bailrigg, 
Lancaster, UK 
:[: IC[ Ltd, Plastics Division, Welwyn Garden City, Herts, UK 

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 (Spectrochhn. 
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. I f  one band 
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Table 1 The observed Raman spectra from non-oriented poly- 
ethylene samples* 

Frequency Sample Number 

Av(cm -z) 1 2 3 4 5 6 7 

3085 0.7 
3005 1 vvw 
2970 I vvw 
2932 19 23 
2905 sh 38 43 
2884 100 100 
2848 62 72 
2725 5 4 
2660 0.5 0"6 
2617 vw vw 
2595 0.7 0"5 
2430 vw vw 
2185 0.8 0.6 
1672 0.5 
1655 0.6 
1645 4 
1461 16 17 
1440 30 30 
1418 15 9 
1370 2 2 
1306 sh 3 5 
1296 40 36 
1274 sh 1 1 
1170 4 3 
1131 19 14 
1080 2 3 
1063 24 20 
912 0"9 
892 3 . 1 
800-880 ~ 0.9 vw 
725 vw 0-5 

VVW VW 
VW VVW Vw VVW 

2 VW VW 

32 18 25 10 13 
50 38 52 22 25 

100 100 100 100 100 
90 61 49 48 58 

3 3 3 4 4 
vw vw 0"5 0-7 
vw vvw vw 0" 6 
vw vw vw 0- 9 
VW VW VW VW 

0"6 vw 0"7 0"9 

VW VW 
8 9 9 10 9 

12 17 19 19 19 
3 9 11 14 10 
1 1 1 1 2 
2 2 vw 1 

16 26 41 34 40 
0"8 0"5 1 1 1 
1 3 2 5 7 
7 13 21 25 26 
2 1 1 2 
9 14 18 22 22 

1 vw 0.6 
0.5 
0"5 vw 0.5 

Frequency regio, below A v = 1000 cm -1 

The region Av=700 to 950cm -1 is shown in Figure 1~ 
There is a band at Av=725cm -1 and a series of weak 
features in the region Av=800 to 900cm -1, 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 z~ and oriented samples (see Part 2). Raman 
active bands are not expected in this region for an infinite 
sequence of tra,s-methylene groups 2s. However, if there 
are methylene units in a gauche relationship to each other 
Raman active modes arising from CHz twisting and 
rocking together with C-C stretching and bending are 
expected in this part of the spectrum2L In shorter 
sequences of trans methylene groups terminated by 
methyl groups a band at Av=890cm -I is observedZ% 
This feature decreases in intensity as molecular weight 
increases. It is found with similar relative intensity in 
sample I and the pure hydrocarbon n-CdzHs8 (mol. wt. = 
590). 

It is well-known that polyethylene chain folds in single 
crystals at intervals of between 100-200A z6. Further, it 
is presumed that this also occurs in bulk specimens. The 
orientation of CHz units in the fold between two adjacent 
planar zig-zag sequences is not known for certain. It is 
clear however that some gauche 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- 

*.Peak heights.relative to l the most intense band but arbitrarily 
at 100. Bands of intensity less than 0"5% recorded as vw. Limit of 
detection generally ~0"05%. Spe~c 1401: exciting line 5145 

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 electric vector of the source. One can define 
an observed intensity ratio 

1 t o t a l l y  s y m  
Robs = l l ~  

In the case of a transparent specimen Robs tends to 
exceed the value characteristic of a turbid specimen zs. 
Clearly our samples lie between the two extremes but do 
tend in general to cause a very considerable degr~  of 
scrambling. Thus considerable care is required if useful 
correlations between spectral intensity and crystallinity 
are to be proposed. 

/ / 

I 

6 

I f ! I I ! 

9OO 8 0 0  7 0 0  

~v I cm-I ) 

Figure 1 Raman spectra of polyethylene samples, No. 1-7 
inclusive, in the region Av=700 to 950cm-L intensities have been 
normalized with respect to the band at Av=1296cm-* 
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Laser-Raman spectrum of  polyethylene (1) : M. J. Gall et al. 
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Figure 2 Raman spectra of polyethylene samples, No. 1-7 inclusive, in the region Z~v= 1000 to 1500cm -1. Intensities have been normalized 
with respect to the band at Av=1296cm -1 

tion of  bands between Av=700 and 900cm-t therefore 
does not enable us to discriminate between these two 
effects but it simply indicates the existence of  gattche 
methylene groups. 

The region A v = 1000-1500 on -z 

Spectra are illustrated in Figure 2. It can be seen that 
the half-width of the three bands between Av= 1400 and 
1500cm -1 decreases with increasing crystallinity. Beside 
the well-established bands 15-19 at Av= 1063, 1131, 1170, 
1296, 1370, 1418, 1440 and 1461 cm -l  other features were 
observed at Av= 1080, 1280 and 1306cm -1. Of these the 
band at Av= 1280cm -I seems to be a feature common 
to all the spectra, whereas the bands at Av= 1080 and 
1306cm -x decrease in relative intensity with increasing 
crystallinity of  sample. These last two bands have been 
found in the infra-red spectrum 2, 7,12, ~.2' 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 

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 seen at Av= 1080 and 1306cm -1. 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 15 ~o of  gatlche 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 Av= 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 1700cm -1 

Weak features due to vinyl and vinylidene groups can 
be seen in this region for some samples; these are illus- 
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Figure3 Raman spectra of polyethylene samples, No. 1, 4 and 6, 
in the region Av= 1600 to 1700cm -z. Intensities have been normal- 
ized with respect to the band at Av=1295cm -z 

trated in Figure 3. Group frequency correlations exist for 
some substituted olefins z7 and these are used below. 

Raman shift 
Sample No. (cm -z) Group 

1, 4, 5 1 6 4 5  R-CH=CH2 
R R R' 
\ \ / 

1 1655 C=CHz; C=C 
/ / \ 

R' H H 
R H 
\ / 

1 1672 C = C 
/ \ 

H R' 

The C-H stretchhlg region 
Bands due to C-H stretching fundamentals and also 

some overtones and combinations are normally seen 
between Av=2700 and 3100cm-L As we shall show in 
the second p;iper 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 2884cm -1 are sensitive to 
crystallinity. 

Laser-Raman spectrum of polyethylene (1) : M. J. Gall et al. 

Table 2 Raman spectrum of high density polyethylene melt. 
5145 A excitation; Spex 1401 ; spectral slit 5 cm-Z; 
sample temperature; 145+5~ 

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 zs. 
The Raman spectrum of  molten 'low density' polyethylene 
has been studied some years ago by Brown z6. We have 
examined the 'liigh density' polyethylene as a melt at 
145~ 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 
(CzsH34) at room temperature. This latter sample probably 
contains only molecules in a state of conformational 
randomness on the basis of  Schaufele's study 29 of  a 
large series.of normal hydrocarbons. By observing the 
change and disappearance of the Raman active accordian 
mode he concluded that the amount of trans conforma- 
tions is vani~hingly 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  differeht orientations with respect to one 
another. It is interesting that there are bands centred at 
A v= 1085 and 1305 cm-Z--frequencies that have already 
been associated, directly or indirectly with gauche 
methylene units ~-~ in the solid state. 

I I 

3 0 0 0  2 9 0 0  2800 

I I  

! 1 ! I I I 

15OO 14OO 13OO 12OO IIOO IOOO 

Av (cm "j ) 

Figure 4 Raman spectra of (a) n-cetane at 23~ and (b) poly- 
ethylene (sample No. 4) at 145~ II and_J_ 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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Laser-Raman spectrum of  polyethylene (1) : M. J. Gall el al. 

Thus, to conclude,  it would seem that the R a m a n  
spectra o f  the various polyethylenes and normal  paraffin 
samples examined are sensitive to crystall inity and give 
indicat ions o f  t he  presence, where appropr ia te ,  o f  vinyl 
and related groups  and non-trans CHz-~CHz sequences. 
It is possible  that this technique may  be developed as 
a quant i ta t ive  method for analysing the ratio o f  gauche 
to trans dimethylene conformers  in this type o f  specimen. 
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Filler reinforcement in silicone 
polymers 
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Criter ia have been establ ished for  ident i fy ing f i l lers wh ich  are potent ia l ly  h igh ly  
re inforc ing in s i l icone rubber  f rom the way in wh ich  they in f luence the steady- 
state v iscosi ty of s i l icone oils. The res'ults show that acid ic f i l lers, such as the 
wide ly  used fumed si l icas, can lead to s ign i f i cant  amounts  of sc iss ion in methyl  
s i l icone oils, and it is l ikely that the same reaction wi l l  occur  dur ing the vu lcan iz -  
at ion of s i l icone 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 evidence 1 
to show that this reversion is due largely to hydrol~,tic 
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 difficulties 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. 

EXPERI M ENTAL 

Materials 
The silicone oil used throughout was a poly(dimethyl 

silicone) of  the MS200 series having a viscosity of  
30000cS at 25~ supplied by Midland Silicones Ltd. 
The fillers used, together with their known characteristics, 
are shown in Table 1. 

Table I Particulate fillers used 

Ultimate Surface 
particle area Slurry 

Filler type Name size(nm) (mS/g) pH 

Fumed silica Aerosil K3 10-40 175+25 4"3 
Aerosil 2491 5-20 300+30 4"3 
Aerosil 380 3-15 380+40 4-3 

Precipitated Hysil 233 22 140-160 7-0 
silica Ouso G32 13 300 8"5 

Ouso H40 16 200 4.0 
Channel Royal Spectra 10 1125 2.8 
black No 999 16 275 5-8 

Peerless Mk II 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 Levlssima - -  - -  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-butyi peroxyhexane. 

Measttrement of ptl 
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 weight s 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  3 h. 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 ew~cuation for 
periods up to 8 I1. 

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~ 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~ 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 I, 2, and 3 of the outer cylinder 
corresponded to shear rates of 0-78, 3.28, and 9.1see -~ 
respectively, whilst for all other systems the values were 
0-31, 1-29, and 3.59 sec-L 

Compozmding of dry rubbers 
Rubber, filler, and vulcanizing agent were mixed on a 

6 • 2 in laboratory roll mill. Vulcanization of thin sheets 
for mechanical testing was carried out under pressure 
for 1 h at 160~ The sheets were not post-cured. 

30 

Mechanical testhtg of rubbers 
Two types of mechanical test were carried out on filled 

vulcanisates; firs/ the normal test to failure in uniaxial 
tension at a strain rate of 20 in/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. 

Recove O' 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 

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 z 
(see Figure 1). Even at low volume fractions of filler, 
i.e. Vs<0.03, departures are large, sometimes extremely 
large. The simplest explanation for this behaviour would 
be that the effective volume fraction (V.t~e,~) is much 
larger than the nominal value (Is,,( .... )) because of  associ- 
ation of filler particles with the silicone oil and/or aggrega- 
tion of filler particles to give network-like structures. The 

�9 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 tile perturbation of flow of the 

dispersion medittm around the suspended particles, and 
current theories 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 

r/sv = 2.5 l's(e,o (I) 

In systems containing highly reinforcing fille'rs it is 
found that the values calculated for Vl(em are extremely 
high, even in tile limit of  infinite dilution. Typically, 
with fumed silica (Aerosil K3) the limiting value for the 
ratio Vr(e,)/VI( .... ) at 130~ is 80; it rises rapidly with 
increasing concentration, reaching a value of 130 at 
IQ( .... )=0.01 and shear rate 3.59sec-L These results 
show that the simple view of isolated, and essentially 

2O 

I=- 

IO 

% I 
O'OI OO2 0 0 3  0 0 4  

Vf 
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Figure 1 Viscosity at 30~ shear rate 1. �9 Royal spectra; O, 
Aerosil K3; [3, Conductex; x ,  Hysi1233; ~ ,  Einstein for rigid 
spheres 
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spherically symmetrical oil-filler associates cannot be 
sustained even at high dilution. At l/.r( .... )=0.01 a value 
of 130 for the ratio 19(~m/Vit,om) 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 3 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: 

r/sp. = [r/] +-]k[r/]"-c (2) 
c 

where r/sv is the specific viscosity, [r/] the limiting viscosity 
number, c the concentration of  solute in g/100ml of 
solvent, and k the Huggins constant. For polymers the 
quantity ['7] is related to molecular weight, i.e. molecular 
size. at infinite dilution, and the constant k is thought 
to be related more to molecular shape than size. " 

The relation found to apply to the filler-silicone oil 
systems is: 

r/sp , o / 
s (3) 

where I~ is the volume fraction of filler in the mixture 
and a and k' are constants for a given filler under condi- 
tions of constant temperature and shear rate. The dose- 
ness with which.this 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) c~ will 
be related to the size of the solvated filler aggregate at 
infinite dilution, and k' will be determined primarily by 
its shape. Values of a ;rod k' 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 30000cS oil. x ,  speed 1; 
O, speed 3; - - ,  130'C; . . . .  ,3O'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 c= and k' derived from the Huggins equation 

~x-value k' value 

3O~C 130~C 30~C 130~ 

Filler 0-78 9.1 0.78 9.1 0.78 9.1 0.78 9.1 
sec-1 sec-t sec-* sec-Z sec-* sec-* sec-* sec-* 

Aerosil K3 120 120 190 190 0.52 0"10 
Hysil 233 39 39 39 39 0-02 0"02 
Magnesia 45 45 45 45 0.52 0"11 
Witeoblak F-4 40 40 40 40 1-10 0-15 

0-51 
0"14 
1 "62 
3"8 

0-10 
0"06 
0-18 
0"66 

30~C 130~C 3O=C 130~ 

0-31 3"59 0"31 3.59 0"31 3"59 0"31 3"59 
see-* sec -1 sec -[ sec -1 sec - t  see -z see :~ sec -z 

Statex 50 50 50 50 1-2 
Conductex SC 40 40 40 40 2-3 
Ouso G32 20 20 20 20 2.5 
Raven R150 8 8 8 8 27-7 
Aerosil 2491 300 300 380 380 0.11 

0.07 6-4 0-90 
0-35 7"3 1.41 
2.5 2"5 2-5 
8"6 83.0 15.6 
0.003 0"31 0-31 
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Pursuing the analogy between o, in filler-oil and [r/] in 
polymer-solvent systems leads tO the view that very large 
,~-values are associated with a large effective volume of  
filler in suspension in the oil. It is known that fine filmed 
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 a 
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 40~o of that shown by a fumed 
silica (Aerosil K3). Undoubtedly these fillers aggregate 
and become associated with oil, but their failure to give 
large o,-values could be attributed to an inability to 
aggregate to network-type structures. 

From the k' values at a given shear rate and tempera- 
ture in Table 2 two kinds of behaviour can be disting- 
uished. For  example, at 30~ and low shear rate (0.31- 
0-78sec -1) there is a group consisting of  the two fumed 
silicas and the coarse precipitated silica (Hysil 233) which 
show k' values significantly below 1.0, 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 I-I to 27.7 observed for fine carbon blacks at 
30~ 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 a 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 a-value, could also serve 
as a criterion for reinforcement. To test this hypothesis 
fillers having high a-low k' and low a-high k' 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 k" value (i.e. k ' >  1-2 

Table 3 Mechanical tests on filled silicone rubbers at room 
temperature 

Ultimate 
tensile 100% 

Wt.% of strength modulus Ultimate 
Filler filler (Ibf/in'-') (Ibf/in 2) strain (%) 

Aerosil K3 40 817 191 480 
Ouso G32 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 r/with I/T for filled silicone oil 

Group (i) Group (ii) Group (iii) 

Magnesia Aerosil K3 Conductex SC 
Witdoblak F-4 Aerosil 380 Statex 
Hysil 233 Aerosil 2491 Raven R150 
Ouso G32 Quso H40 Raven 40 

Royal Spectra 
999 Channel 
Peerless Mk II 

at 30~ and shear rate 0.31 sec -1) 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 I30~ 

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) log~/vs. 1]T 
is linear, the slope is independent of filler loading and is 
the same as that for pure oil; (ii) slope of  log'q vs. l /T is  
dependent on filler concentration and is greater than that 
for pure oil; departures from linearity o f t ~  occur at 
temperatures above 100~ (iii) 10g~. vs. lIT is strictly 
linear over the whole temperature range, the slope depends 
on fdler 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 1), 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~ 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~ 
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 

Table 5 Viscosity measurements on recovered silicone oil 

Filler Concentration 

Viscosity of oil at 
30~ and 3"58 sec -1 

Original Recovered 
value oil % 
(P) (P) decrease 

Peerless Mk II  2% by wt.. 244 147 39 
Carbon 
Royal Specira 4% 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. 

3-1 

2-~ 

2"] 

~- 2"5 

0 ...J 

2"3 

2-1 

1"7 

xS 

! 1 ! I 

2!5 ' 2"7 12-9 3"1 3!3 
~-xlO 3 

Figure 4 Viscosities measured at a shear rate of 3.587sec -1. 
O, Pure oil; x ,  1% Peerless Mk II; O,8% Conductex SC 

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~ 
and greatest at 130~ 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 t h e  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 

T(~ 
Shear rate 
(sec -1) Filler type 30 50 70 90 110 130 

0.31 Aerosi12491 1962 1623 1365 1160 999 874 
1.29 1211 937 756 619 524 445 
3.59 966 730 575 402 388 322 
0.81 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 
1-2g 430 322 258 215 180 150 
3.59 379 286 224 181 150 124 
0.78 Hysil 233 384 256 192 144 112 80 
3.28 348 243 177 139 112 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 k' in the equation: 

~$1 ) - - 1 1 . 1  O 

The initial aim of this work, which was to establish a 
simple and quick method for screening potentially 
reinforcing fillers for silicone rubber, has been achieved 
in that reinforcement seems to be associated with a high 
value for a and/or a high value for k'. The criteria which 
could be laid down on the evidence of the present work 
are that a filler having an a-value in excess of 100, 
and/or a k' value in excess of 1.2 as measured at 30~ 
and shear rate 0-31 sec -1, is potentially highly reinforcing 
in silicone rubber. 

An important fact which emeiges from this work is 
that acidic fillers such as filmed silicas and channel 
blacks will cause appreciable chain scission when heated 
to 130~ 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~ 
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 

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 secondary 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 ~ipplications 
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 20 in/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 0.25 in/min 
at 100~ Under these conditions the rubber had an 
ultimate tensile strength of .1601bf/in z and a breaking 
strain of 240~,  a gum vulcanisate tested under the same 
conditions gave an ultimate tensile strength of  125 Ibf/in 2 
and breaking strain of 190~o. 
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An etch method for microscopy of 
rubber-toughened plastics 
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Microtomed blocks of acrylonitrile-butadiene-styrene (ABS), high-impact 
polystyrene (HIPS), and high-impact poly(2,6-dimethyl-l,4-phenylene oxide) 
(PPO) were etched with a mixture of chromic and phosphoric acids, and 
examined in optical and scanning-electr0n 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 piastics. 
There are two previous publications on the subject: 
Spit x demonstrated the composite nature of the rubber 
particles in HIPS (high-impact polystyrene) by means of 
gas discharge etching; and Keskkula and Traylor 2 
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 3-6 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 7 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 e t  al .  8 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 
dra;,v 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 15 see 
and 3min in a bath containing 400ml of H2SO4, 130ml 
of H3PO4, 125 ml of H20, and 20g of CrO3, at a tempera- 
ture of 70~ 

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 o fa  5~o 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 ofcarbon, and shadowed with platinum; 
finally, the PVA layer was dissolved away in distilled 
water, and the carbon repl!ca 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 I 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 1.5~tm 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 ofemulsion- 
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 9, z0. 

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-inclugions is well illustrated in this photograph. 

Figure 3 illustrates the use of etching in the study of 
orientation in rubber toughened plastics. The specimen 

is an injection-moulded bar of HIPS, sectioned parallel 
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 spherical 
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 KatoU 
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 lz. 

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 

a 
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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 microg raph of 
polystyrene sub-inclusions adhering to replica (x 16 700) 
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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- 
sion z6-xg. 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-l,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 

"" " "" ? ~ . . " .  , ~ I ~ _  " . -  be seen that the associated craze is in contact with the 
~1~ . . . . , , ~ , ~ , , .  . ~, + , ~ ' - - , , w , . ~ l ~ - "  ~ particle at all points on the equator. 

�9 ' Comparable observations of  shear bands are shown in �9 :,,~...'. �9 - .  . : . . ' . ?  _ , : ' ~ , ,  ~ .,-.+ 
�9 ". "" " . �9 " ~ * .  " ~ .  -, m, -. Figure 5. The specimen is a compression-moulded bar of 

o . �9 + . ~ �9 �9 ' ~  

�9 . ' .  o " . - "  ,~., -- ~ ~ ;  high-impact PPO, which was subjected to plane-strain 
D ",. - ' ~ ' _ l l n R ~ l ' - - ' ~ e k " ~ ' _ ~  :.,.-~ o- ~ oQ~ 
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Figure 3 Injection-moulded HIPS bar, sectioned normal to ~ . o _ ~ . ~ . ~ .  + ~ . ~ F - ~  "~ . ' . ' ~ . ;  t .~_ "~k"~ 
moulded surface and parallel to flow direction: 1 minute etch. 
(a) Oriented surface layer; (b) zone of maximum shear rate. ~ 4 1 ~ , ~ " ~ , 4 t ~ . ~ "  -~  ~ ~ J~...+"~.-,1~,~..,1~ ~ .  IPI 

" "  _ . -+  
O p t i c a l  m i c r o g r a p h s ( x 8 3 0 )  . . o  ,+---,,,, ....- . . . . .  - 

often useful as a screening test, in selecting specimens +~'".-'1.~'": ~ .~ ""-t.-=-,-'~7-,,,,+ "--.,d w " " - ' t  .". , " ~  
..,, _ ~  ~ )  ~ _ . , , .  n ~ ,  , - . - ' z ~ l ~ . ~  ~ , fo r  repl icat ion or  scanning electron microscopy. Etched . . . . . . . .  " "" �9 "" . . . . . . .  

specimens are unsuitable for oil-immersion techniques, 
but ordinary objectives give good resultsat high magni- a 
fications, as the specimens are flat, and free from the ~ " : ,  : . . ~  " . ~  " "i .~ "-.. 

withPr~ of  wrinkling and depth of  focus e n c o u n t e r e d s e c t i o n s ,  g !2.." ~').~ -- .~�9 . , .  ;. : ~ . ~ ~  ~ 

Apart from the difficulty of observing small particles, ',~. 
the main problem in optical microscopy of etched speci- , . .  -_ ~ . ,. . " ,  
mens arises with pigmented materials. Pigment particles �9 . ' .~ ": , : ' ' .  I ' ~ D ~ . . -  : . .  
cause excessive scattering of  light, resulting in loss of  ~) ~-1 : .  " ~ r  ~ - - ~ . ~ ' - - ~  % +'~-. 
contrast in the final image. This can be improved if ~ o~ ,,, " ~ ..~", 
viewed by polarized light. However, results are still not _~ " " ~ . ~ , "  
as successful as  for unpigmented materials and photo- 7) : - :  " " '" 

�9 . " - . .  ~ " :  ~ . �9 

graphy is difficult. ~ " ; ' - 0 " . '  , ; ~ ' ' :' : 

Deformation mechanisms ' ~  _i+_~.:_~+ _+,:,~ 
Research continues into the deformation mechanisms -- : 

I responsible for rubber-toughening. Bucknall and Smith ~3 t .......... :,~ . . . . . . . . . .  - -  
concluded from an optical microscope study that crazing b 
is the dominant mechanism of  toughening in HIPS and Figure 4 Crazes  formed under  uniaxial t ens ion  (vertical direction)�9 
related polymers, and their conclusions are supported by (a) optical mlcrograph of high-impact PPO specimen: 1 minute 
later observations TM. More. recently, McGarry and etch(x830);(b)electronmicrographofreplicaofHIPSspecimen: 
co-workers ~ have shown that shear bands also contr ibute 3o second etch ( x  3333) 
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Figure 5 Shear bands in high-impact PPO (compression direc- 
tion vertieaO. (a) Optical micrograph: 10 minute etch (x830); 
(b) electron micrograph of replica: 1 minute etch (x 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 

are straightforward, and can be completed in a few 
minutes; (c) highly oriented specimens present no 
particular problems; (d) specimens can be examined by 
optical, electron, and scanning electron microscopyr 
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 fiat 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) 
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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 aqueous 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 encounteredL 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 stability 2. 

The complexes between water-soluble polymers and 
small molecules typical of pharnmceutical systems have 
been studied from several viewpoints a-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  dose application. One of the best known 
complexes with altered properties is that between iodine 

* Present address: New England Laminates Co. Inc., 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. Schreiner s, 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 quicklyas 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 9. 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 the poisons commonly encountered, the 
barbiturates form a class which continues to grow. In 
1964, 2 0 ~  of the deaths due to acute poisoning involved 
barbiturates 8. Ruedy and CherneckF 0 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 secobarbital. 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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EXPER1 M ENTAL 

The polymers and solvents used are summarized in 
Table 1. The various cosolutes employed were conven- 
tional laboratory-grade chemicals used without further 
purificatioa. 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~ Cloud points were estimated by titration of a 
polymer solution with a 3 wt.Yo hydroquinone solution 
(about 0.03 mol/i). 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 
turbidometrie method used by previous workers 5. 

Equilibration data were obtained by mixing about I g 
of a crosslinked poly(vinyl pyrrolidone) with 50ml 
water or other solvent and varying amounts of hydro- 
quinone. For Agent AT-717 (Table 1) in water or iso- 
propyl alcohol, the particles could be filtered off and the 

Table I Materials used in study 

Material Grade Suppl ier 

Intrinsic 
viscosity at 
30~ in water 
(dl/g) 

Poly(vinyl 
pyrrol idone) K-30 GAF Corp. 
Poly(vinyl 
pyrrol idone) K-90 GAF Corp. 
Poly(vinyl 
pyrrol idone) K-115 GAF Corp. 
Poly(vinyl 
pyrrol idone) Polyclar AT  GAF Corp. 
Poly(vinyl 
pyrrol idone) Agent AT-717 GAF Corp. 
Hydro- 'Photopuri f ied'  Mal l inckrodt 
quinone 
Isopropyl Analyt ical 
alcohol reagent Mall inckrodt 
Dimethyl 
sulphoxide 'Practical' Eastman 

0-23 

1 "72 

2"4 
Crosslinked 
fine powder 
Crossl inked 
granules 

concentration of  hydroquinone in the supernatant 
liquid determined gravimetrically. However, the Polyclar 
AT powder was not easily filtered nor was the dimethyl 
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 
isothermT: 

lh,= 1/,+ l/(h',,~) O) 
where p = molar ratio of hydroquinone to polymer (in 

monomer units) 
==free concentration of hydroquinone at 

equilibrium, mol/l 
I/(n)=monomer units associated with 1 molecule 

of hydroquinone at saturation 

K='binding constant' (a measure of  strength of 
binding), l/mol 

Since the molecular weight ot ~ 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. 

RESULTS AND DISCUSSION 

Preliminary experiments 
A number of cosolutes were screened for their effect 

on the viscosity, -q, of a 0.5Yog/dl solution of the K-90 
polymer (Table 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 l-[oermann ll found a similar 

Table 2 Viscosity reduction by phenol ic  cosolutes 

Ratio of specific 
Conc. viscosit ies ~ p/r/s*p 

Structure as benzene (tool/I) 
Cosolute derivative Mol.wt. x 103 Measured Li teraturet  pH 

Cyclohexanol - -  100 20 0.98 - -  6-3 
Aniso le methoxy 198 18 0.97 - -  6.8 
Phenol hydroxy 94 21 0" 91 0-93 5" 9 
m-Cresol 1-hydroxy-2-methy I 106 18 0.87 - -  6-9 
Benzoic acid carboxy 199 16 0.85 0-91 3.1 
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 
Pyromell i t ic acid 1,2,4,5-tetracarboxy 290 6"9 0"81 - -  - -  
Hydroquinone 1,4-dihydroxy 110 18 0.75 - -  5"7 
Pyrogallol 1,2,3-trihydroxy 126 16 0"72 - -  5.6 
Resorcinol 1,3-dihydroxy 110 18 0" 66 0.66 6" 4 
Hydrochlor ic acid - -  - -  - -  0.95 - -  1.7 

"1" Condi t ions:  0.5g/all, K-90 in water at 30~ (specific viscosity, ~s~,=1-175); 0.2g/dl  cosolute. 
Literature values interpolated from ref. 7 
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I 0  
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O 5 

Cosolutr conc.(g/dl) 

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. 
�9 , Phenol; O, pyrocatechol; A ,  hydroquinone; I-1, 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 effectively 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 1). In separate experiments in 
which the temperature was varied between 30 ~ and 
40~ 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 7 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~ to 
37~ 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~ which is over 6g/dl. 

Changes b~ viscosity with concentration and molecular 
weight 

The typical behaviour of poly(vinyl pyrrolidone) on 
dilution corresponds to the Huggins equation12: 

~sp/C = [7/1+ k'[v]2c (2) 

where ~sp = specific viscosity 

[7] = intr insic viscosity, dl /g 

c= concentration, g/dl 

It can be seen in Figure 3 that a 'normal value' ofk '=0-4 
is found when the reduced viscosity Vsv/C is plotted at a 
constant concentration ofhydroquinon e. 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 k' of about 
zero. The conclusion one reaches is that only a part of 

0.9 

0-7 

,2 C/D" 0,,.0~0'0~ 

0 5  

0 
I t ! I I l I I I 

I 
C I 19/dl ) 

Figure 2 Effect of adding hydroquinone (cl) to aqueous solutions 
of poly(vlnyl pyrrolidone) (cz) on turbidity. 0 ,  K-30: cz=0.665+ 
0"105cl; O, K-90: c==0-565+0.095cl. (Results were obtained at 
23~ but curves at 37~C are almost identical.) 

3 

2 

I=-  

r - I ~  

I 

. . . .  o ' s .  . . . .  t. 
Polymer conc.(g/dl) 

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"; � 9  0.4; I-l, 0.5; y ,  0"6g/dl hydroquinone 
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Figure 4 Variation of intrinsic viscosity with hydroquinone 
concentration for polymers of different molecular weight: O, 
K-115; /k, K-90; II, 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, isopropyl alcohol; $, dimethyl sulphoxide; ~k, 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 h)'dro- 
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 tluggins constant k' 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 k' 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. Elias 13 found that 

poly(vinyl pyrrolidone) in an acetone-water 0-solvent at 
25~ corresponded to the equation: 

[~]o=KoM,~ r', Ko=7.2x lO-4(dl/g)(mol/g)ll z (3) 

Going on the assumption that ~,tv is about 0-85M~,, 
and that My can be obtained from a Mark-Homqink 
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-ist4: 

['q] = 1"4 x 10 -4 M O'70 (4) 

On the basis of equilibrium studies reported later, it 
would appear that 1 mol of hydroquinone is associ- 
ated with about 3 tool 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 seem unduly 
expanded by accommodating the cosolute. The unper- 
turbed dimensions can be calculated 15 from Ko by: 

A1),I'=( Koi,X,),i  (5) 
where (I~ is a universal constant equal to 2.1 x 10 ~-t when 
r is in cm, M. in g/mol, and [~] in dl/g. If  the hydro- 
quinone were being accommodated by inclusion within 
a helical polymer coil, one would expect the value of 
(~/M)tl 2 to be appreciably larger than it is when the 
0-solvent is a water-acetone mixture as used by Elias. 

Viscosio' changes ht isoprol~yl alcohol atut ht dimethyl 
sulphoxMe 

Since the polymer is soluble ill 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~ 
(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). t tydroquinone has no discernible effect on 
viscosity of the dimethyl sulphoxide solution and. only 
a small effect on the alcoholic solution (Figztre 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 series of dielectric constants 
(Table 3). 

Table 3 Solvent parameters 

Solvent 

Intrinsic 
Viscosity viscosity of Dielectric 
at 30'C K-90 at 30~C constant 
(cP) (dl/g) at 30~C 

Water 0' 8004 
Isopropyl alcohol 1.77 
Dimethylsulphoxide 1"87 

1" 72 78 
2.0 18 
1-4 45 
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Equil ibrhmz measurenzents  

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 o f  high hydroquinone concentrations. 

Molyneux and Frank used an '  equilibrium dialysis 
�9 method to study the complexing Of phenols by poly(vinyl 
pyrrolidone) 7. 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 t j in the Lang- 
muir equation (equation i). The free cosolute concentra- 
tion at equilibrium is ,x in the same equation. 

For hydroquinone in water at 30~ Molyneux and 
Frank measured a K of 38 I/tool asstmaing that I/n was 
10 mol vinyl pyrrolidone/mol hydroquinone. The pre- 
sent work yields K =  14 I]mol and 1/n=2.4. It can be 
argued that the new value for l/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 

I0 

5 

0 
0 

Isopropyl S 

Water 

! I I I I I I I 1 

25 50 
I I a (tool/I) 

Figure 6 Langmuir isotherms (equation 1) for Agent AT-717 (O) 
and Polyclar AT (A, Cl) at 23~C. The binding strength is somewhat 
lower in isopropyl alcohol than in water 

i o 
0-5 ~ 

! ! i ! ! l =  i l l l  I , i i l l ,  

10 4 10 5 I0 6 
Molecular weight (M) 

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 0-solvent (curvo D) at 
30~C. A, no hydroquinone; B, 0"4g/I hydroquinone; C, 0.6g/I 
hydroquinone 

Molyneux and Frank's value of 0.26mol/1. I f  their 
value of the slope (possibly more reliable than the present 
work) is combined with the new value of i /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 l/n to be ten times that in 
water, the present work indicates l / n  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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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 1 and 
indeed batch fractionations have been a useful technique 
for the polymer chemist interested in characterizing 
materials of importance, z-s The liquid chromatographic 
technique based upon adsorption mechanisms was, after 
its renaissance in the 1930s, applied though with only 
mediocre success to synthetic polymers G-9. The first 
successful chromatographic techniques, those of Des- 
reux l0 and especially that of Baker and Williams n 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 11 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 12-16 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 alllS, 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 17. is. 

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 11 
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 molecular 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 Caplan3 z 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 intuitively applies 
a simplified form of the ternary phase equilibrium 
equations of the Meyer-Flory-Huggins theory of polymer 
solutions19, z0 coupled with an intuitive notion of the 
variation of solvent quality along the length o f  the 
column. A second attempt at analysis which was more 
in line with classical chromatography theory was pub- 
lished by Schulz et al. 21 who attempt to set up and solve 
differential mass balances. A similar approach was later 
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A Solvent 2 taken by Smith z2. 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 basis "3. 

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 l/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 "0, 24, 2s indicated in Figure 1. 
The composition of a solution with volume fractions 
ofspecies 1, 2 and polymer of 4,1, ffz, ~p is indicated by the 
intersection of the perpendiculars from value ~1 on the 
2p axis, ,fiz on the lp axis and ,~p on the 12 axis. There 
have been remarkably few experimental studies of phase 
equilibrium in polymer solutions with mixed solvents '6-30. 
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. Flory 3~ 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 t9, 20.24. a,-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, containingmt lattice site occupying 
units, between solution and swollen precipitate phases is: 

4l --IHI[(--XI3-{" x12X~2-- ~2) -l- in ~t = x z 3 -  

(l  - 2 x 1 3 ) ( r  4,p) + Xl=(r 4,~) + 

( r  - r .) + x ,  3(r  4~,) + 

(x~3-x=3+ x,~)(r162162 O) 
Here the X*/ are interaction parameters representing 
dimensionless site interaction energy differences tg. q~t is 
the volume fraction of species i in the liquid, q~t is its 
volume fraction in the gel, and 4v 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 complicated zs. Generally it 
is found that the Meyer-Flory-Huggins theory predic- 
tions of partition following phase separation to be 
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Solvent I Polymer 
poor solvent 

Figure I 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 
Wilson37, Thomas 3s and Lapidus and Amundson 39 
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 SyngO~ 
and stochastic process methods as devised by Giddings 
and Eyring u,t2. 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 te6hniques 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 ~ of stationary glass beads, a 
of mobile fluid phase and 7 precipitated gel of polymer 
and solvent components. In particular: 

~,+/~+v= l (2) 

Generally /3 will be constant through the length of the 
column, but ~x and 7 will vary with position and time. I f  
a solvent flow rate Q (volume/time) is pushcd through 
the column then a balance over species i at time t will 
lead to: 

a a 
Qc, , z , , z . t -Qc, . , z . ,=-[~(ac , )+ 0-t(Tg,)]A Az (3) 
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Feed 

High temperature 

Low temperature 

Initial polymer location 

Az 

Effluent 

Figure 2 Precipitation chromatograph 

where c~ and 5~ 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: 

Oci Q Oc~ Oln%. , O(~ 
Ot 1-~. ~ -  ~ tci-co-y-ai (4) 

where equation (1) has been used (Oa/Ot=-Oy/Ot). In 
the derivation of equation (3), we have neglected axial 
dispersion processes, radial concentratiori 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 6f and a which relate to the characteristics of 
the gel that forms when ct becomes greater than some 
threshhold concentration el,sat, a 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 
elution problem for the special case of elution fractiona- 
tion, i.e. columns without temperature gradients ~s. Here 
the eluting solvent entering the column dissolves each 
species to an extent cf, 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: 

el(z, t):Cto(t--(-Z--~ )) (5) 

where cfo(t) represents the concentration of species i in 
the mobile phase entering the column at time t. The 
problem of analysing the column simply reduces now to 
determination of clo(t). If one is willing to presume 
equilibrium in the polymer layer at the top of the column, 
clo(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 6~ 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 c,o 
exceeds el,sat. At this point gel begins to form, y takes 
on non-zero values and a decreases. If  equilibrium is 
assumed, then application of the lever rule to the phase 
diagram will yield the relative amounts of the two phases. 
I f  ~rt is the apparent concentration at z and t then: 

0 -/3)efft, z)=~c~+ye~ 

=(1 - f l -y )c~+y?~  (6) 

where for a ternary system one may consider cx/(l-/3) 
and y/( l - /3)  to be determined from application of the 
lever rule to Figure 1. 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 o f 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 
Synge 40 and the basis of its applicability may perhaps best 
be seen in Aris and Amundson's 43 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 
tile 1st, 2nd, 3rd, and 0z -  l)th and nth cells each ofwhich 
is maintained at a successively lower temperature, 
To, Th To, 7"3 . . . 7",. 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 c~(l,0) 
and volume fraction in solution 4~(I, 0)is formed which 
flows during a period tl into cell 1. This yields a cell at 
temperature T1 containing a solution which is saturated 
at a higlxer temperature, To. At temperature Th this 
solution is supersaturated and precipitation proceeds 
yielding a gel phase with concentration, 6t(2, 1), volume 
fraction ~(2, I) and gel fraction y(2, I). The average 
volume fraction of i in the cell is 4~(2, 1). If a(2, I) is the 
remaining void fraction and ct(2, 1) the concentration of 
the solution phase in the cell, then: 

a(I, 0)[4i(I, 0 ) -4 , ( I ,  I ) ]+ ( i  -/3)4~(I, I) 

=(1-/3)4~(2, l )=a(2, 1)4z(2, l )+y(2,  i)4,(2, 1) (7) 

where 4~(I, 1) which is shown for the purpose of illustra- 
tion is zero. 

4~(I,0) and a(l,O) can be found from the known 
concentrations in the first cell using phase equilibrium 
data as is indicated in Figure 1 and the lever rule. Once 

126 POLYMER, 1972, Vol 13, March 



Precipitation chromatographic column : DonaM L. MacLean and James L. White 

4,(1,0) and a(l, 0) are found the procedure is repeated 
for the phase equilibrium data at temperature T~ to find 
the quantities on the right hand side of equation (7). 
During period 2 additional eluent flows into the 
column and the new solution phase in cell 0 moves into 
cell 1 displacing a(2, i)4i(2, 1) from cell 1 into cell 2. 
For cell 1 : 

c,(2, 1)[4ff2, 0)-4~(2, 1)]+(1-'8)4~(2, 1) 

=(I- '8)4~(3, 1)=~,(3, I)4d3, 1)+~,(3, I)7d3, 1) (8) 

Since the solvent power is now greater, part and perhaps 
all of gel in cell 1 will dissolve. For cell 2 we must write: 

,,(2, I)[4~(2, I ) - 4d2 ,  2)]+ [1 -'814~(2, 2) 

=(1-'8)4[(3, 2)=a(3, 2)4;(3, 2)+},(3, 2)4~(3, 2) (9) 

where 4d2, 2) will be zero. The quantities on the right 
hand side will be computed from the diagram. If  4i(3, 2) 
is less than ~t,sat(3, 2) then 

4~(3, 2)=4;(3, 2) 

a(3, 2) = I - ,8 (I 0) 

YO, 2) = 0. 

This procedure may be repeated. Generally for the dth 
cell and the Mth time period we may write: 

~, . , . (M-  I)[4KM- l, J -  1)- 4~(at- I. J)] + 

(~ -/~)4;(at- l, J) =(i -,8)4;(at. J) 
=a(M, J)4~(M, J)+y(M, a)qg~(M, S) (! 1) 

Feed 

2 rz 

I 
I 
I 
I 

n r~ 

Effluent -.~ 

Figure 3 Discrete stage or mixing cell model of a precipitation 
chromatograph 

where }'(M, J )  may be zero and r 1) is the mini- 
mum cell liquid fraction at time increment ( M - I ) .  
Equation (1 I) is valid for n components and J cells. 

It should be seen 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 each 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 MacLean4L 

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 (I). 
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 

o 283 Xlp=0 X12 = X.p=0.50+--/~- (12) 

where T is in Kelvins. Thus '1' 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 35cm 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 I0 equal sized cells with all the polymer 
initially in the first cell. 

Three basic parameters were considered in our study: 
(i) the quantity of palymer 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: 

41teed(M, t+ At)=41teed(M, t)+BAt (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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I - -  I_ -I 
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I 
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I 
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Calculate A time VL (m in ) /O  

Calculate new feed conditions 

If no potymcr in cell ~,= 0-0, ~1=~,  [liquid} etc. 
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Calculate .L distance for overall composition point to each tie line 
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If Y > p  

,~.. = <~p etc.  

Calculate overall fractions from material balance equations for 
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No 
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Figure 4 Simplified computer diagram for mixing cell model 
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Figure 5 Effect of linear ~olvent and temperature gradient for 
initial polymer volume fraction of 0"05. B=slope of solvent gradi- 
ent. O, mi=1000; 0 ,  mi=100 

solvent gradient of B equal to 1.0sec -x, with ~Iteed less 
than 0-35. When ~ltee~l 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 are 
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(z) = To + (7"i,- To) L ( 14a) 

T(z)=To+(TL-To)ln[klL +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 12. These Figures 
calculated from the Meyer-Flory-lluggins 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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mi=1000; 0 ,  mi=100 

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 (I) 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 40 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 
theory43, 4s indicate that the source ofdispersion 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 
chromatography 46, and specific molecular weight effects 
have been observed indicating greater dispersion with 
higher molecular weight polymer species ~7. Furthermore 
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additional dispersion will be caused by the lack of 
equilibrium between the polymer solution and gel'which 
will certainly exist throughout the length of the column. 
Some experimental studies of rates of dissolution have 
appeared 48 but little or nothing on the reverse problem 
of rates of coagulation and precipitation from solution. 
We intend to treat this problem further at a later time~ 

A second feature of interest is that if we had utilized 
the Kilb-Bueche 49 theory of solutions of copolymers, the 
procedures of this paper would allow predictions of 
separation on the basis of composition as well as molecu_ 
lar weight. Thus attempting to separate a polydisperse 
copolymer with compositional heterogeneity on a preci- 
pitation chromatograph should lead to rather compli- 
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 contras t  to previous  models  
fully a l lows for the var ia t ion o f  gel volume axial ly within 
the column.  Sample calculat ions have been made  using 
the M e y e r - F l o r y - H u g g i n s  relat ion for  te rnary  phase 
equil ibr ia  and the effects o f  initial amoun t  o f  polymer ,  
solvent gradient ,  and temperature  gradient  have been 
explored.  Based on sample  calculat ions a high constant  
t empera ture  fractional  solut ion method  with a ' two 
slope ' ,  solvent gradient ,  a high s lope ini t ial ly and  a low 
slope beginning jus t  before dissolut ion is r ecommended  
for  design. Also the amoun t  o f  po lymer  should  be kept 
low. 
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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 Tg 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 
Tg and Tr, 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~ at 0.9mmHg; purity 99-1 ~o). 

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~ at 0.I mmHg; m.p. 40~ 
purity 98-7 yo.) 

1,5-Naphthalene di-isocyanate (NDI) (supplied by 
Du Pont) was recrystailized from Analar benzene under 
direct dry gas 1. (M.p. 132~ purity, 98"0~o.) 

Toluene-2,4-di-isocyanate (supplied by Du Pont) was 
fractionally distilled. (B.p. 97~ at 0-1 mmHg; purity 
99.8 ~o-) 

Dimethyl adipate and ethylene glycol were fractionally 
distilled. (B.p. 58~ at 0.25mmHg and 79~ at 4mmHg 
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~ 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~ 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~ with 75 ~o 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 l - 2 h  had 
elapsed, the remainder of the di-isocyanate was added 
over the course of several hours. By this controlled 
addition of  the di-isocyanate, aiiophanate links were 
avoided and a linear polymer was obtained. The polymers 
were purified by precipitation in ethanol followed by 
solution in chloroform and reprecipitation in ethanol. 

]llolecttlar weight determhlation 
Polyethylene adipate. Results were obtained (a) by 

end-group analysis using the succinate methodL (b) 
from the intrinsic viscosity in chloroform solution at 
25~ with the aid of the equation given by Chang 
et aL 3 

[r/] =2.0 x 10 -4 (/I,'[r)0"77 (I) 

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'a: 

[(I +a)s  +a)]  l/a (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~ 

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 7 9 0  - -  

P2 3 050 2 890 2 800 
P3 5 100 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 

Mn (vapour 
Mol. wt. of Molar Mn pressure 
PEA Isocyanate concn. (viscosity) osmometry) 

P2 3 000 HDI 0,0532 22 800 24 500 
P2 3 000 MDI  0-0532 30 200 19 100 
P2 3 000 NDI 0-0532 24 500 - -  
P2 3 000 TDI  0-0532 24 500 30 000 
Pl 1 850 TDI  0-0847 28 700 19 000 
P2 3 000 TDI  0-0532 25 400 30 000 
P3 5 100 TDI  0,0338 34 600 23 900 
P4 7 000 TDI  0-0240 38 000 - -  
P5 8 500 TDI  0-0198 39 800 21 100 

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 is 
expected to have a narrower distribution. 

Extemled 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 (I); 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 o f  melthlg pohzts and glass transition 
temperalures 

The thermal transitions of the polymers were examined 
by means of a Perkin-Elmer DSCI differential scanning 
calorimeter (d.s.c.): prior to starting the run, the samples 
of  polymer were melted at 80~ 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~ 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. In 
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 2-3mi capacity fitted by means of a ground 
joint to a length of precision glass tubing (I mm bore). 
l -2g  of polymer was used, the confining fluid being a 
silicone (M.S. 200 of freezing point -85~ 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~ Measurements were not continued above -20~  
since crystallization commenced with most polymers at 
this temperature. The data yielded good straight lines 
whose intersection gave Tg to within 0-5~ 

Because even the homopolymers crystallize slowly 
relative to the rate of  cooling during quenching, it is 
considered that the observed transitions are truly repre- 
sentative of the polymers in the amorphous state and 
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Table 3 Glass transit ion temperatures of PEA 

Tg (dil.) Tg (d.t.a.) x bonds 
Polymer Mn (~ (~ per chain kJ mo1-1 

P1 1 850 - 5 2 " 5  - 5 2  108 4.05 
P2 3 050 - 5 0 ' 0  - 51  178 3.84 
P3 5 100 - 4 8 . 5  - 4 8  296 3-71 
P4 7 000 -47 "5  - -  407 3.66 
P5 8 500 - 4 7 - 0  - 4 7 . 0  "494 3-64 
P6 12 O00 --46-6 i 698 3.60 
P7 18000 - 4 6 . 0  - 4 6 - 0  1046 3"57 

descriptions of such data are those derived by Fox and 
Flory 5 and Ueberreiter and Kanig 6. 

The equation derived by the former workers relates 
To at a given molecular weight M to that at infinite 
molecular weight, Tg~ by: 

A (2) To=To~o M 

whereas the latter workers have given a reciprocal 
relation: 

Table 4 Glass transit ion temperatures 
o f  e x t e n d e d  polymers 

Tg (dil.) Tg (d.t.a.) 
Polymer (~ (~ 

P2-HDI - 45 "5  --44 
P2-MDI - 3 6 - 5  - 3 8  
P2-NDI - 3 6 ' 0  - 3 7  
P2-TDI -38"25 - 3 9  
Pt-TDI - 35 -5  - 2 9  
P2-TDI -38"25  - 3 9  
P3-TDI - 4 0 . 5  - 4 0  
P4-TDI - 41  '0 - 4 2  
P5-TDI - 4 2 - 0  - 4 2  

are not significantly affected by the presence ofcrystallized 
material. This opinion is substantiated by the occurrence 
of crystallization when the samples were heated above 
Tg, especially in the dilatometer experiments in which 
the onset of  crystallization was observed at temperatures 
as low as -20~ 

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.LF .  equation suggests that the results from 
the faster method (d.s.c.) should be about 4~ 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~ difference in the values of T o 
and it is considered that this value and the 4~ suggested 
from the W.L.F. equation agree within experimental 
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 tentperatures 
Changes in Tg with molectdar weight of the homo- 

polymers. The figures show the expected trend of increase 
in To with increasing molecular weight. The simplest 

u 
o 

I I B 
7~ = To~ + M (3) 

A and B being empirical constants. 
Fox and Loshaek 7 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 experimental data are 
plotted according to equations (2) and (3) (Figure /); 
the relation is linear for those polymers which lie in the 
higher molecular weight range but neiti~er 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 7"u, .. 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 experinaental error; even so the data 
clearly lie on curves suggesting that for low molecular 
weights the approximations invoh'ed in deriving equations 
(2) and (3) are not valid. 

Bueche & shows how, from the vaiue of ,,I in equation 
(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 
6A 3 is obtained, which may be compared with 80A :~ 
for polystyrene s or 75A 3 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 To of only 5~ for a change in M,  from co to 
3000; this value is to be compared with the corresponding 

- 4 4  

- 4 6  

- 4 8  

- 5 0  

- 5 2  

- 5 4  

'< :3 �9 �9 

t I I ! I 

I 2 3 4 5 

iO 4 

Mn 

4-  54 

4 - 5 0  

.-.. 
4 , 4 6  '~ 

4 . 4 2  

4 " 3 8  

Figure I Glass transit ion temperature and molecular weight, 
p l o t t e d  according to ( �9  equation (2), and ( 0 )  equation (3) 
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X 

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, ~=-3500Jmol-~; 
B, c=-3600J mol-~; C, c=-3750J mo1-1 (calculated from equa- 
tion (4).) . . . .  experimental_+0"SK. ~=-[3500+28300 (2/x)]J 
tool-1 

reduction in the Tg of the polystyrene and PMMA of 
~ 50~ 

Two explanations for this are possible: either the 
polymer chain as a whole is so flexible, as the low To 
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 Tg 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 
each bond in the chain which is not in the position of 
lowest energy. The calculations define Tg as that tempera- 
ture at which only one state of the system exists. An 
equation relating Tg to molecular size may then be 
derived 9: 

2 e x p ( - ~ T g )  X~TTg+in[l+2exp(_~TT~)] 

x [vlnv l n 2 x . k x _ l ]  (4) 
-x-21_F-~ x 

where x is number of atoms in chain, v is fraction of 
vacant sites, i.e. fractional free volume. 

The experimentgl results are plotted in Figure 2 
together with theoretical curves for three selected values 
of e; 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 claimed 1~ 

The values calculated from the practical data (Table 3) 
show that r cannot be treated as a constant but rather 
increases as the number of chain ends increases (i.e. as 
the molecular weight decreases). However, if we wish 
to apply equation (4) to PEA, c must be taken to be 
the average of the energies of all the bonds in the chain. 

l--'or a polymer such as PEA which carries at its ends 
h.vdroxyl 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 
c., from each end. The flex energy in equation (4) will 
then be given as: 

2e,~ 
c = ~1 + - -  (5) ,~- 

where e is averaged over all the bonds in the chain. 
The values of E have been calculated by trial and error 
from the data assuming the usual value for v of 0.025: 
a plot of  e against I/x is a good straight line, showing 
that equation (5) is a good representation of the data. 
The value of ~1 turns out to be 3-5kJmo1-1, whereas ~z 
is of the order of magnitude of a hydrogen bond at 
28.3 kJ mo1-1. Over the range of values of the flex energy, 
cx is of the correct order of magnitude for a polymer 
possessing a low Tg and may be compared with 3-16, 
5.98 and 6.02kJmol -x (0.76, 1-33 and 1.44kcalmo1-1) 
for polyisobutylene, polystyrene and PMMA respect- 
ively 11. The value of ~1 leads to a Tg for PEA of infinite 
molecular weight of -42.5~ The theoretical curve 
using values of ~ calculated from equation (5) is shown 
in Figttre 2 to represent the experimental data very 
satisfactorily. 

This kind of analysis fails 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 hydrggen 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 ~'-' 
in a series of polystyrenes having trichloro-triphenyl- 
methyl end-groups in which Tg 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 Tg 
should .be compared with -4 5 ~  or - 4 6 ~  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 to 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 
modify'i~g units was varied. 

For the former series, the presence of one di-isocyanate 
unit for every 180 segments in thechain  can raise the 
T 9 by as much as 7-9~ 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 7'9 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 a. There are therefore two competing 
factors, namely the introduction of rigid rings which 
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reduces chain flexibility, thereby increasing Tg, 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 T~. It 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 Tg 
varied continuously with composition; and extrapolation 
of the data to zero TDI concentration is not inconsistent 
with a Tg of about -46~ 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 form 13, 14. 

A lcl(Ta- Tgt) + .4 zc2(Tg- Tgz) = 0 (6) 

is applicable. In this equation A1 and Az are constants 
and cl, c2 are the weight fractions of the two comono- 
mers. Tg~ and Tgz are the glass transition temperatures 
of the two homopolymers. This equation implies that 
Ta of the copolymer is intermediate between those of 
the parent homopolymers, though a few exceptional 
cases have been observed TM 16. 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 T~z and to (AI/Az) 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 experimental errors even when the data 
are plotted in the linear fashion proposed by Wood 14. 
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. 

Melthlg pohlts 
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 
Tm T,n~ =~--H x x 

where T,n is the melting point of a polymer of number 
average DP of x, 

/'moo is the melting point of a polymer of infinite 
DP, 

AH is the heat of fusion. 

By extrapolation, Tm~ is found to be 60~ the heat 
of fusion is 18.4kJmo1-1. This latter value may be 
compared with Edgar and Ellery's value of 15-9 kJ mo1-1 
(3800calmol-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 Tx 

Polymer Tx (~ Tm (~ 

PI 46 50 
P2 48 54 
P3 48 55 
P4 50 57 
P5 50 57 
P6 51 58 
P7 51 59 

Table 6 Melting points of extended polymers. 
Crystallized for 8 days at Tx 

Polymer Tx (~ Tm (~ 

P2-HDI 42.5 50 
P2-MDI 4O 45 
P2-NDI 40 45 
P2-TDI 40 44 
P1-TDI 33 38 
P2-TDI 4O 44 
P3-TDI 44 5O 
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 Weeks is to be used to determine the 
thermodynamic melting temperature T,~ which was 
found to be 63~ 

The melting points of the 'extended' polymers were 
lower than that of PEA of comparable molecular weight 
(59-60~ Even the flexible HDI unit lowered the melting 
point by 9~ 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 
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3"04 
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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)*: 

1 1 
InX (7) Tm TO, = 

where .V is the molar fraction o f  crystalIizable units. 
The intercept of the best line drawn through the five 
copolymer points corresponds to a melting point of 
57.2~ for the homopolymer, compared with the 
observed value of 59~ for high molecular weight PEA 
crystallized under comparable conditions. However, the 
slope of the line leads to the very low value of 3.8 kJ mol -z 
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 
theoryZL 

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 beJween l/Tm and lnZ 
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 

3 .20  
0 

v 

o_1~ 

3"10 

* In the derivation of  this equation ~9, the copolymer is treated as 
an ideal binary mixture. 
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Figure 4 Melting points of copolymers 

ihe points. Secondly, probably because the molar con. 
centration of non-crystallizing groups does not exceed 
10Yo, 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 bDth 
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. I f  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 
,1, 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 l/TmlnX curves may be drawn, Figure 4 
being the limiting curve. Because of the non~ 
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 18kJ mo1-1 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 40Yo 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 TDl 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 2~ 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 adequate ~~ 

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 

138 POLYMER, 1972, Vol 13, March 



Melting and transition phenomena in some polyester-urethanes: K. Onder et al. 

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 re_presents the proceedings of an NMR colloquium 
held at Aachen in April 1970. Thirteen of the seventeen papers are 
in English (the remainder being in German) and the first seven, 
comprising nearly half the book, concern the theory and ex- 
perimental study of tacticity and sequence heterogeneity of syn- 
thetic polymers, largely by means of high resolution IpMR 
spectroscopy at 220 Mtlz. The introductory chapter is by Frank 
Bovey. Although not everyone prominent in this field has 
contributed these chapters nevertheless represent a very useful 
compilation of 'almost up to the ininute" data for all directly con- 
cerned with research in this field. Several mentions of  th e poten- 
tial of*-*C 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). electron spin resonance 
(Fischer) and dielectric relaxation (Williams) at:e covered in single 
chapters, as are high resolution NMR of proteins (ttill) 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 dielectric 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. C r a n e - R o b i n s o n  

Synthetic polymer membranes 
Roberr E. Kesting 
McGraw-Hill, New York, 1971, 307 pp, s 

Polymeric barriers that have been restructured prior to use 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, membranes formed in sittt, and ion-exchange 
membranes. The membrane classes have in turn been considered 
under different sub-headings according to the method of for- 
marion., 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 ~s 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 theoretical and mathematical. A few 
mathematical derivations and statements have been included, 
however, but due to the looseness of definitions and incomplete 

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 rlr 2 and rzr.~ should 
be equal, on page 249 there is no stated relationship that leads to 
the disappearance of./o and Jr, while the reader cannot begin to 
understand the comparisons of the different theories of reverse 
osmosis without definition of the symbols D '  and An and without a 
statement about the presence or absence of permselectivity in 
equation (17). 

A subject index containing about 500 entries has been included 
but no author index is given. This is a pity and in fact the Loeb 
Sourirajanlmembranes mentioned on the dust cover are not listed 
in the subject index. A thorough reading of the appropriate chap- 
ter revealed one or two mentions of these authors but the reviewer 
was not certain at the end how these inembranes 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 imprecise style of 
writing that makes the book somewhat longer 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 mcmbraues. 

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 research 
workers and technologists. ~ Its unique character as a source book 
on membrane fabrication and structure will, however, make i t  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 S20.00 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 
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Equilibrium ring concentrations and 
the statistical conformations of 
polymer chains: Part 7. Cyclics 
in poly(1,3-dioxolane) 

d. M. Andrews and d. A. Semlyen 
Department of Chemistry, University of York, Heslington, York Y01 5DD, UK 
(Received 2 August 1971) 

Cyclic oligomers [CH2OCH2CH20]x 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 Kx for cyclics [CH2OCH2CH20]x with x=1-8 were measured 
for an undiluted and a solution equilibrate at 333K. The Kx values for the cyclics 
with x~> 5 were in agreement with those calculated by the dacobson-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 equilibrates 1-4. 
Here, we report the results of an investigation into the 
concentrations of cyclic oligomers in a polyether. 
Molar cyclization equilibrium constants for cyclics 
[CH~OCH2CH20]z 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 Stockmayer 5 theory for 
cyclics formed from chains in random-coil conformations. 

EXPERIMENTAL 

Polymerization5 
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 

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 e. Volatile oligomeric 
extracts were analysed using a Pye-Unicam (Series 104) 
gas-liquid chromatograph fitted with a heated dual 
flame-ionization detector 7. 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 
[CHzOCH2CHzO]x 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 workers 8-10 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 [CHzOCH2CH20]x with x=2-9 were 
present as 2.2~ by ~veight in the undiluted equilibrate 
and as 2"4~o by weight in the solution equilibrate. The 
identities of the cyclic dimer and cyclic trimer were 
established by mass spectrometry. The cyclic oligomers 
[CH2OCH~CH20]x 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 [CH2OCH~.CH20]x. 

Theoretical molar cyclization equilibrium constants 
The equilibrium between cyclic and linear molecules 

in poly(1,3-dioxolane) may be represented as follows: 

-~CH2OCH2CH20]u~[CH2OCH2CH20]'y-z + 
[CH2OCH2CH20]x (I) 

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 Kx for x-merle 
cyclics were calculated using F!ory's relationship11: 

Kx= [CH2OCH2CH20]x/(1 - 1/.9) z (2) 

where )7 represents the average number of monomeric 
units in the chain molecules. Gel permeation chromato- 
graphy was used to estimate )7 for the undiluted equili- 
brate (fi = ~ 400) and the solution equilibrate ()7= ~ 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 Wx(r) 
of their end-to-end vectors r in the region r=0,  the 
Jacobson-Stockmayer theory 2, 5 provides the following 
expression for the Kx values for unstrained cyclics 
[CH2OCH.,CH20]~ formed by the forward step of 
equation (1) with zero enthalpy change 

Kx = (3/2~r(r~>o)3/~(1/2XN A) (3) 

where (r~>0 is the unperturbed mean-square distance 
between the ends of the x-meric chains and NA 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 
[CH2OCH2CH20]x 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. 

all-trans conformation 
exp(-AE/RT) where R is 
are as follows 

Rotational isomeric state model for poly( l,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/~ and 
1-53/~ respectively and all bond angles were taken to be 
tetrahedral. Rotational isomeric states about each 
skeletal bond were chosen at 0 ° (trans), 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 1. Each statistical weight parameter 
used in these matrices is related to the difference in 
energy AE between its associated conformation and the 

by the Boltzmann factor 
the gas constant. The matrices 

1 ~ a ] 
Ua= 1 ~b~ ~ocr (4) 

1 ~o,~ ¢~ 

Ub = ~tO-' O9'O .t 

U c  = @'~ o~'~ 
OJff ~ ' 0 "  

"1 (7 it (7 tt - 

it Ue= 1 ,ha" ~ocr 

1 o" o" - 

Ue-- 1 ~b"o" o/'cr" 
1 oJ'%" ¢"(r" 

(5) 

(6) 

(7) 

(8) 

Ub Ud 
! t 

A A 
/ \ / \ 

I I I I 

-/°'4. ' / " \  
CH 2 } } CH 2 ~ } 0 

I I I I I I 
( ) ~ ) k ) \ / \ / \ / 

Y Y Y 
I I I 

Uo Uc Ue 

Figure I Section of the poly(1,3-dioxolane) chain in the all-trans 
conformation. The statistical weight matrices Ua, lib, lic, lia, lie, 
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. Ub, Uc, Ue) and all the statistical weight 
parameters except ~b and co were taken from Flory and 
Mark 's  analysis 12, zz of  these polyethers. A consideration 
of  the non-bonded interactions involved led to the 
conclusion that ~b-~l and oJ~0. The statistical weight 
parameters for poly(1,3-dioxolane) at 333K are listed 
in Table 1. Using these parameters, the characteristic 
ratio (r2)o/5x] 2 was calculated to be 4.4. This value is 
close to Gorin and Monnerie's experimental values 15 of 
3.9 at 318K and 4.2 at 280K. 

Comparison o f  experiment with theory 

Experimental molar  cyclization equilibrium constants 
for cyclics in the undiluted equilibrate (containing 81 
linear polymer) and the solution equilibrate (containing 
14~  linear polymer) are plotted as logK= against log x 
in Figure 2. The experimental values (which are believed 
to be correct to within +10~o 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  (r~)0 computed for-[CHzOCH2CH20]-z 
chains. The latter were calculated by the exact mathe- 
matical methods of Flory and Jernigan 18, 19 using the 
rotational isomeric state model described above. 

The plot of  logKz against logx  for cyclics in poly(1,3- 
dioxolane) is strikingly similar to that for cyclics in 
equilibrates of  polydimethylsiloxane 1, 3 and nylon-620. 
Although the experimental Kx 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 5 
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 

C H z . . .  CH2 3 2.81 a 0.26 
O . . . O  3 2.84 a' 1.9 
C H 2 . . .  O 3 2"75 ~r u 9"7 
CH2 . . . .  O 4 3"54 ~b 1 
CH~ . . . .  O 4 3"38 ~b' 1 
CH2 . . . .  CH~ 4 3"32 ~b ~ 1 
CH2 . . . .  O 4 2" 35 ¢o 0 
CH~ . . . .  O 4 2"46 ¢o 0'6 
CH2 . . . .  CH~ 4 2"37 oJ u 0 

* The values assigned to these parameters by Gorin and Mon- 
nerie 14,z5 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 
shown 1~,~7 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/I) in undiluted (©) and solution (O) 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 

M. Kashiwagi* and I. M. Ward 
Department of Physics, University of Leeds, Leeds 2, UK 
(Received 22 June 1971) 

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) 1. 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 3 have 
confirmed that T2 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 i sotropic 
sheets of  a commercial polymer ('Darvic' sheet, manufac- 

* On leave from Toray Industries, Inc., Basic Research Laboratories, 
Tebiro, Kamakura, 248 Japan 

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 4 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 poty(vinyl chloride) samples 

Draw Strain Draw ratio* 
temperature rate 

Sample (°C) (min -z) ,~1 A= ,~3 

Birefringence 
× 10 3 

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 0'63 3"1 

* Az=along draw direction; A2=along normal to sheet; A3=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 1. 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 7 with the draw direction 
is given by the equation 

(AHZ) =~- t  0~.~ , azStPt(cosy)Pt(cosA) 

where G = 3/21(1+ 1)g~/z~, I is the nuclear spin number, 
g the nuclear g-factor, /~n the nuclear magneton, N the 
number of magnetic nuclei over which the sum is taken 
and a0= 1/5, a2=2/7 and a4= 18/35. The quantities Pt 
are Legendre polynomials and A is the angle between 
the symmetry axis of the units and the draw direction. 
The orientation functions, Pt(cosA), define the distribu- 
tion of units about the draw direction. The quantities St 
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 

z . ~ H  6 

H5 

H 4 

So, $2 and Sa 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 CorradinP 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 1.094A, the C-C bond length 1.54A and, 
for simplicity of calculation that both the H-C-H and 
the H-C-C1 angles are 109028 '. 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 So lattice sum, to be found from 
the experimental data. 

RESULTS AND DISCUSSION 

Calculation of  orientation distribution functions 
The orientation functions P2(cosA) and P4(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 O differs from 
the approximate value So based on intramolecular inter- 
actions only, by a correction term 8. The best fit to the 
experimental data is obtained, regarding P2(cosA), 
Pa(cos A) 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 ofPz(cosA), P4(cosA), cos2A, 
cos4A, the isotropic second moment obtained from S'0, 
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. 

H 2 j  

H 

Hi 

X 

5 

1~4 

H 6 , C [  I 

H 3 , C t 2  

= y 

,,- y 

Table 2 Atomic coordinates of syndiotactic 
poly(vinyl chloride) 

Atom x (A) y (~) z(A) 

H1 0"8931 -0.6316 0 
He -0-8931 -0.6316 0 
H~ 0" 8931 I '  5208 1" 2573 
H4 0" 8931 - 0" 6316 2.5145 
H5 -0-8931 -0-6316 2-5145 
H6 -0-8931 1.5208 3-7118 

Repeat unit= 5- 029 A 
C-H=1.094/k;  C - C = 1 . 5 4 A ;  C -C-C=  
109 ° 28'; H-C-H = 109 ° 28'; H-C-CI = 109 ° 28' 
(for simplification of calculation) 

Table 3 Intramolecular lattice sums 
for syndiotactic poly(viny Ichloride) 

So 32 S4 

0.10683 -0"01412 0"03200 

Number of hydrogen atoms=6 
Figure 1 Diagrammatic sketch of chain conformation of syndio- 
tatic poly(vinyl chloride) 
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Figure 2 Variation of second moment against orientation angle 7 
forvarious samples (A, B, C) of poly(vinyl chloride). The lines 
represent the least squares fit to the experimental data, which 
are shown as open circles ((3) 
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Figure 3 Variation of Pz(cosA) obtained from n.m.r, measure- 
ments with birefringence. Open circles (©) are experimental 
values; the aggregate theory would predict a straight line through 
the origin 

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 6, the birefringence An of a 
uniaxially oriented polymer is given by 

An = AnmaxP2(cos A). 

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 P2(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 cosZA and cos 4A 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 cos-'A and 
cos4A correspond to these predicted by the pseudo-affine 
deformation scheme, assuming uniaxial drawing and 
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O-I 

/ 
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I I I i 
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Figure 4 Comparison of measured values of cosaA 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 1. 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 

Sample P2 (cosA) P4 (cosA) cos2A cos4A 

Isotropic* Root mean Measured 
second square draw 'Effective' 
moment, G 2 deviation, G 2 ratio, A1 draw ratio 

A 0' 1415 0' 0127 0" 4277 0' 2837 14.8 
B 0' 1869 0- 0397 0' 4579 0' 3159 14- 7 
C 0.2362 0.0495 0' 4908 0" 3463 15.0 

* Intramolecular interactions: 12-7G 2 

0"10 1'79 1"26 
0'12 2-20 1.36 
0'25 2.58 1.47 
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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  P2(cosA) and 
P4(cosA) in terms of a single parameter. This approach 
was originally proposed for poly(ethylene terephthal- 
ate)7, s and was subsequently used with some success in 
studies of  deformation bands in poly(vinyl chloride) by 
Rider and Hargreaves 9. The present study gives good 
support for the latter work in this respect. 

The data in Figure 3 predict a maximum birefringence 
Anraax 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 7.2 x 10 -3 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 × 10 -~ and 85 × 10 -~ proposed by 
Shindo et al. 1° on the basis of  measurements of  dichroism 

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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Copolymerization behaviour of some 
N-vinyl monomers 

I. Negulescu, D. Feldman and Cr. Simionescu 
Department of Chemistry, Polytechnic Institute of Jassy, Jassy, Romania 
(Received 29 December 1970) 

The simple molecular orbital method is employed to show that N-vinylpyrroli- 
done and N-vinylcarbazole, monomers which possess the common group 
CHz=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 PricO, 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: 

rl = Q1/Q2 e x p [ -  el(el - e2)] 
(1) 

r2 = Qz/ Q1 e x p [ -  ez( e2 - el)] 

These formulae have been found to be useful in the 
prediction of reactivity ratios, although the assumptions 
on which the derivation is based are questionable 3. 
Values of free radical reactivity ratios correlated with the 
Q, e scheme have been tabulated for almost one thousand 
monomer pairs 4, 5. The parameter Q should be related 
to the increase in ,r 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 6. The specific reactivity 
Q of the monomer has been considered by Evans and 
co-workers, thus 7: 

Q = exp [K ((CF -- CM)/RT)]  (2) 

where T is the absolute temperature of the system, R is 
the gas constant, and CF, CM represent the stabilization 
energies when the conjugation across the single bond 

takes place between rr electrons localized in the two 
parts A and B in a monomer and a radical. 

Monomer, CH z=CH ~X  (CM) (3) 
A B 

Radical, - - C H = X  (CF) 
A B 

The formula which expresses the e value has been 
given by Alfrey and PricO as: 

e = q ' / ( r D k T )  1/2 (4) 

where r is the distance of separation in the activated 
complex, D is the effective dielectric constant and q' is 
related to the final charge at the carbon atoms to be 
attacked in a monomer or a radical. It was assumed s 
that the final charge can be expressed in terms of the 
total zr electron density qr at the position of attack in a 
monomer or a radical as shown in equation (5): 

q' =q'i x/" (5) 

where N is the total number of zr 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 7, 9.10 and 
resonance-stabilization energies, AErs 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, 
Mfinchen) 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 

POLYMER, 1972, Vol 13, April 149 



Copolymerization behaviour of  some N-vinf l  monomers: I. Negulescu et al. 

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 ~o 
(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, CH2: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 rr electron density at the 
N in the N-vinyl group, qN, pyrrolidone, q~, and carba- 
zole, q~, are compared, their values are found to be close 
to one another: qN=l.67; q~= 1.63; q~= 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=0.47, f l= -20kca l /mol  8, T=333K and CM, CF 
from the following scheme: 

Monomer, CH2=CH ---- N< ,  CM=0"724(/3) 

Radical, -,~ (~H~N< CF = 0.984 (/3) 

substituted in equation (2), the theoretical Q value is 
found to be 23.300 or, relative to styrene (Qst= 80-811) 8, 
Q1=0.288. 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 integral z5 

Heteroatom X kx /c-x 

Nitrogen -N< 0' 6 1.00 
-NH- 1.0 1.00 

Oxygen =O 2.0 1.41 
Carbon adjacent to heteroatom 0.1 1.00 

0 

- 0 . 6 8 4  _.J 

- I  

-I-8 

.o ~ .  butadiene 
styrene "~ - o 

o~ methy methacryate 
acrylo?itr i~ ~ - -  

methylacrylat¢- 

1.6 1.7 1,7414 I.B 

Localization energy (units of ~) 

Figure 1 Comparison of parameter Q with localization energy 6 

c~, the Coulomb integrals of heteroatoms were expressed 
as ~+kxfl, where fl is the resonance integral of C=C in 
benzene. A carbon atom adjacent to a heteroatom was 
assumed to have a Coulomb integral of c~+0.1kxfl due 
to the inductive effect of the heteroatom. The resonance 
integral between C and the heteroatom X was written as 
flc_x=lc_xfl, where lc-x is a parameter depending on 
the nature of the C-X bond. Typical values employed 
for the parameters kz and, lc-x are shown in Table 115. 

If, for the purpose of calculating CF, kx is considered 
to be zero for the carbon adjacent to heteroatom N, then 
CF=O'923(fl) and equation (2) gives Q'--11.25 or, 
relative to styrene, Q2=0.139; this value corresponds 
well with the values calculated by Young 4 from experi- 
mental data for NVP (Q~w=0.140),  NVU (Qz~vv= 
0-120) and NVUr (QNvvr=0"130). With regard to 
Levinson's relationships between Q and localization 
energy 6, the plot of localization energy against log Q 
(Figure 1), gives for the former [Lfl= 1.767(/3), calcu- 
lated for the N-vinyl group] an average value between 
Q1 and Q2, namely Qm=0"210. 

Inserting the appropriate values (r=2-5A, D = 2 0 x  
4.77x 10-1°e.s.u.) s in equation (4), with T=333K, one 
obtains eeale. = 0"68. The relative value of e, e~a]e. = - 1"48, 
was obtained from the following equation: 

e t ealc. = --ecalc.--0"8 (6) 
this value is in agreement with the plot of e against the 
average electron affinity of Levinson e. 

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 T=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 16 and the plots 
were used to determine the reactivity ratios in the usual 
manner, e.g. in Figures 3 and 4, F( f -1 ) I 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 = 3 3 3 K  

A: N-vinylpyrrolidone (1)-styrene(2) system 

Feed composition Conv. Copolymer composition 
(mol.%) (%) (mol.%) 

M1 M~ % N mz m2 

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"31 
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 2'31 97'69 

B: N-vinylcarbazole(1 )-styrene(2) system 

Feed composition Cony. Copolymer composition 
(mol.%) (%) (mol.%) 

M1 M2 % N ml m2 

82.24 17'76 3"40 3 '53  23 '58 76'42 
75'11 24 '89 3"28 2 '46  21.72 78.29 
66'55 33'45 4'85 2'15 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 88"49 
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=0.012+0.003, r2=6"5+0.2  for the NVP (1)- 
styrene(2) system, and rl =0.062 + 0.009, rz = 5-6 + 0"5 for 
the NVC (1)-styrene(2) system) in equation (7), Q and e 
values are obtained from 

el = ez + (-- In rlr2) 1/2 

Q1 = Q2/r2[- e2(e2 - el)] 
(7) 
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Copolymerization behaviour of  some N-vinyl monomers: I. Negulescu et al, 

Figure 2 Monomer-polymer composition curves for the copoly- 
merization of N-vinyl derivatives with styrene at 333K. O, NVP- 
styrene system; •, NVC-styrene system; A, the curve of styrene; 
B, the curve of vinylpyrrolidone 
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Figure 3 Fineman-Ross plot for the copolymerization of NVP (1) 
with styrene (2) 
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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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Table3 Comparison between theoretical 
and experimental Q and e parameters for 
N-vinylpyrrolidone and N-vinylcarbazole 

Theoretical Experimental 
Q,e 

CH~=CH-N< NVC NVP 

Q 0" 268* O" 28 0" 25 
o.21ot 

e --1 "48 --1"49 --1"25 

* Calculated with equation (2) 
t From the plot log Q vs. L# 

Comparison between reactivity ratios of N-vinylpyrroli- 

T Ref. (°c) 

Table 4 
done and N-vinylcarbazole with different monomers 

N-vinylcarbazole (1) 

Monomer (2) rz r2 

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 .0+0.3 70 17 

N-vinylpyrrolidone (1) 

T Monomer (2) rl r2 (°C) Ref. 

Styrene 0.012+0.003 6.5+0.2 60 
0.045+0.05 15"7+0.5 50 19 
0.1t 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 

possible to hope that  M O  calculat ion may  make  it 
possible to est imate the Q, e parameters  and  to predict  
reactivi ty ra t ios  for  new monomers  [simpler by correla-  
t ion with equat ion (7)], while the Al f rey-Pr ice  method  is 
l imited to only these molecules for  which the said para -  
meters have been experimental ly  determined.  
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Production of organometallic 
polymers by the interfacial technique: 
24. Kinetics of polycondensation 
and thermal properties of poly- 
[oxy(dicyclopentadienylzirconiu m)- 
oxycarbonylferrocenylcarbonyl] 

C. E. Carraher Jr. and d. T. Reimer 

Department of Chemistry, University of South Dakota, Vermillion, 
South Dakota 57069, USA 
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Poly[oxy(dicyclopentadienylzirconium)oxycarbonylferrocenylcarbonyl] is syn- 
thesized using the interfacial technique. Polycondensation is first order with 
respect to the Cp2ZrCIz, 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 backbone 1-4. 
Recently we reported the synthesis, via the interfacial and 
solution methods 5, of Group IVB polyesters of the form: 

+ M -  

O O 
JJ ] 

O - C - R - C - - O +  

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 

has been recently reviewed 6. Also the incorporation of 
ferrocene moieties into polymers has been recently 
reviewed 7. 

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 l,l '-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 Cp2ZrClz. 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. 
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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: 

o 

-(-Zr--O--C 

O # 

200  

Solubility studies were conducted in small test tubes con- 
taining about 0.001 g of material with 2 ml 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 10 z 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 Cp2ZrCI2 with 
disodium 1,1'-ferrocene dicarboxylate 

Table 1 contains some results obtained from the con- 
densing of Cp2ZrC12 with disodium l,l '-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 diffÉculty is the heterogeneity 
of the interfacial system which complicates the gathering 
and interpretation of data. In the condensing of Cp2ZrC12 
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 

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 1). By 
varying the amounts of reactants it is tentatively con- 
cluded that rate is primarily dependent on the concentra- 
tion of the Cp~TiCIz but not greatly dependent on the 
concentration of the acid salt (Table 1). This is in agree- 
ment with the rate expression given in equation (2). 

Rate=k(A)n(B) m or k(A) m+n (1) 

Rate = K [Cp zTiCl2] (2) 
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Organometallic polymers (24): C. E. Carraher Jr. and J. T. Reimer 

Figure I 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 load) with 0.00125 moles of disodium 1,1'- 
ferrocene dicarboxylate in 10ml of H20 added to rapidly stirred 
solutions containing 0.00125 moles of Cp2ZrCI~ in 30ml of CHCI3 

Tab/e I Product yield as a function of reactant concentration and 
reaction yield* 

Moles of Reaction 
ferrocene Moles of Volume of time Yield 
salt Cp2ZrCl2 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 O. 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 
O" 00375 O' 00125 30 20 61 
O- 000625 O' 000625 30 20 33 
O- 00125 O' 000625 30 20 34 

* Reaction conditions: Cp~ZrCI2 was contained in 30ml CHCla 
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 1). 

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 Cp2Fe(COO)~-) as the species which is 
adsorbed. The simplest situation exists when 
Cp2Fe(COO)~- molecules occupy single sites on the 

aqueous interface surface, indicated by - H 2 0 - .  The 
adsorption and desorption process may be represented as: 

I k, -H20- 
Cp~Fe(COO)~- + - H 2 0 - .  ~ I (3) 

L ,  Cp2Fe(COO)~- 

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 
Cp2ZrCI2 yielding the following expression where f l  and 
fz are functions. 

Rate = f l ( F)  f 2Cp2ZrCl ~ = 

(k l / k -1)s  
f l  l+(ka/k_l)s'f2[CpzZrC12] (4) 

If f l  and f2 are simple, involving only proportionality 
constants, and s be necessarily understood to be propor- 
tional to Cp2Fe(COO)~,- then equation (4) can be re- 
written as: 

Rate = K1 [CpzFe(COO)zz-] [Cp2TiC12] (5) 
1 -I- K2 [Cp 2Fe(COO)~-] 

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 
[CpzFe(COO)~-] ions. The concentration involved in the 
present study argue against this unless it can be shown 
that [Cp2Fe(COO)~ ] 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 2 0 ~  lower than that of 
pure water. This indicates the preferential occupancy of 
surface sites by the [CpzFe(COO)~-] ions. 

It must be noted that for equation (5) to yield a linear 
plot of rate vs. [Cp2ZrCI2] the concentration of 
[Cp2Fe(COO)~-] must be approximately constant. It can 
be argued that the tendency to occupy surface 'lattice' 
sites by Cp2Fe(COO)~- is great so the surface concentra- 
tion of Cp2Fe(COO)~- is approximately constant. This 
would indicate that the rate of polycondensation is first 
order in Cp2ZrC12 concentration and is independent of 
the CpzFe(COO),~- 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 CpzFe(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)~- and 
water) responsible for the adsorption of Cp2Fe(COO)~-. 
The second step consists of a bimolecular engagement 
between the CpzFe(COO)~- and Cp2ZrClz resulting in 
the formation of the ester linkage and regeneration of a 
vacant water site. 

CP2 F¢(COO)2 2- 

I - C I -  i 
- H 2 0 -  -t- CP2 ZrCI 2 --- - -H20 -- 

' ~  O 
, I 

+ C I - Z r - O - C  
' ~ F e  - ~ O  II C-O-(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 interracial condensation of Cp2TiCI 2 with 
disodium terephthalate and is believed to be general for Ti 
and Zr polyester formation via the interfacial route 8. 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 9. The relationship was not that shown in equation 
(2) but can be expressed as 

Rate = k [silane] [glycol] 2,/3 (7) 

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 m.ay 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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Figure 2 T.g.a. plot for the product formed from the condensation 
of Cp=ZrCIz with disodium 1,1'-ferrocene dicarboxylate in air 
( - - )  and nitrogen ( . . . . . . .  ) with a gas flow of 0.31/min at a 
heating rate of 20°C/min 

Figure3 D.s.c. plot forthe product formed from the condensation 
of Cp2ZrCI2 with disodium 1,1'-ferrocene dicarboxylate in air 
(upper plot) and nitrogen(lower plot)at a gas flowof0.31/min and 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 z%T=0 

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 30 ~o 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 Cp2TiCI~ and disodium terephthalate in air. D.s.c. 
thermograms appear in Figure 3 s. 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 1°. 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 

degradations in air is unusual for hydrocarbon products 
but is more usual for heteroatomed products 11. Such 
exothermic areas results from crosslinkage or oxidation 
reactions 11. 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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Methyl group motion in poly(propy- 
lene oxide), polypropylene and 
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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 dctivation energies for methyl group relaxation obtained 
primarily from n.m.r. T1 and Tip measurements, The barrier to internal rotation 
makes the main contribution to the relaxation process. Consideration of quantum 
mechanical tunnelling allows alternative estimates of V3 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 T1 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, Ea, to be calculated t, 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 CH3, C6H5 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 a, 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; (ii) 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); (iii) 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~, e, 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(~-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 7. In this apparatus bursts of low energy 
neutrons (~ =4.2 A or E=4-5 meV in these experiments) 
are produced by mechanical selection using twin-phased 
rotors. High energy neutrons and 7,-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 12 ~ 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, 02crlOf20"r against 
% where ~- is the time of flight in t~s/m and 0f2 is an 
element of solid angle around the direction f2. 

From the time-of-flight cross-section the so-called 
scattering law, S(K, co), 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: 

h k0 ~-3 02o 
S(K, oJ) b 2 k m Of)O-r 

m is the neutron mass, b is the 'scattering length' for the 
neutron-nucleus interaction (in this case dominated by 

the 1H nuclei), ho~ is the energy transfer involved in the scat- 
tering event, k and k0 are the initial and final wave vectors 
of the neutron, hK = h ( k -  k0) 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(~o)=oJ 2 lim [S(K, oJ) ] K'~O -KT-exp (h°J /2k  nT) 

It has been shown 6, 9,10 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(~) = V3(I - cos3~) 

If there is very little mixing of the side-group torsion with 
the other normal modes of the polymer chain, the 
torsional wavc equation is then of the form: 

[ 1 0 2  - V (~)] ~bvtr(qb)= Ew~bvcr(¢) 
F 0(~ 2 

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. Ev~ are 
the torsional energy levels characterized by a vibrational 
quantum number, v, and an index or. The index cr specifies 
the periodicity of the eigen-functions ~bv~. 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 ~ 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 calculated 4. 
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Figure 1 Time-of-f l ight spectrum at 90 ° scatter from poly(methyl 
methacrylate-COOCD3) swollen with CDCI3. The lower spectrum 
is the scattering from the same volume of CDCI3 as used in 
swell ing the sample. Inset is the region between 250 and 450/~s/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, 61 ~ ;  hetero, 31 ~ ;  iso, 8~ .  

Poly(methyl methacrylate-COOCD3) was prepared 
from its monomer CH2 : C(CH3)COOCD3 using azobis- 
butyronitrile at 40°C as a free radical initiator. The ratio 
of syndiotactic sequences was slightly higher than in 
Perspex. 

Poly(~-chloro methacrylate) was kindly donated by 
Dr J. B. Rose of 1CI 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 ofpoly(methyl methacrylate-COOCD3), 
and poly(~-chloro methacrylate) were obtained by flota- 
tion off mercury using CDC13 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- 
20~  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 CDCla. Figure 1 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 5 ~ in 
p(~o) 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 

A cryfic 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/zs/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 1 the inelastic spectrum of 
the swollen sample is shown on an expanded scale. The 
large inelastic feature at about 330/zs/m corresponds to a 
neutron energy gain of about 350cm-k Figure 2 shows 
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Figure 2 p(oJ) function for swollen poly(methyl methacrylate 
COOCD3). The length of the vertical lines is a measure of the 
error 
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with CDCla 
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Figure 4 p(oJ) for three Perspex samples. , Perspex; - - -  
poly(methyl methacrylate-COOCD3); . . . .  poly(c~-chloro meth- 
acrylate) 

the effect of extrapolation over the nine scattering angles 
to prodaace 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 550cm -1 which 
cannot clearly be seen in the 90 ° data. 

The effect of swelling the sample is shown in Figure 3. 
The molecules of CDCla, essentially 'invisible' to the 
neutrons, separate the polymer chains, and bring about a 
'sharpening' of the spectrum. The region between I00 and 
400cm -1 appears continuous for the poly(methyl 

S. Higgins et al. 

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 o~- 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 -1 to the 
presence of an s-methyl group in the polymer repeat unit. 
The band at 100cm -1 is associated with the ester methyl 
group since it is observed only in the spectrum of  Perspex 
and poly(~-chloro methacrylate). 

The band at 240cm -1 is probably due to the small 
percentage of isotactic sequences in poly(methyl meth- 
acrylate). Figure 5 compares p(~o) 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 350cm -z 
is absent, but instead there is a peak at 250cm -1 of com- 
parable intensity. An isotactic sample of poly(methyl 
methacrylate-COODs) 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-CD3). 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 
a r e  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 CH3 band; (c) tile 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 CHa group is an independent rotor 
attached to a polymer chain of infinite mass. 
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Table I Values of V3 calculated from torsional frequencies 

Vtor V3 
(cm 1) (kdmo1-1) 

CH3 in PPO 228 13"8 
c~-CH3 in PMMA: predominantly syndiotactic 350 34.3 

is•tactic (240) (16.7) 
OCH3 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 -1 on 
transferring from vapour to the liquid phase 5; (ii) the lack 
of precise geometrical data. In calculating the structure 
factor we have assumed r c a =  1.08/~, rcc= 1.54A, and 
tetrahedral angles; (iii) the experimental error in Vtor, 
which is ~ + 10cm -1. 

The most difficult problem is to estimate the uncertainty 
in Vz arising from the separation of the contribution to the 
total Hamiltonian from internal rotation, i.e. coupling 
with other vibrational modes etc. Factors (i), (ii) and (iii) 
are most probably adequately covered by assigning an 
error of 20 ~ to the values of V3 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 Vz 
is the surprisingly high value V3 = 34.3 kJ mo1-1 found for 
the s-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 
polypropylenO 6 is 210cm 1, and although there are 
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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 -a. The corresponding value for V3 for poly- 
propylene is 12.6 kJ mo1-1. 

Another feature which merits further investigation (if 
our tentative assignment of Vtor for is•tactic poly(methyl 
methacrylate) proves to be correct) is the marked dif- 
ference in V3 for the ~-CH3 groups in is•- and syndio- 
tactic sequences of poly(methyl methacrylate). Such a 
large difference has never been reported for stere•isomers 
of small molecules and we have not observed correspond- 
ing effects in other polymers arising from variations in 
stere•regular 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 T1 and T1,) relaxation 
studies have been made for poly(propylene oxide) 
samples 2, 11 similar to the ones used in this work. The 
results are summarized in Figure 7. It is clear that the 7-loss 
peak is observed both in n.m.r, and mechanical and 
dielectric measurements, and studies of T1 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 T1 minimum associ- 
ated with methyl group re-orientation, which suggests 
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Figure 7 Logarithm of loss frequency maxima, v against inverse 
temperature for relaxation studies of poly(propylene oxide) 2,11,z7 
and poly(methyl methacrylate) 13. 0,  T1 measurements; O, Tip 
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 15.9+ 1.7kJ 
mol -x. 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. 12 found that the activation energy for the methyl 
group reorientation is 12.1 kJ mo1-1. 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 
23-25kJmo1-1, determined by n.m.r., T1 and Tip 
measurements xS. 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 Tip curve, the dis- 
agreement is not definitely outside experimental error. In 
view of the tentative lower value of 113 for a-CHz 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== 15.5kJmo1-1 compared with 
Ea = 23-25 kJ mol -~ 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 T1 minima are broad and 
lie at very low temperatures. Only the minimum in T1 has 
been reported. Although a direct comparison between 
activation energy and V8 is therefore not possible for this 
particular torsional motion, the low value of V3 =4.2 kJ 
mo1-1 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 Ea cannot be estimated from T1 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 14 have calculated the average 
tunnelling frequency vt for the set of eigen values as a 
function of temperature for a series of values of Vz. A 
regular set of curves is obtained which converge at an 
infinite temperature limit vt=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 Tip data using these curves. Eisenberg 15 
has already used this method to estimate Vz values for a 
variety of polymers including poly(methyl methacrylate). 
We have revised these estimates by including further T1 
and Tip results which are now available for poly(methyl 
methacrylate), poly(propylene oxide) and polypropylene. 
In Figure 8 the T~ and Tip measurements from these 
polymers are compared to Stejskal and Gutowsky's 
curves. 

It will be noted that a fairly consistent value of 
V3 = 29 kJ mo1-1 is obtained for the ~-CH3 in poly(methyl 
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Methyl group motion 

Table 2 Comparison of activation energies and barriers for CH..3 
side-group motion (kJ mol 1) 

V3 Ea V3 
Polymer (vibrational) (Arrhenius) (tunnelling) 

Propylene 12.5 TM 12.1 16.7 
Propylene oxide 13-8 15.9 18.4 
Methyl methacrylate 

~-CH3 
predominantly 

syndiotactic 34 23-25 28.9 
isotactic 16.-/ 15-5 22.6 

OCH~ 
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 Eaet=23-25kJmo1-1 obtained from a simple 
Arrhenius plot. The value calculated on the basis of 
tunnelling for the isotactic sample is V3=23kJmol  1 
which compares with Vz=17 from neutron scattering. 
Only one point is recorded for the methoxy group and this 
suggests I/3 = 8.8 kJ mo1-1 to be compared with V3 = 4.2 kJ 
mo1-1 from vibrational spectroscopy. Further relaxation 
data are clearly required for this -CH3 process. 

The relaxation data for poly(propylene oxide) scatter 
about V3=18.4_+2kJmol 1 in Figure 7 compared with 
V3=13.8kJmol  -~ from vibrational spectroscopy and 
15.9kJmo1-1 from the Arrhenius plot. The relatively 
poor fit to the vt-temperature curve may reflect the 
inadequacy of Stejskal and Gutowsky's model of quan- 
tum mechanical -CHz  tunnelling to produce a precise 
value of I/3. 

The results for polypropylene are similarly scattered 
between the curves but again a value of V3 = 17 kJ mo1-1 is 
estimated. Based on a single relaxation datum Eisenberg 
estimated V3=29kJmo1-1 for the CH3 group in poly- 
propylene. This high value must be discounted in favour 
of  V3~ 12.5 to 17kJmo1-1 in view of the similar results 
obtained for polypropylene and poly(propylene oxide) 
both from T~ 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  Va obtained from torsional frequencies 

in PPO, polypropylene and PMMA : J. S. Higgins et al. 

and the activation energies for the corresponding CHa 
group re-orientation obtained from Arrhenius plots. 

There is a slightly better correlation between these 
values of  Va and the corresponding values extracted from 
the relevant data using Stejskal and Gutowsky's model for 
quantum mechanical tunnelling of the CHa group. Thus 
both analyses of  the experimental results lead to the 
conclusion that the potential barrier hindering -CHa 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 (,~) 
of the incident light. It is common to utilize the so-called 
'Rayleigh-Gans-Debye'  (RGD) theory 1-3 and to measure 
the scattered intensity (I) from solutions of varying 
concentration (c) at a number of angles (0) to the forward 
direction of the incident light beam. The experimental 
data are usually analysed in the form of a Zimm 4 plot. 

The Rayleigh 1 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 

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 solute 5, 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 7. 
Corrections for dissymmetry measurements have also 
been suggested 8. 

Apart from the aforementioned difficulty, there are 
three secondary problems. Firstly, the refractive index 
increment (dn/dc) 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 9. 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 Dory 5 have proposed a cot- 
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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 7 or of working in a spectral region where the solu- 
tions absorb negligibly 1°. 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 TM 12, extinction coefficient 12, ~a 
or optical rotatory powed 4, 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 0) is not symmetric. This is 
accounted for in the particle scattering factor P(O) in con- 
ventional scattering theory 9. In an electric field, particle 
alignment will be accompanied by changes in P(O) 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 (t~), sizes, electric polarizabilities and 
rotary diffusion constants (D) to be determined TM. 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 (r = 1/6D) may 
be determined by observing the changes (AI) in the 
scattered intensity (I) as a function of the angular 
frequency (co) of the applied fields. Polar molecules show 
a dispersion of AI with co in much the same way as the 
real dielectric constant does in dielectric dispersion 
measurements 17. Measurements of AI would thus be 
required at various oJ. 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 
Jennings 16. 

A more convenient and rapid method is to use pulsed 
electric fields, as was first developed for d.c. fields by 
Stoylov and Sokerov 18. Changes in the scattered intensity 
can be considered in three temporal regions: (a) as the 
pulse 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 AI 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 AI will thus 
be a function of the particles' geometry and size and the 
solvent viscosity alone. For a monodisperse solute, it will 
follow the equation19: 

AI= AI0exp(- t/z) = AI0exp(- 6Dt) (1) 

where AI0 is the scattered intensity change at time t = 0  
when the pulse is terminated. Hence, analysis of the field- 
free decay in the scattered intensity yields z and D 
directly. If the particle shape is known, size parameters 
can be derived directly from D using the Broersma 2° or 
Burgers 21 equation for rods, Perrin's ~2 equations for 
discs or ellipsoids or the Stockmayer and Bauer 2a 
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 11,x6 of molecular 
orientation is not necessary. 

Details of the apparatus and method, which will not be 
appreciably different for absorbing systems, have 
appeared elsewhere 16, as. 

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 
modifiedX6, 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 1. The Sofica light source was replaced by 
a 500W 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 1 cm, 
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/~s. 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 TMV 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. 

j -  
B 

C 

Figure 2 Typical transient scattering traces. (A), vanadium 
pentoxide in methanol, ,~=436nm, E=635V/cm; (B), benzopur- 
purine in methanol, white light, E=l.t3kV/cm; (C), TMV in water, 
~=310nm, E=320V/cm. Time scales of 2Oms, 15-5ms and 10ms 
per division for (A), (B) and (C) respectively. Pulsed sinusoidal 
fields of 5 KHz 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 I-O 
decays of these transients were analysed by plotting 0.9 
graphs of the natural logarithms of (AI/AIo) against 
time. All such graphs were curved (Figures 3 and 4) O.8 
indicating that more than one diffusion constant was 0.7 
involved (equation 1) and that the samples were all poly- 
disperse. From the initial slopes of the graphs, the rotary 0.6 
diffusion constants listed in Table 1 were obtained. Such 
values of D were not truly representative of all material 0-5 
present in the polydisperse systems. They have been 
designated D' for clarity. Data for V205 suspensions and 
TMV solutions show that within the limits of the experi- 0.4 
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 o 0.3 
TMV solutions is especially gratifying. The small varia- 
tion between wavelengths for the V~O5 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 0.2 
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 
TMV solutions as the scattering was greater at lower 
wavelengths owing to the dependence of I on h -4 as 
predicted by the Rayleigh theory. O.I 

Two further points are of interest. Firstly, an electron O 
microscope study on the TMV sample indicated the 
presence of monomer, dimer and fragmentary virus 
particles, thereby confirming the polydisperse nature of 

5 IO I 5 Bcnzopurpurin¢ 
I [ I I 

I i t I 
2 4 6 8 TMV 

Time (ms) 

Figure 4 Decay analysis for TMV and benzopurpurine, x ,  benzo- 
purpurine in white light, E=1.13kV/cm; ©, 0 ,  TMV at 310 and 
436nm respectively, E=320V/cm. Note the different abscissa 
scales 

I.O 

o 
<1 

.¢3 

0"8 

0.6 
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0"2 
O IO 20 30 
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Figure 3 Decay analysis for vanadium pentoxide. E= 635 V/cm. 
O, h=546nm; O, ,~=436 nm; x ,  A=365nm. 

Table I Analysis of scattering transients 

c (approx) D" * 
Material Solvent (g/ml) A (nm) (s z) 

Vanadium Methanol 5x 10 --~ 546 
pentoxide 436 

365 
Benzopurpurine Methanol 1 x 10 -4 White 

light 
Tobacco mosaic Water 1 x 10 -~ 436 
virus 310 

11.9+1.5 
12.5_+1.5 
10.5-1-1.5 
13.0+3.0  

37 '8+3 '0  
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 Sokerov is 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 strength s . By demonstrat ing the 
agreement with Stoylov and Sokerov's  is 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 
o f  D'.  For  clarity, it is emphasized that the value o f  D '  
obtained here (to be compared with D-~-300 s -1 for TMV 
when obtained by methods which weight over the com- 
plete distribution) is simply a reflection o f  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 o f  transient electro-optic 
decay rates has been made in this laboratory and will be 
published elsewhere. 

Secondly, D can be determined f rom electrically 
induced transient changes in other optical properties 
such as the birefringence 11, 1~, dichroism12 and optical 
rotation 15. 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. 

ACKNOWLEDGEMENTS 

The equipment was purchased with the aid o f  a Science 
Research Council grant. One of  us (J.S.) thanks Queen 
Elizabeth College for a Demonstratorship,  during the 
tenure o f  which this work was undertaken. 

REFERENCES 

1 Lord Rayleigh Phil. Mag. 1881, 12, 81 
2 Gans, R. Ann. Phys. 1925, 76, 29 
3 Debye, P. Ann. Phys. 1915, 46, 809 
4 Zimm, B. H. J. Chem. Phys. 1948, 16, 1099 
5 Putzeys, P. and Dory, E. Ann. Soc. Sci. Brux. 1940, Ser. 1, 60, 37 
6 Laver, J. L. J. Opt. Soc. Am. 1951, 41,482 
7 Brice, B. A., Nutting, G. C. and Halwer, M. J. Am. Chem. Soc. 

1953, 75, 824 
8 Frank, H. P., Ullman, R. J. Opt. Soc. Am. 1955, 45, 471 
9 Stacey, K. A. in 'Light Scattering in Physical Chemistry', 

Butterworths, London, 1956 
10 Alexander, P. and Stacey, K. A. Proc. R. Soc. (A) 1952, 212, 274 
11 Benoit, H. Ann. Phys. (Paris), 1951, 6, 561 
12 Yoshioka, K. and Watanabe, H. in 'Physical Principles and 

Techniques of Protein Chemistry', Part A. (Ed. S. Leach), 
Academic Press, New York, 1969 

13 Baily, E. D. and Jennings, B. R. AppL Optics, in press 
14 Tinoco, I. and Hammerle, W. G. J. Phys. Chem. 1956, 60, 1619 
15 Jennings, B. R. and Baily, E. D. Nature 1970, 228, 1309 
16 Jennings, B. R. Br. Polym. J. 1969, 1; 252 
17 Takashima, S. in 'Physical Principles and Techniques of Protein 

Chemistry', Part A. (Ed. S. Leach), Academic Press, New York, 
1969 

18 Stoylov, S. P. and Sokerov, S. J. Colloid Interface Sci. 1967, 24, 
235 

19 Eigen, M. and De Maeyer, L. in 'Technique of Organic 
Chemistry', Part 1 (Eds. S. Friess, E. Lewis and A. Weissberger), 
Interscience, New York, 1963, Vol 8 

20 Broersma, S. J. Chem. Phys. 1960, 32, 1626 
21 Burgers, J. M. Verhandel-Koninkl. Ned. Akad. Wetenschap 1938, 

16, 113 
22 Perrin, F. J. Phys. Rad. 1934, 5, 497 
23 Stockmayer, W. H. and Bauer, M. J. Am. Chem. Soc. 1964, 86, 

3485 
24 Jennings, B. R. and Plummer, H. J. Colloid Interface Sci. 1968, 

27, 377 

168 POLYMER, 1972, Vol 13, April 
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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 Ve, 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 e t  al. x-a  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 4 has shown a correlation between these relation- 
ships and parameters from cut growth and fatigue 
theory. 

Another investigation5 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 5 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 6 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 e t  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 7, 8. This system was adopted for the 
cast polyurethane mixes used in this investigation which 
are shown in Table 1. 

Daltorol PR 1" 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 
2 mm 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 250% 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 10.9 % 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 29.0 34.9 
Cure (hours at 110°C) 3 3 3 3 

* Registered ICI  L td  Trade  N a m e s  

elastomers : R. E. Whittaker 

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 1 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 2, 6 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: 

UB = Dexp(G/T) (I) 

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 6 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 (Un) is related to the strain at break (~n) up to the 
maximum extensibility of the network (Esmax.) by a 
relationship of the following form: 
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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; O, mix D 
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Figure2 Variation of reduced energy inputto breakfor branched polyurethane rubbers with (a) strain at break and (b) strain at break 
multiplied by Ve 1/2. O, Mix A; x,  mix B; A, mix C; 0 ,  mix D 

where A is a constant and Tis 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 9. This relationship is a modifi- 
cation of the 'failure envelope' approach of Smith TM 11 
and others lz 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 (~n max.), but are 
displaced along the strain axis. 

Earlier workS, 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 Vet~ 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/cm 3. The value of Ve can 

be obtained from the equilibrium modulus Ee by the 
following relationship is, 14: 

Ee = 3 VeRT (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 Ve 1/2 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 Ve 1/2 

Mix Veil ~ (mol/cm=)Z/~- 

A 1 "39x 10 -= 
B 1 .66x  10 -3 
C 2-07x 10 -2 
D 2 .36x  10 -3 

good and therefore the equation to the line for different 
crosslink densities can be expressed as 

where B is a constant. 

COMPARISON WITH VULCANIZED RUBBERS 

A similar graph to that shown in Figure 2a was found in 
an earlier investigation 5 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. 

Values of Fe for these mixes was obtained from the 
data of Porter (personal communication). In this early 

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 Ve 1/z value to the value of 
lie 1/2 for the I phr dicumyl peroxide mix. 

The results shown in Figure 3b have, however, been 
obtained by multiplying the strain directly by Veil 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 s on styrene- 
butadiene rubbers of differing crosslink densities and the 
composite plots for the three systems are compared in 
Figure 4. It 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 
Un~-=(4.1 x lOa)Ve,~ (5) 

if Un is expressed in joules/cm z. 

CONCLUSIONS 

The tensile failure properties of a typical branched poly- 
ester polyurethane have been compared with earlier work 
on natural rubber and styrene-butadiene rubber 
vulcanisates. 
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Figure 3 Variation of reduced energy input to break for natural rubber-dicumyl peroxide cured vulcanisates from a previous study 5 
with (a) strain at break and (b) strain at break multiplied by Ve 1/2. ©, Natural rubber with 1 phr dicumyl peroxide; x ,  natural rubber with 
2phr dicumyl peroxide; A, natural rubber with 4phr dicumyl peroxide 
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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 15 for expressing the 
viscosity of  a liquid containing small spherical particles to 
that of  the liquid alone and given by: 

X =  1 + 2.5c+ 14.1c 2 (6) 

The general failure relationship then can be expressed 
a s  

UB = (4" 1 × 10 a) Ve(XEB) ~ (7) 

which is obeyed by amorphous, crystalline and branched 
polymers at different degrees of  crosslinking, whether 
filled or unfilled. 
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Figure 4 Variation of reduced energy input to break with strain at 
break multiplied by Ve 1/2 for natural rubber-dicumyl peroxide 
cured vulcanisates (x),  sulphur cured SBR vulcanisates (0 )  and 
branched polyurethane rubbers (0 )  

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. 
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Birefringence of plastically deformed 
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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 (Te) has been disproved 
and has been replaced by the belief that stress induces a 
reduction of the Te to the test temperatureL Bryant's 
tensile recovery experiments 2 on a modacrylic fibre have 
been interpreted as showing a progressive reduction of the 
T~ with increasing strain. Andrews and Kazama 8 have 
shown that there is a stress-temperature equivalence in 
the creep curves of poly(vinyl chloride) (PVC). Others 4, 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 Ta. Attempts have been made 
to relate the volume increase accompanying tensile strain to 
an increase in free volume 5. Litt and Koch 6 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 To. 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 7 have postulated that the total 

* Present address: ICI (India) Private Limited, ICI House, 34 
Chowringhee, Calcutta 16, India 

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 observationsS; 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 9, and co-operative motions between 
similarly short sections are generally ascribed to be the 
motion operative at the To. 

Treloar 10 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 1 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 Zuyev 11 con- 
sidered deformation in terms of a spatial network of 
temporary nodes and concluded that with increasing 
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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 1, and Whitney and Andrews 7, 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 12 feels that the shape of the creep curve is 
ifidicative 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 13 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. 

I 

Lood ~ l~lorizcd 

Figure 1 Experimental arrangement for plane strain compression 
and schematic diagram of sections cut from deformed specimens 
for observation in the optical microscope 

BIREFRINGENCE 

The results have been analysed in terms of the theory of 
the birefringence of rubbers 14 which considers the change 
in angular distribution of optical anisotropic units on 
deformation. The theory gives the result: 

o 2 A n x y  = nx - ny = C N ~ ( , ~  - Ay) (1)  

where nx, nu 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 Ax, 
A u 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 1~. 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. 

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 13. 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 6.35 mm wide which were longer than the 
specimen width. The dies could be heated to 150°C with a 
temperature control accurate to _+½~C. Birefringence 
measurements under load were made by isolating the 
5461 ~ 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  1 and then polished to a thickness of 
about 0.2ram by a procedure similar to that described 
above. 
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The strain-birefringence measured under load at a 
constant strain rate of 3.6 × 10 -4 sec -1 is shown in Figure 5 
as a function of temperature. At strains below 2 ~o 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 2 ~  strain the negative birefringence 
decreases with increasing temperature. 

A~ 

/ 

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,  V )  and C (©, O) 
and the load reduced to zero 

RESULTS 

6C 

z 

40  u'] 

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. It 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 10 ~ strain. As 
diffuse shear zones initiate from the die-corners, the 
birefringence field becomes inhomogeneous is. It is still 
possible to measure the birefringenee increase with con- 
tinued straining at any fixed point of the specimen. Since 
the variation of bireffingence 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 50~o nominal strain is shown in Figure 4. In the 
region of yield there is a marked decrease in the magnitude 
of the gradient 3(--An)/3E. Beyond yield, the birefrin- 
gence-strain path is not retraced on unloading (Figure 2), 
the birefringence being smaller at each strain whilst 
unloading. 

0 
0 0-02 0 .04 O.OO 0"08 

Nominol stroin 

Figure 3 Stress-strain curve for PMMA deformed in plane strain 
compression at 22°C at a strain rate of 5.0xl0-4sec -1. 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-%ec 1. Measurements were 
made under load 
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stretching load. On temperature-cycling their oriented 
samples below the Tc, 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 

0.20 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 Tc and since the birefringence 
extrapolated to zero in the region of the Tc 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 zz 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 is 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 = O  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. 

Figure 5 Birefringence of PMMA under load as a function of 
nominal strain at a strain rate of 3.6xlO-4sec -1. Results were 
obtained at 20°C: ©, A,  ~/; 70°C: & ,  V ,  l ;  80°C: + ,  Q;  90°C: 
[ ] ,  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 a~ from tensile experiments. Le Grand tv 
and Read is have measured the dynamic birefringence of 
PMMA over the temperature range - 130°C to + 140°C 
and the frequency range 3 × 10 -3 to 16Hz. 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°C is-2°. 

The variation of optical properties with temperature 
has been attributed to rotational isomerism within the 
ester side-group tg,zl. ReadlS has shown how enhanced 
freedom of rotation within the ester group leads to a 
decreasingly negative polarizability anisotropy of a repeat 
unit. Andrews and Hammack z° stretched samples of 
PMMA at a temperature 'slightly higher than the TG' and 
then cooled them to ambient temperature maintaining the 

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, 10 h 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 z°, 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 (h~-hu ~) where 
Ay, Ax, are respectively the extension ratios in the com- 
pression direction, and the direction perpendicular to this 
and the long axis of the dies (Figure 1). 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 o~ 
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 a 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. I f  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 a 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 temperature is and the 
changes effected by substituting bulkier side-groups for 
the methyl group in the side-chain 19 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 ~ 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 a 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 Ta (l l0°C). Returning to the 
temperature cycle of Figure 6, heating of sample A to 
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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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further before the cohesion points are broken. (Strictly 
speaking the parameter used to describe strain should be a 
function such as [(Ax- Au) I or I~1 which is positive for both 
tensile and compressive strains since any plastic strain 
will cause a decrease in N. w e  have used E for con- 
venience.) 

Integrating equation (2) gives: 

N =  No e x p ( -  ke) (3) 

where No 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. No will itself be a function of temperature so 
equation (1) may be rewritten: 

Figure 7 Effect 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 g.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. 

Anxu = CNo(T). a(a~- A~)exp(- kE) (4) 

For plane strain compression Au= 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: 

Anxu k 
log10 (A,~--- Av)2 =loglo[CNo(T).~] - 2.3 ~ (5) 

Thus a plot of log[An.u/(a~-a2)] against E should give a 
straight line of slope -k /2 .3  and intercept log[C. N0(T)cq. 
Figure 8 shows the experimentally determined points and 
Figures 9a and b are plots of log[Anxv/(a~- a~)] against 
for deformations in the temperature range 22 ° to 100°C. 

Strain-induced disgociation of  cohesion points 
Stein and Norris 24 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 data 25 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 

3 Noc N 
8~ (2) 

where E is the applied compressive strain. Longer chains 
will contain more links and will be capable of extending 
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Figure 8 Relationship between residual birefr ingence and resi- 
dual strain for  PMMA after deformation and relaxation at a series 
of temperatures. Af ter  relaxation at the temperature of deforma- 
t ion all samples were slowly cooled to 22':C and birefr ingence and 
strain measurements were made at this temperature. ~ ,  22°C; 
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Figure 11 Temperature variation of k calculated from the gradi- 
ents of Figure 10 
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Within experimental error the plots are linear and 
Figures 10 and 11 show the variation of (CN0a) 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 No with temperature. No extrapolates to zero 
at the glass-transition temperature ( l l0°C for this 
material). We anticipate that finer measurements around 
the Ta 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 9. 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 consistefit 
with the well-known rubbery behaviour above the To. 

Thermal dissociation O/" cohesion po&ts." eHdence lot" 
dipole-dipole association 

The temperature dependence of No may be examined 
further. Suppose we attribute a dissociation energy E ,  (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 Ea is proportional to [1-exp(-Ea/RT)]  so 
that: 

No(T)=A'+B'[1-exp(-Ea/RT)]  (6) 
1.0 

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(T)~ = A + B[1 - e x p ( -  Ea/RT)] (7) 

Putting 0= I/T, this gives: 

and 

~0 1 EaO IogH) (CN0a)= D - 2 : 3  x R (8) 

where D is a constant. 
A plot of log[3(CNoa)/30] against 0 should then give a 

straight line of slope -E , /2 .3R .  Figure 12 shows such a 
plot of the experimental points. From the gradient E~ 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 
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identical with equation (8). MaCk 26 lists a table of co- 
hesive energies of secondary valence bonds determined 
from heats of vaporization. For the dipole-dipole inter- 
action o f - C O O C H 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- 
tion 24 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 e6 must be a similar average value. 
Niklas and yon Schmeling 27 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 (CNoc0 and experi- 
mental values for C and c~ in the literature, No 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 is has calculated the polarizability 
anisotropy at 20°C to be between - 10.3 × 10 ~'Scm:~ and 
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Figure 12 Plot of Ioglo[3/(CNoO~8) in accordance  with equat ion 
(8) to de termine Ea 
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- 8 . 7 x 1 0 - 2 5 c m  3. 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 a is slightly raised to approximately 
10 x 10-25cm a. Substituting these values in our data for 
CNoc~, No is approximately 12 x 1021cm -a at 22°C and 
1.9 x 1021 cm -a at 100°C. From the measured density of 
1.19 g/cm 3 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 es so that the assumption that dis- 
sociable interaction points are the controlling parameter 
below the Ta is justifiable. 

Shishkin and Milagin 25 have analysed the elastic 
modulus data of McLoughlin and Tobolsky 29 in the 
temperature range 30 ° to l l2°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 
Kimme130 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 genera!ly. Shishkin cites unpublished 
work by Veselovskii and Matveev showing that the inter- 
molecular cohesive energy of the -COOCH a 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. It 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 1, 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 Ea is the dissociation energy per mole of 
repeat units, the energy of a single bond is (Ea/A) where A 
is Avogadro's number. As a simple approximation No 
chains will have associated with them No cohesion points 
so that the total energy per unit volume will be EaNo/A, 
which, for No= 12 × 1020cm -~ at 22°C is 5 x 10s ergcm -~. 
At 22°C the yield stress is 13kgmm -~ and occurs at a 
strain of 15~,  so the energy density is approximately 
½(13 x 108 × 0.15) erg cm -a which is 108 erg cm -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 intbrma- 
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 condi t ion 
the concentrat ion of these interaction points is governed 
by thermally activated dissociation. Strain-induced 
rupture of the secondary bonds occurs dur ing yield and 
subsequent  drawing. 
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Linear, high molecular weight 
po I y (2-a I ky1-4-vi n y1-6-(d i al kyl amino- 
methyl)phenols) and poly(2,6-bis 
(d ial kylaminomethyl)-4-vinylphenols) 

P. Ferruti and A. Bettelli 

Istituto Chimica Industriale del Pofitecnico, Piazza Leonardo da Vinci 32, 
20133 Milano, Italy 
(Received 27 July 1971) 

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 

Tertiary amino polymers have potential applications in 
some fields of experimental surgery 1. They may show 
pharmacological properties, owing to their ability to 
interact with biological macromolecules such as 
heparin 1, 8, and the N-oxides of many of them have been 
extensively studied as antisilicotigen agents, with con- 
siderable success a. Furthermore, polymers which have 
both a phenolic hydroxyl and an amino group in the 
monomeric unit may be expected to show other interesting 
properties. For example, they might act as chelating 
agents 4, and probably also as macromolecular inhibitors 
as the related poly(4-vinylphenols) and poly(2-alkyl-4- 
vinylphenols) do 5. 

The synthesis and properties of several poly(2-alkyl-4- 
vinyl-6-(dialkylaminomethyl) phenols) and poly(2,6- 
bis(dialkylaminomethyl)-4-vinylphenols) are reported 
here. This work was mainly performed in order to find new 
polymers for biological and pharmacological purposes. 
It is part of an extensive research on the synthesis of  
tertiary amino polymers e. 

Some crosslinked polymers having the structure of 
poly(2-aminomethyl-4-vinylphenol) have been previously 
prepared 4 by reaction of  ammonia with the correspond- 
ing chloro- or bromo-methyl derivatives. To our know- 
ledge, however, no linear polymers such as that described 
in the present paper have so far been described. 

SYNTHESIS AND PROPERTIES OF THE POLYMERS 

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 
smooth Mannich reaction ensued and poly(2-alkyl-4- 
vinyl-6-(dialkylaminomethyl)phenols) were obtained in 
very high yields. The degree of substitution, as indicated 
by elemental analysis, was essentially complete: 

- C H 2 -  C H -  

OH 

I, R = CHa 

II, R = CH(CHa)2 

CH20, R~NH 
Dioxane, 100°C 

-CH2-CH- 

R2'N- C H 2 ~  F:I 
OH 

III, R = R' = CHa 

IV, R = CHa; R~ = (CH2)5 

V, R=CH(CHa)~;  R ' = C H a  

Under similar conditions, poly(4-vinylphenol) (VI) 
gave poly(2,6-bis(dialkylaminomethyl)-4-vinylphenols): 

m 

- CH 2 - C H -  

OH 

VI 

CH20, R2NH 

Dioxane, 100°C 

m m 

- C H 2 - C H -  

R 2 N -  CH2 ~ C H 2  NR2 
OH 

VII, R = CHa 

VIII, R2 = (CH2)5 
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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 1. 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 usual,ly 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) 5,7 
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) s 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 9. 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-(dialkyl- 
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-vinylphenols) 

[7] of the parent 
Compound Formula of the monomeric unit [T/]* poly(vinylphenol)'j" Elemental analysis (%) 

-CH2-CH-  

III 1 ~  0'54 0"49 

(CH'~)2N - CH2 ~ CH3 

OH 

Calcd: C, 75.35; H, 896; N, 7.32 

Found: C, 75-19; H, 8.80; N, 7.30 

CH2-CH- 
IV . , ~  0.50 0.49 

~/---kN - CH 2 CH~ 
\ / 

OH 

- CH 2 - CH - 

V I ~  1 - 36 1 - 55 

(CH3)zN- CH 2 . ' ~  CH(CH~)z 

OH 

- CH 2 - CH - 

VII  r ~  0.35 0.32 

(CH3)2N - CH 2 ~ CH2N(CH-~)z 

OH 

- CH 2 - CH- 

Vlll . ~  

-CH 2 

OH 

* In chloroform at 30°C (100cm3/g) 
l" In 2-butanone at 30°C (100cm3/g) 

0-32 0.27 

Calcd: C, 77.88; H, 9.15; N, 6.06 

Found: C, 77.76; H, 9.02; N, 6.20 

Calcd: C, 76.67; H, 9.65; N, 6.39 

Found: C, 76-47; H, 9.53; N, 6.21 

Calcd: C, 71.75; H, 9-46; N, 11.95 

Found: C, 71.90; H, 9.35; N, 11.77 

Calcd: C, 76.39; H, 9.62; N, 8.91 

Found: C, 76.55; H, 9-75; N, 8.87 
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- C H 2 - C H -  

R ~ C H  2 
/ I ,  

O NR 2 

\ H / '  
~ ~ 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 vice versa, it is also known that for 
ortho-substituted phenols in which intramolecular hydro- 
gen bonds are possible, intermolecular hydrogen bonding 
may be reduced 1°. 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(vinylohenols ). 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 t, 2 

EXPERIMENTAL 

P oly( 2-methyl-4-vinyl-6-( dimethylamino- 
methyl)phenol) (III)  

To a cooled solution of 7.7g poly(2-methyl-4-vinyl- 
phenol) 0)  5 in 170 ml dioxane and 16g dimethylamine, 
17.2 ml of aqueous 38 ~o 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 NaC1 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. 

P oly( 2-isoprop yl-4-vinyl-6-( dimethylamino- 
methyl)phenol) ( V) 

Starting with 1.4g poly(2-isopropyl-4-vinylphenol) 
(II) 5, 30ml dioxane, 2.6g dimethylamine and 3ml  
formaldehyde solution, the same procedure was adopted. 
isolation and purification were performed in a similar 
manner. The yield of V was essentially quantitative. 

and A. Bettelli 

Table 2 So lub i l i t y  da ta  on 
methyl)phenols) (Ill-V), and 
vinylphenols) (VII and VIII)* 
i | l  

poly(2-alkyl-4-vinyl-6-(dialkylamino- 
poly(2,6-bis(dialkylaminomethyl)-4- 

C o m p o u n d  

S o l v e n t  I I I  IV  V VII VII I  

n - H e p t a n e  i i i i i 
B e n z e n e  s s s s s 
T o l u e n e  $ s s s s 
Dioxane s s s s s 
Chloroform s s s s s 
C a r b o n  t e t r a c h l o r i d e  s s s s s 
M e t h a n o l  i i i s sw  
95% Ethano l  i i i s i 
n - B u t a n o l  sh sh sh s sw 
A c e t o n e  s sw  s s sw  
2 - B u t a n o n e  s s s s sw 
Ethyl  ace ta te  s s s s sw 
W a t e r  i i i i i 
1 %  aq. acet ic  ac id  s s s s s 
5 %  aq. s o d i u m  h y d r o x i d e  i i i s i 

* = s o l u b l e ;  s h = s o l u b l e  at the  b.p. ;  s w = s w e l l s ;  i = i n s o l u b l e  

P oly( 2,6-bis( dimethytaminomethyl)-4-vinylphenol) (VII)  
Using 4g poly(4-vinylphenol) (VI) 7, 200ml dioxane, 

17.5 g dimethylamine and 22-6ml 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%. 

Poly( 2,6-bis( dipiperidinomethyl)-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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Note to the Editor 

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 W6hler discovered the conversion of ammonium 
cyanate into urea: 

NH + + OCN-=(NH2)2CO (I) 

Cyanate ions were later found to be reactive also to 
primary and secondary amino cations 1. 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~-NH2- + O C N - = - C H ~ - C H 2 - N -  

CONH2 (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 2. Sodium cyanate was commercially 
available. 

A solution of PEI.HCI (0.180equiv./I; 1000ml) 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) (PEI'OCN) was then kept for 24h. The 
solution was then frozen and dried under vacuum: a 
white powder (yield 95 ~o) 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 amount,~ 
of NaOCN and AgOCN. 

The results of the elemental analyses of PEI-HC1 and 
99~o carb. PEI are shown in Table 1. The calculated 
values were obtained by assuming that PEI is composed 
of secondary amino groups (75}/o) 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 99% carb. PEI 

H C N CI O 

PEI-HCI obsd.(%) 8.45 35.7 17.7 32.4 0 
cald.(%) 7.55 30.2 17.6 44.7 0 

99% carb. obsd. (%) 8.74 45.6 25.1 2.23 19.0 
PEI cald.(%) 7.33 44.0 32.7 0 16.0 

groups (25~o). The agreement between observed and 
calculated values is reasonably good. 

The infra-red (i.r.) spectra of PEI.HC1 and 99 ~ 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 -1 are due to ethylene groups and appeared in 
both samples of PEI.HC1 and carb. PEI. The peaks of 
primary amide groups at 3050-3200, 1650 and 1640cm 1 
appeared in carb. PEI, whereas they disappeared in 
PEI'HCI. Furthermore, the absorption band at 1655 cm -1 
ascribed to the secondary amide group existed in 9 9 ~  
carb. PE1 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: PE[ (product of Dow Chemical Co., Separane 
C-120) was diluted to 1.065 equiv./1 and neutralized with 
2M HCI. 0, 3.70, I1.11, 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 1 gives the flocculation velocity of a 1 ~o suspen- 
sion of kaolin at pH 8-0. The flocculation velocity is 
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Figure I Precipitation velocity of aqueous 1% kaolin suspension 
(pH=8.0) with carb. PEI. &, 0%; O, 19.9%; A, 58%; x, 94%; 
©, 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 2 70 kaolin suspension 
at pH 10.7 and at flocculant concentrations of 30- 
100ppm were 2-4, 4-6, 8-14, 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-. 

ioo 

so 

£ 
i.- 

o 

x 

,3 2o" - 

Flocculant added {ppm) 

Figure 2 Transparency of supernatant liquid of aqueous 1% 
kaolin suspension (pH=8.0) with carb. PEI. A, 0%; O, 19.9%; 
A, 58%; ×, 94%; ©, 98%;--- ,  PAAm; . . . . . .  CPAAm 

25 

E 

E 
2 o  

0 
15 O_ 

0 I0 20 30 40 SO 
Flocculant added (ppm) 

Figure 3 Precipitate volume of aqueous 1% kaolin suspension 
.(pH=8.0) with carb. PEI. A, 0%; O, 19.9%; A, 58%; ×, 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, 196t 

2 Warner, J. C. and Warrick, E. L. J. Am. Chem. Sac. 1935, 57, 
1491 

Conference Announcement 

6th B ienn ia l  P o l y m e r  S y m p o s i u m  
Ann Arbor, 12-15 June 1972 

The 6th Biennial Polymer Symposium, sponsored 
by the Division of Polymer Chemistry of the 
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Michigan, USA. 
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American Chemical Society Divisions of Polymer 
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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. 
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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 (PaOlo-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 P4010- 
DMSO at 10-25°C. These synthetic polysaccharides showed S2o,w 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 a-1,4- and 
~-l,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 1. Fischer and Delbriick 2 first 
reported a procedure for the synthesis of an oligosac- 
charide from substituted monosaccharides by. the action 
of P4010. Since then, the simple principle in that a water 
molecule is eliminated with P4010 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 P4010 in the presence of HCI or HBr as catalyst 
in dimethyl sulphoxide (DMSO). In the course of our 
studies on catalytic action of phosphorus compounds a-v, 
we found, in addition to the oxidation 4, s, the formation of 
polysaccharides (O-glycosides) and glycosylamines (N- 
glycosides) by the action of P4010 without any addition of 
catalyst in DMSO at below 35°C. More recently, Huse- 
mann and MiJller 9 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 
t To whom inquiries should be addressed. Present address: 
Department of Agricultural Chemistry, Tottori University, Tottori, 
Japan 

from 2,3,6-tri-O-(N-phenylcarbamyl)-o-glucopyranose by 
the action of P4010 in DMSO-CHCIa. Independently 
Mizuno 10 confirmed P4010 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 11. 

The present work reports that P4010-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 
P4010-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 lz, hexosamine by the Elson-Morgan method 13, 
hexuronic acids by the carbazole method 14, phosphorus 
by the Allen method 15, and reducing sugar values by both 
the ferricyanide 16 and 3,5-dinitrosalicylic acid 17 methods. 
Sedimentation patterns were obtained with a synthetic 

b o u n d a r y  cell at 59 780 rev/min with a Spinco Model E 
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ultracentrifuge in ~ 1 ~ solution of the sample as dis- 
solved in 0.15M KC1. Sedimentation constants are 
expressed as s20,w. Tiselius electrophoresis was carried 
out in two different buffer solutions at 4.0-4.5°C: (a) 
sodium borate (0.1M), pH 8.98, /z 0.15, 9.8mA; (b) 
acetic acid-sodium acetate (0.1 M), pH 5.0, t~ 0.10, 
10.0 mA. Periodate oxidation was carried out at 4.0°C in 
the dark 18, 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 A R-6 spectrometer in Nujol or KBr pellet, 
and optical rotatory dispersion (o.r.d.) with a JASCO auto- 
matic recording spectropolarimeterwith 1 ~solution of the 
sample at 17 °C in water. Paper chromatography was carried 
out on Toyo Roshi No. 51 filter paper by descending method 
with a solvent: 1-butanol/ethanol/1 ~ 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 c~-amylase originated from Asperigillus 
oryzae (Sigma Chemical Co.) at 35°C at pH 5-5, and with 
/3-amylase originated from barley malt (Sigma Chemical 
Co.) at 35°C at pH 5.0 tg. 

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 1.0N 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 P4Olo 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 50(H +) resin was 
additionally added as a catalyst tg 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- 

4000 2000 1 5 0 0  I OOO 600 
Cfl/-I 

solved in ~ 300 ml 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 1). 

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- 
mows procedure z°, twice by Purdie's procedure of con- 
tinuous reftuxing for 5 days 21, and finally by Kuhn's 
procedure of treating for continuous 6 days 22. Further 
methylation did not give the increase of methoxyl content. 
No OH absorption was detected in 3000-3500cm -1 
region in the i.r. spectrum (see Figure 1). Yield, 4.2g; 
[c~]~°+74 ° (c 1"0, methanol). Calcd for (CgH16Os)n: 
CH30, 45.6~. Found: CH30, 41.2~. 

The fully methylated product (3g) was refluxed in 
200ml of 85~  HCOOH for 1 h and then refluxed in 
200ml of 0.5N H2SO4 for 17h. After neutralizing with 
solid BaCO3, the filtrate was concentrated in vacuo to a 
syrup (2.8 g). Paper chromatography indicated nine spots 
of methylated o-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-D- 
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; [c~]16+230 ° (c 
0.5, acetone); reported 23 m.p. 137-138°C; [C~]D+228-- 
239"5 ° (acetone). Calcd for C16H2sNOs: CH30, 39.9 ~ .  
Found: CH30, 40.3 ~.  

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-O-methyl-N-phenyl-D-gluco- 
pyranosylamine: m.p. 150 °C; [a]]5_ 103 ° (c 0.7, ethanol); 
reported 24 m.p. 150 °, HD--103 ° (ethanol). Calcd for 
ClsH~3NOs: CH30, 31.3~. Found: CHaO, 30.6~. 

Spot 3. The fraction was identified by mixture melting 
point and i.r. spectroscopy as 2,3,6-tri-O-methyl-~-o- 
glucopyranose: m.p. 120-122°C, H~7+83--* +20 ° (c 
0.2, water); reported 25 m.p. 121-123°C, [a]D+90--* 
+70"5 ° (water). Calcd for CgHlsO6: CH30, 41.9~. 

Found: CH30, 41.3 ~.  

Figure ! Infra-red spectra at each step of the methylation of 
synthetic glucan (2). (a) Synthetic glucan (2); (b) after Hakomori's 
methylation (Found: CH30, 35:6%); (c) after Hakornori and 
Purdie's methylations (Found: CH30, 38.8%); (d) after Hakomori, 
Purdie and Kuhn's methylations (Found: CHaO, 41.7%) 

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-~-D-glucopyranose: m.p. 161 °C, [a]])5 
+85 ~ +56 ° (c 0.3, water); reported 26 m.p. 160-161°C, 
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Table 1 Polysaccharide synthesis from mono- and oligo-saccharides 

Synthetic Reaction condition 
Yield 

polysaccharide Carbohydrates used for polycondensation Temperature (°C) Time (h) (%) 

(1) D-glucose* 20-35 120 48 
(2) D-glucose 35 120 48 
(3) D-glucose and c~-D-glucose-l-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 
(11) lactose* 20-35 120 24 
(12) lactose 10-15 340 5 
(13) maltose 10-15 340 16 
(14) cellobiose 1 0-15 340 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 
(17) 2-acetamido-2-deoxy-D-glucose and D-gluco ~uranuronolactone (1 : 1, w/w) 10-15 340 12 

* Dry Dowex 50(H ÷) was used as a catalyst (see text) 

[0~]D -]-104 ~ + 55 ° (water). 8(D20)3"61 (s 3H, MeO-3), 
5.20 (d 1H, H-l,  J1,2 3-0 Hz). 

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 Rtg values 27, 28 

(Rtg; mobility rate on the paper chromatogram with 
reference to 2,3,4,6-tetra-O-methyl-D-glucose) (Table 4). 

RESULTS AND DISCUSSION 

P4010-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 4,s. On the 
other hand, maximum yield of the synthetic polysac- 
charides was obtained in the reaction at 30-35°C (see 
Table 1). it 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 11. 
Catalytic action of Dowex 50(H +) was not significant in 
the polymerization reaction. This indicates that P4010 
may act as dehydrating agent as well as acidic catalyst. 
The reaction with methyl-a-o-glucopyranoside, a-D- 
glucopyranose-l-phosphate and methyl-2-acetamido-2- 
deoxy-~-o-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 o-xylose in the presence of 
natural xylan and in the polycondensation of D-glucose in 
the presence of c~-o-glucopyranose-l-phosphate (see 
Table 1). 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. 

The synthetic polysaccharides were hydrolysed with 
2N H~SO4 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 (IN H2SO4 at 100°C for 30min) 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 2a, 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 0.69-1.34S. 
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 4, s 
or by decomposition of DMSO 6. 

The stability of the polymers towards dilute acid 
solutions was characteristic of pyranoside linkages more 
than furanoside ones or acyclic ones 3°-a2, and the change 
of specific rotation during acid hydrolysis suggests occur- 
rence of the predominance of a-D- or fl-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 Analys is  of the synthet ic p o l y s a c c h a r i d e s  

[~,]~ 

Carbohydrate (%) Reducing sugar value* (c 1.0, 
Sample Uronic N P Per iodate water )  

Hexose Hexosamine Pentose acid (%) (%) s2o, w Method 1 Method 2 oxidation'l" ( d e g r e e s )  

(1) 69-0 . . . .  7.0 0.90 14.7 9.3 1.62 + 8 7 - 5  
(2) 72.0 . . . .  7.7 n.d. 13'2 10.4 1.12 +87 .5  
(3) 70.7 . . . .  6.9 0.80 12.6 9.6 0.90 +88 .0  
(6) - -  52.6 - -  - -  4.13 3.6 1.34 17.6 n.d. 0.89 +27 .0  
(7) - -  - -  65.0 - -  - -  12.0 0.69 13.3 n.d. 1.65 +20"0 
(8) - -  - -  4 0 . 0  - -  - -  15 .9  n.d. n.d. 6"5 n.d. +15 .0  
(9) - -  - -  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 1.11 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 . . . .  3.5 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) 41.5 - -  - -  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-dinitrosal icyl ic acid method;  method 2, the ferr icyanide method 
-j- Per iodate consumed during lt30h per monosacchar ide  unit (moles) 

850cm -1 absorption in the i.r. spectra. (7) showed a 
positive plain curve in the o.r.d, analysis, which supports 
/3-L-configuration (see Table 3). It is of interest to note 
that (1) was not hydrolysed with any of a- and fl-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 (I) and (2) with nitrogen 
dioxide 3a did not produce any of uronic acids, which were 
examined by the carbazole reaction. The iodine reaction 
for starch was negative for (l), (2), (3), (4), and (13). 

Structure of the synthetic glucan (2) 
Hakomori's methylation procedure did not give the 

fully methylated product of (2) even after twice treat- 

ments (Found: CHaO, 35.6%). As shown in Figure 1, 
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 ~ 4 %  less than that 
calculated. This may be due to the presence of oxy- 
methylene bridges as originated from DMSO 6, partly 
oxidized products 4, a, and phosphorus. 

The recovery of total methylated derivatives was in 
54 % yield. As shown in Table 4, molar ratio of tetra-, tri-, 
di- and mono-O-methyl-o-glucoses was in 4 : 5 : 2.5 : 1. 
In the tri-O-methyl fraction, the molar ratio of 2,3,4- and 
2,3,6-tri-O-methyl-o-glucoses was in ~ 1 : ! .  Taking 
a-o-anomeric configuration into consideration as de- 
scribed above, it is concluded that the synthetic glucan (2) 
has a-l,4- and a-l,6-glucosidic linkages as main chains 
with various branchings. Especially it is noteworthy that 
almost the same amount of tri-O-methyl fraction was 
tetra-O-methyl-D-glucose originating from the non- 

Table 3 Infra-red and o.r.d, data of the synthet ic polysacchar ides 

Nujol 
?max (cm-1) * o.r.d. (c 1.0, water, 17°C) ( d e g r e e s )  

Sample C O O -  - C O N H -  P = O  Anomer i c  700 600 500 400 350 300nm 

(1) - -  - -  1 2 4 0 w  8 5 0 w  + 3 8  + 7 2  + 1 5 8  + 3 0 3  + 4 1 8  + 6 3 8  
(2) - -  - -  1240w 850w n.d. 
(3) - -  - -  1240 w 850 w + 31 + 66 + 154 + 307 + 430 + 655 
(6) - -  1640-1670  s - -  - -  n.d. 
(7) - -  - -  1 2 3 0 w  - -  + 1 7  + 1 8  + 3 3  + 5 8  + 7 5  + 8 4  
(8) - -  - -  1 2 4 0 w  - -  + 1 0  + 1 0  + 1 8  + 2 9  + 3 3  + 4 8  
(9) - -  - -  1 2 6 0 w  - -  n.d, 

(10) - -  - -  1 2 6 0 w  - -  n.d. 
(11 ) . . . .  + 20 + 25 + 32 + 52 + 67 + 100 

(12) - -  - -  1 2 4 0 w  - -  n.d. 
(13) - -  - -  - -  850 w + 70 + 90 + 130 + 210 + 295 + 425 
(14) - -  - -  1 2 4 0 w  - -  + 2  + 1 6  + 3 0  + 6 2  + 9 3  + 1 4 8  
(15) - -  - -  - -  8 5 0 w  + 5  + 1 4  + 4 5  + 6 5  + 7 6  + 1 0 8  
(16) 1 6 3 0 - 1 6 5 0 w  - -  1 2 4 0 w  8 5 0 w  + 2 4  + 3 9  + 6 6  + 1 3 0  + 1 7 1  + 2 4 9  
(17) 1640-1670  s 1640-1670  s - -  850 w n.d, 

* In addit ion to these absorpt ions,  s t rong absorpt ion of HO at 3300-3400cm -1 appeared in all s a m p l e s  
s, s t rong;  w, w e a k  
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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 (Rtg)* Assignment 

of O-methyl- Yieldt Molar 
Solvent 1 Solvent 2 D-glucose (rag) ratio 

1 1" 00 2,3,4,6- 550 4" 0 

2 0" 79 2,3,4- 647 5" 0 
3 0" 72 2,3,6- 
4 0"54 (0"57) 0.65 (0"65) 2,3-~ 
5 0'49(0"51) 0.50(0"51) 2,6-::I: 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 

* Rtg, mobility rate on the paper chromatograms with reference to 
£,3,4-tetra-O-methyI-D-glucose. Solvent 1, 1-butanol/ethanol/l% 
ammonia (4:1 : 5, v/v). Solvent 2, 1-butanol/ethanol/water (4:1 : 5, 
v/v) 
t The synthetic glucan (2) (5.0g) was used for the methylation. 
The recovery of the methylated fractions was in 54~ yield 
~L 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 p r o o f - - A  further p r o o f  o f  po lymer  was 
obta ined  by the molecular  weight analysis according to 
the Arch iba ld  method  aa ( t i m e =  38 min, T = 2 9 9 ° C ,  
oJ2= 1.3633 x 10B). Molecular  weights o f  (3), (6) and (l l)  
are calculated as 7600, 16000 and 9500, respectively, by 
assuming the par t ia l  specific volumes '~4 of(3)  and (I I ) to be 
0.613 and that  34 o f  (6) to be 0.666. 
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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 type 1, 2, and also 
for particular types of strain, such as simple extension or 
uniaxial compression 3. Experiments involving both 
simple extension and uniaxial compression 3 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 torsion 2. 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 torsion 4. 

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 2 5 . 

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 Ae of the network in the strained swollen 
state is given by: 

Ae = ½G(,~ + A~ + A~ - 3) (1) 

In this expression A1, A2 and A3 are the principal extension 
ratios, referred to the unswollen unstrained state, and: 

G = NkT= pRT/Mc (1 a) 

where N is the number of chains per unit volume of the 
unswollen rubber, p the density of the rubber and Me the 
'chain molecular weight'. The degree of swelling is con- 
veniently represented in terms of the volume fraction v2 of 
the rubber in the swollen state. The ratio of swollen 
volume V to unswollen volume Vu is related to the strain 
parameters and to v2 thus: 

1,'/1t"= = Ala2Az = 1/vg. (2) 

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 
tl, t2 and t3 and the corresponding extension ratios are of 
the type 6: 

Aom 2 
tl  = V 1  + Gv2A1 etc. (3) 

in which Vz 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 [ln(l - v2) + v2 + XV22] (4) 

will be used, X being an interaction parameter character- 
istic of the particular polymer-liquid system. 

Since Aom is a function of v~, equation (3) expresses the 
relation between the three variables tl, ~1 and v2. If  any 
two of these (e.g. AI and v2) are fixed, the third is therefore 
determined. 

METHOD OF ANALYSIS 

Geometry of strain: compatibility conditions 
We shall consider a cylinder of radius a0 and length 10 

in the unswollen state subjected to combined axial extension 
and torsion and swollen to equilibrium. If I is the axial length 
in the final state, the axial extension ratio/33 is defined as 

1/lo. The torsion ff is defined as the angular rotation per 
unit axial length, measured in the final state. 

It will be assumed, in accordance 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 r0, 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/31 and a radial extension ratio/32, 
referred to the unswollen unstrained state. The three 
extension ratios/31,/32 and/33 satisfy the equations 

r dr l 
ill=F°' /32=~°' I (5) /33 =/0 = constant 

/31/32/33 = l/V2 

The first two of equations (5) are obvious from inspection 
of Figure 1. 

It is important to note that/31,/32 and/33 are not the 
three principal extension ratios, i.e., they do not (except 
for /32) 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(fllro)_/31q_ro.dd~1o 
/32=dr00- dro 

whence 

d/31 f l 2 - / 3 1  (6) 
dro ro 

To obtain d/31/dr we put 

dfll d/31.dro_/32-fll dro 
dr " ~ o  -dr-- ro " d-r 

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/31 with respect to r is 
determined by purely geometrical considerations. 

a 

b 

Figure 1 Coordinates in (a) unstrained unswollen and (b) strained 
swollen state 

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 t l l  
and t22 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 fix,/32 and/33 in the circumferential, radial and axial 
directions, together with a shear strain ~,, equal to ~br, 
corresponding to a sliding in the circumferential direction 
of planes normal to the axis of the cylinder. This system 
has been treated elsewhere 4 and leads ta a stress-strain 
relation which, when adapted to take account of the 
swelling, may be written: 

/3~ +/3~b-r ) (8) t l l _ t 2 2 = G r 2 ( / 3 i _  o o o 2 
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in which G is defined by equation (la). (This equation is 
obtained by putting G'/Vu = G and Vu[V= v8 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 t82, namely 7: 

dt28 t l l - t 88  
- (9) 

dr r 

Introducing equation (8) this becomes: 

d tgz = a-v 2(fl~ --/322 -t-/3~b2r 8) (10) 
dr r 

Swelling equilibrium 
Since the normal stress t22 is also a principal stress, 

equation (3) is immediately applicable. Hence 

to.o. = A;~ + Gvsfl~,. (11) 

Radial variation of v2 
From equation (9), giving the radial variation of t22, 

together with equation (11), which relates the swelling 
parameter v8 to this stress component, it is possible to 
obtain the radial variation of the swelling. From equations 
(5) we have f12= 1//31flzvs. Insertion in equation (11) to- 
gether with the Fiory-Huggins expression (4) for Aom 
gives: 

RT 
t28= vl  [In(l -vs)+v2+xv~]+G/fl~fl~v2 (12) 

Differentiation with respect to r gives: 

dt22=RTr _ L! leo'dr2 
dr Vi[2x 1 v2~ dr 

i 

Gr 1 dr8 2 dill] 
02 ~ z  - +  3 - - . - -  fl3[fllV2 dr fllV2 d r J  (13) 

Introducing the expression (7) for dill~dr, and making 
use of equations (5), we obtain, on collecting terms: 

[RT( ) oqdv2 2G 
dt22=dr - ~  2x -  1 IV2 vz-Gfl=']dr-r/3-/33(f12//31-1)(14) 

An alternative expression for t22 is provided by equation 
(9). Equating the right-hand sides of equations (9) and 
(14) leads to the relation: 

dr2 t l l -- t82+ 2G(f12/fll--1)/f13 
r d~ = (RT/V1)[2 x - 1/(1 - v2)]v2 - G/3~ (15) 

Dividing numerator and denominator by G and utilizing 
equation (la) we obtain finally 

dv2 (tll--t22)/G+ 2(flZ/fll-- l)/f13 
r dr=(M~/pV1)[2x_l/(l_vz)]vs_fl~ (16) 

in which t11-t82 is related to the strains through 
equation (10). 

Swelfing of a rubber cyfinder in torsion (1): L. R. G. Treloar 

Application of foregoing relations 
Let us assume that the state of strain, as defined by the 

parameters/31, /32 and fla, and hence the swelling para- 
meter v2, at a particular radial position r, are given. The 
corresponding components of stress t l l  and t2z 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 + 8r to be derived. 
For this purpose we note that the radial variation of fll is 
given by equation (7), and the radial variation of v2 by 
equation (16). We are thus able to obtain the values of/31 
and v8 at the point r+Sr, and hence, since/33 is constant, 
of /3z also. The complete state of strain at the point 
r + 8r is thus determined. By repeating this procedure for 
successive increments 8r 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/33 and the torsion 
~b are fixed. Of the three remaining parameters ill,/38 and 
vs, any two are independently variable. Let us suppose 
that we arbitrarily fix/31 and/32 at the outer boundary 
(r=a),  where t82=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: 

i l l= f12, tit=t88 

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 fix(=/32) and hence v8 at the axis, we 
encounter the difficulty that dfla/dr=O (equation 6) and 
dvs/dr=O (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 AXIAL 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=rl, beyond which 
point numerical computation by the iterative procedure 
outlined above becomes practicable. The value of rt 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 7. In this case the 
variation of the radial stress t22 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 t22 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 t22 implies a parabolic varia- 
tion of v2 and also of the strain parameters/31 and f12. We 
may therefore write, for the axial region: 

/31 =/3o(1 + cxr 2) (17a) 
/32 = flo(1 +c2r 2) (17b) 
V2 = V20(1 + car 2) (17c) 

t22 = t0(1 + c4r 2) (17d) 

where/30, to and v2o are the values of/31 (or/32), t22 (or 
tx~) and v2 at r=0 ,  and c~, c2, ca and c4 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 

Comparing equations (21) and (22) 

c3= -4e1  (23) 

C4 and cl 
From equation (17d): 

dt22/dr = 2toc4r (24) 

while from equations (8) and (9): 

dt22 _ t l l  - t22 _ Gv2(f112 _ f129 +/3~b2r2 ) (25) 
dr r r 

Hence 
2t oc 4r 2 = Gv 2(/312 -/322 +/32~b2r2) (26) 

From equations (17a) and (17b), together with equation 
(20): 

/312 --/32 = (ill --/32)(fll + f12) = -- 2Clr2/30.2/3o(1 + 4clr 2) 

/31 --f12 = --4clr2~ (27) 

Inserting the results given by equations (23) and (27) into 
equation (26): 

2toc4r 2 = Gv 2o(1 - 4clr 2)( - 4clr2/3~ +/3~b2r 2) (28) 

The constants cl to c4 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. 

cl and c2 
The basis for the relation between cl and c2 is provided 

by equation (7). From equation (17a) we have: 

d/31/dr = 2c1/3or (18) 

Substitution of this result, together with the expressions 
(17a) and (17b) for/31 and/32, into equation (7) gives 

2cl/sor2=~(l+clr2)(1 1 +clr2~ 1 +~r2rZ] (19) 

Since we are concerned only with small differences from 
the axial values of/30 etc., clr 2, c2r 2, etc., are small com- 
pared with unity. Neglecting terms containing c12r 4 etc., 
and higher powers, equation (19) reduces to: 

2ClflOr2= /30(C2--cx)r2 

C2=3Cl (20) 

Cl and c3 
From equations (5), with (17a) and (17b) together with 

(20), we have (neglecting higher-order terms): 

l/V2= fllfl2fl3 

---=/sail0(1 + clr2)(1 + c2r 2) 

=/3s/3o2(1 + 4clr 2) (21) 

Similarly from equation (17c): 

1/v2=(1/v2o)(1 -csr2)=/saff~o(1 - c s r  ~) (22) 

For finite values of ffa (the shear strain at the surface) the 
range of r may always be chosen so that ~br is small com- 
pared with unity, so that the product clr2(4,2r 2) may be 
neglected. Equation (28) then gives 

2toc4r 2 = Gv 20(/3~b2r2 - 4c lr 2/302) 

or 

C4 = Gt~(fl~b2/2~) - 2Cl) (29) 

Evaluation o f  cl 
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/3o and v20 which together with 
/33 and ~b 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, det22/dr z. 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): 

dr22 [1  d A o m _  l- o'] d v 2 / +  2Gv2f12 dfl2 
dr V1 dv2 G/3~3 

d2t22 [ 1 dA°rn ] ~f12 = G e d~v2 
dr z V1 dr2 l- f12 ~ + 2 G v 2 / 3 2  . (30) 

+terms revolving squares and products of dv2/dr and 
d/32/dr. 

d2t22 We are interested only in thelimiting value of ~ as 

r ~ 0, where the first derivatives of v2 and f12 with respect 
to r also tend to zero, while the second derivatives remain 
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finite. We may therefore neglect all higher-order terms in dtzz/d(r2) and dvz/d(rz) respectively. The modifications 

dvz/dr and df12/dr in obtaining this limiting value. Thus: are obvious and need not be written out. 

(31) 

where vzo and /?o are the values of vz and /32 at r=O. The 
second differentials of v2 and 82 may be expressed in 
terms of the constant cl in equation (17a), thus 

(32) 

while the Flory-Huggins equation (equation 4) gives: 

(%!4_ =R+&)v~o (33) 

Insertion of the above expressions into equation (31) 
gives : 

12c1Gu2,B; (34) 

We have to compare this result with that obtained from 
equation (17d). The latter gives: 

= 2c4to = 2G~&#~~2/2P; - 2cl) (35) 

from equation (29). Comparing equations (34) and (35), 
and collecting terms in cl, 

Dividing throughout by G and substituting the expression 
(la) for G, this reduces to: 

giving finally : 

c1= -(MC/pV1)[2x- l/(1 -v2o)Iv20 -s; 
(38) 

This result, together with equation (17) provides a 
complete solution to the problem. 

MINOR MODIFICATIONS TO METHOD OF 
CALCULATION 

The calculations may be facilitated somewhat by the 
introduction of certain minor modifications. 

Integration With respect to rz 

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 dt22/dr and daz/dr in equations (14) and (16) to 

Elimination of rl 

Using integration with respect to r2 it was found practic- 
able effectively to eliminate the axial region by making rf 
equal to 6(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 6(r2) of 10-s and 10e4. 

These modifications were used for the calculations given 
in the following section. 

NUMERICAL EXAMPLE 

It is assumed initially that the quantities p, 1/l, Me and x, 
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 /3s 
(axial extension ratio) and 4 (torsion). To define the condi- 
tions in the axial region it is sufficient to assign a value to 
any one of the three variables ~20, /30 or to. Let us suppose 
that the value of PO is so chosen. The state of swelling at 
the axis is then determined by the relation v20= l//?& 
(equations 5), and the stress to is obtainable from the 
insertion of these values of /30 and v20 into equation (11). 
The constant cl may be obtained fro:;1 equation (38), and 
from this the remaining constants ~2, cs and c4 are deter- 
mined by equations (20), (23) and (29). Equation (17) then 
enables the state of strain, the degree of swelling and the 
stress t22 to be derived up to the arbitrarily chosen value 
of r, i.e. r = rl, or rf =6(r2), 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 t22 = 0) is reached. This will 
be clear from Figure 2, which shows the variation of t22 
with r2, for different values of PO, using data chosen to 

0 0.2 0.4 0.6 0.8 I.0 

.* 

Figure2 Variation of radial stress component tzz with r2for values 
of axial swelling parameter ~80: A, 0.222; 6, 0.212; C, 0.200; 
D,0~192;E,O~lW--, Numerical computation; - --, equation (17) 
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Figure 3 Variation of circumferential stress component tzl with 
r 2 for values of axial swelling parameter: A, 0-222; B, 0.212; 
C, 0.200; D, 0.192; E, 0.184 

become linear functions of r e , 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 4,a0. Where appropriate, 
the corresponding parabolic relations (equation 17), 
using the calculated values of the constants cl to ca, 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 fll at the 
surface (r = a). From equations (5): 

a/ao = (/~x)r== (39) 

where a0 is the radius of the cylinder in the unstrained, 
unswollen state. The overall swelling ratio is therefore: 

V na2fls to3a2~r a 
V#--  ~-0 =sd'' Hll = (40) 

where V. is the volume of the unswollen cylinder, per 
unit axial length. In this equation V is the volume in the 
swollen twisted state at an axial extension/33 and torsion 

~ , , ]  4'. To obtain the change of swollen volume due to torsion 
i. 70 we require also the equilibrium swollen volume 110 at the 

same axial extension ratio t3a but with zero torsion. This is 
~ s s  SSSS S / obtainable immediately from equation (11)on putting 

I. 65 ~ [ t22 = 0 and 13~ = fl~ = 1 [v213a (from equations 5), and solving 
~", ,-"  | for v~ (=  Vn/Vo). The relative change of swelling due to 

~ "  | torsion is then: 

'~ 1.60 / I  ] Vo0=~AV V -  V0 (41) 

/ 1.55 

1.50 I I I I t / 0.22 - ~  
0 0.2 0"4 0.6 08 I-0 

r 2 

Figure 4 Variation of radial (f12) and circumferential (ill) extension _ ~  ~ 
ratios with r ~. v2o=0 '22£ . - - ,  Numerical computa t ion ; - - - ,  0.21 
equations (17) 

correspond to one of the experimental systems studied--a X~ 0-20 ~ ~ ~  
poly(c/s-isoprene) swollen in toluene (sample A in 
Part 25' t° which reference sh°uld be made f°r details)" ~ ~  ~ 
Different values of fl0 yield different values of a, and O-19 
hence of the dimensionless parameter ~ba, which is 
equivalent to the shear strain at the surface, (or alterna- 
tively of ~ba0). The results are therefore applicable directly 
to any value of cylinder radius a0. 

The corresponding distributions for the circumferential 
stress tll, the circumferential and radial strain para- 
meters 131 and 132, and the swelling parameter v2, are 
shown in Figures 3, 4 and 5 respectively. 

It has already been noted that for small values of the 
torsion (~ba0 ~ 0) all these distributions should tend to 

0"18 I I I I , 
0"2 0"4 0.6 0"8 I'0 

r 2 

Figure 5 Variation of volume fraction of rubber (v2) with r 2. 
A, v=o=0-P-.2£; B, v9.o=0.212; C, v=o=0.200; D, v=0=0.192; E, 
v~o=0"184 
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V20 a 

ao V/Vu - AV/Vo 
(/~)~== (=a/~) (=,o~/~O (%) ,/,~a,' 12 

"b 8 

I 

4 

0.1813a 0 1 "0870 0 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"3,361 1.6744 0.2007 5-433 1 "48 0"0403 
0-188 0-4019 1 "6691 0-2408 5"399 2.09 0.0580 

0-1 02 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' 0288 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 "5982 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. 
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16 

0 
I I I 

0.1 0"2 0-3 0"4 

~2Oo2 

Table 1 Change of swelling (~V/V) and associated variables for 
following values of parameters: Mc/pVl=92.27; Z=0"40; fla = 
1.908; ~b=1.0; V0 (calculated)=5.515 

Figure 6 Dependence of reduction of volume on twisting on 
~,. a,, A, numerical computation; B, approximate solution, equation 

(52a) 

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 analogpus to that previously applied 
to the derivation of the volume change due to torsion in a 
compressible (dry) rubber 4. 

Consider the cylinder to be homogeneously swollen to 
volume fraction v2 at an axial extension ratio fla. Applica- 
tion of torsion will produce an instantaneous gradient of 
stress dt22/dr given by equation (10). Since the swelling is 
assumed homogeneous fiX ~ f12 and therefore 

dt22/dr = Gv2 f l~r  (42) 

Integration subject to the boundary condition t2z=0 
when r - - a  yields 

122 = -- ½Gvgfl]~2(a 2 - r 2) (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 
fl~= 1/v2fla becomes 

tz2=(RT/V1)[In(I -vz)+v2+xv~]+G/f la  (44) 

Since we are concerned with small values of t22 and small 
changes of v2 we shall use the differential form of equa- 
tion (44), i.e., 

(dt22/dv2)p=(RT/V1)[2 X -  1/(1 - v2)]v2 (45) 

The change in vz may therefore be written: 

[ dv2 ~ 8t22= V1/RT 
~v2 = ~dt22] p, [2x -  1/(1 -v2)]v2 ~t22 (46) 

Since in the untwisted state t~2=O, we may equate 8t22 to 
tz2 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 

8V ~v2 V1/RT 
-V-= - v~ = - [2X- 1/(1 -v2)]v~ t22 (47) 

This will be written: 

8V/V= -A t22  (48) 

where 

V1/RT 
A = [2X- 1/(1 -vz)]v~ (48a) 

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 
2~rdr the change of volume, as given by equations (48) 
and (43), is 

V= - A Vtz2 = - A2~rdr[-  ½Gv2flz~bZ(a 2 -  r2)] (49) 

Integration with respect to r yields the total volume 
change AV, namely 

A V =  f ~  ~ V d r  = A¼7rGl)2fl2~2fl 4 (50) 

Since the volume of the whole cylinder before twisting is 
• ra 2, the relative change of volume due to the torsion is 
given by: 

A V/V= A¼Gv2/~a 2 (51) 
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Insertion of A from equation (48a) and G from equation 
( la)  gives finally: 

A V (p V1/ Mc)fl~bZaZ 
V -412 x -  1/(1 - v2)]vz (52) 

or, since a2=a]/vzfls 

A V (p Vl/Mc)[3a ~2a~ (52a) 
V 4[2X-I / (1 -vz) ]v~  

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: 

A V/V= - 0.3789~b2a~ (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 ~bZa0 ~ of 0.32, which corre- 
sponds to the maximum value of torsion attained in the 

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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Science and Technology, Sackville Street, Manchester M60 1QD, UK 
(Received 14 September 1971) 

Experiments have been carried out on the effect 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 12% 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 z 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 8~ .  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 I) and 100~o poly(cis-l,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 

o! 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 

112 mm 

96mm 

71mm 

b L 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 (Smm) 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 

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 4 cm 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 Rehner 3 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 

I_. 377mm ..j 
- -] 
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Figure 2 Apparatus for combined torsion and extension: (a) plan; (b) elevation 
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Table 1 

Sample 

Rubber compounding ingredients (parts by weight) 

A 

Swelling of  a rubber cylinder in torsion (2) : K. M. Loke et al. 

B C D E F G 

Smoked sheet, Grade 1 
Natsyn 100 100 100 
Dicumyl peroxide 3-2 3.5 3-0 
M.B.T.S. Vulcafor (accelerator) 
Zinc oxide 0.5 
Stearic acid 
Carbon black 0.25 
N-phenyl-2-naphthylamine (antioxidant) 
Sulphur 
Cure time (min) at platen temp. of 140°C 35 30 33 
Mc (swelling) 8891 8184 12 380 

100 100 100 100 

3"0 3"0 3"0 
0'5 
2 0.5 0.5 
0"5 

0.5 
6 

55 30 32 30 
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 ( ~  l 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 cm a, with an arithmetic mean of +0.0141 or 
+0.3%, 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 0.5 %, 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 Me 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 
5 h 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  Me was then calculated from the 
equation: 

in ( l  --  V2)+ v2+XV~ = - (pV1 /Mc)v  l/3 (I) 

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 flz, 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/33, 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 
(i 1) of  Part 1 x) with respect to v2: 

ln(1 - vz) + v2 + XVZ~ = - pVl /  Mcfl8 (2) 

and writing ~ V/V= - 8v2/v2. This gives: 

. . . .  pVl /Me  3o (3) 
v / v -  - [2X- Z i i ( l -  vz)]v~fl~ p3 

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 
(~V/VxO.6% 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 Me 
(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  Me 
For the Natsyn 'A' vulcanizate the measured free swell- 

ing equilibrium at 25°C corresponded to a volume frac- 
tion (vz) of rubber of 0.1893. The measured density of the 
rubber was 0-9016gcm -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 X =0.40 (as for natural 
rubber in toluene") substitution of these data in equation 
(I) yields the result Me=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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4-26 1 

~" 4.18 

~ 4-10 

! T 
4"02 

I I I I I 

0 2 4 6 8 IO 12 

Time (h } 

Figure 3 Change of volume with time after application of torsion. 
Natsyn sample A, ~bao= 0. 4383 

Since there is the danger here of  a circular argument, 
this procedure needs some justification. We note first that 
the value of Me is determined from free swelling, hence 
the calculation of v2 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 v2 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 fla = 1.938 gives a calculated change of v2 to 0"l 813, 
i.e. a reduction in v2 of 4.4%. It is only this 4.4% which 
relies on the applicability of the theory, and on the basis 
of previous experiments on simple extension 4 it would 
seem reasonable to assume that this will not be in error by 
more than, say, 5 % of itself, or 0.2 % of the whole swollen 
volume. This would produce an error of the same amount 
(0.2 %) in ao 2, which is practically negligible. 

1.00 

~: o.9a 

0"96 

a: 0.94 

0.92 

0 

Time (h) 

Figure 4 Relative change of volume with time for Natsyn A, for 
following values of ~bao: A, 0.1806; B, 0.2706; C, 0.3609; D, 0.4383; 
E, 0.5157; F, 0.5670 

represented by 4~a0=0.4383. The volumes shown have 
been corrected to take account of the small difference of 
axial extension ratio fla, which in this case was 1.934, 
from the mean, 1.938, for all experiments on this sample; 
this correction varied from +0.0036 to +0.0038 cm a dur- 
ing the course of equilibrium. The total reduction of 
volume due to torsion amounted to 0.2207cm a on an 
original volume of  4.2467 cm a, giving AV/Vo = - 5.20 %, 
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 ao 
For comparison with the theory, which gives the change 

of swelling most conveniently in terms of  the dimension- 
less parameter ~ba0, it is necessary to determine the un- 
swollen radius a0. 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 fla, 
together with the calculated value of v~ for this state. 

COMPARISON WITH THEORY 

The calculated values of the change of volume due to 
torsion (A V/Vo) were based on the theory discussed in the 

0 

4 

0 

4 

# o 
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? o 
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4 
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~ J D , ~  v 

I I I 
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Figure 5 Relative reduction of volume due to torsion for rubbers 
listed in Table 1. ~ ,  Calculated;- - - ,  observed 
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previous paper 1. For sample A the modification referred 
to in Part 1was used, in which the numerical integration 
was performed with respect to r 2, and the limit of the 
axial region (rl) coincided with the step length 8(r2). For 
all the other samples the integration was performed with 
respect to r, using a value of  8r of  10 -3 and a value of r l  
sufficient to give a difference between/31 and/3z of 10 -6 
(rl ~ 10-z). 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 - A  1I/Vo against ~2ao2. 

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 ~a0, this dis- 
crepancy ranges from - l l . 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 Me, the smaller dis- 
crepancies in either group being obtained with the samples 
having lower Mc 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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After-effects in polymerizations 
photo-initiated by manganese 
carbonyl + halide systems 

C. H. Bamford and J. Paprotny* 
Department of Inorganic, Physical and Industrial Chemistry, Donnan 
Laboratories, University of Liverpool, PO Box 147, Liverpool L69 3BX, UK 
(Received 20 August 1971) 

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 (~=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. It is 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 carbonyl occurs unsymmetrically, one of the resulting 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 e t  al.  1, 2. These workers reported that 
under the conditions employed (A=435.8, 365nm for 
Mn2(CO)10, 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 + h v  ~ M(CO)4 + M(CO)e (1) 

M(CO)4+ CC14 --~ M(CO)4C1 + CC13 (2) 

* Present address: Silesian Institute of Technology, Gliwice, Poland 

(M = Mn or Re) and it was suggested that with manga- 
nese carbonyl the species Mn(CO)e does not initiate, but 
forms inactive products, perhaps by reversion to 
Mnz(CO) 10 by the process represented stoichiometrically, 
but not necessarily mechanistically, by: 

2Mn(CO)6 ~ 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 50~o efficient to account for the 
observed quantum yield. 

Bamford e t  al.  2 found that photoinitiation by the 
Re2(CO)10+CCI4 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)6 builds up during irradiation. 
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Slow generation of radicals by interaction of Re(CO)e 
and CC14 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 3,4 have confirmed the unit 
quantum efficiency for photoinitiation by Mn2(CO)10, 
and have further demonstrated 4 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 aeetyl- 
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 5. 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)8 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 
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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 250W 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 1.5 ml 
capacity with capillaries of 1 mm bore (Veridia) were 
used. Rates of polymerization ~o were calculated from the 
relation 

oJ = 5.06 x IO-aR tool 1-1 s -1 (4) 

R being the rate of concentration in cm min -1 per ml of 
dilatometer volume. Reaction mixtures were thoroughly 
degassed by conventional freezing and melting cycles in 
vacuum (pressure < 10 -5 mmHg). 

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 

Figure 1 After-effects with different solvents and monomers 
M=methyl methacrylate, VC=vinyl chloride. [ETCA]=6x l0  -2 
mol 1-1. Irradiation time 5min, )t=435.8nm. Concentrations given 
in tool I-1: 0 ,  [M]=4.7; [Mn2(COho]=3"0x 10-4; solvent benzene. 
[-_q,[M]= 4.7; [Mn~(COho] = 2" 1 x 10-4; solvent acetone. O,[M]= 4.7; 
[Mn2(COho]=3"gx 10-4; sol,~ent cyclohexanone. + ,  [M]=4.7; 
[Mn2(CO)z0]=3.0xl0-4; solvent acetylacetone, experimental 
points, curve computed from equation (9). A, [VC]=8.6;  
[Mn~(COho]=6"4x 10-4; solvent cyclohexanone 

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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Figure2 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-Z): Mn2(CO)zo, 3.42; ETCA, 6.0x10 -2. A, M+Mn2(CO),o 
irradiated, ETCA+CH added; after mixing [M]=4.7mol 1-1. 
O, M+Mn~(COho irradiated, ETCA+M added; after mixing 
[M]=g-4mol 1-1. ©, CH+ Mna(COho irradiated, ETCA+ M added; 
after mixing [M]=4.Tmol 1-1 

Similar behaviour with vinyl chloride in the presence of 
cyclohexanone is illustrated in Figure 1. 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, thea 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 Mn~(CO)10 with the halide in 
the light (e.g. Mn(CO)sCI) 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(COh0 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 
([Mnz(COh0] = 3 x 10 -4 moll -1) was  heated to 100°C for 
i 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 

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 
Mn~(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 14h (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 z is illustrated in Figure 4. For short irradia- 
tions, the after-effect increases with z 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 • 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 
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Figure3 After-effects following irradiation (10min, A=435-8nm) of 
CH + Mn2(COhowith subsequent addition of M+ETCA. Concentra- 
tions after mixing (mol I-1): M, 4.7; Mn2(COho, 3.0x 10-4; ETCA, 
6.8x10 -2. ~ ,  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 (tool I-1): M, 4.7; 
Mn2(CO)zo, 4.0x 10-4; ETCA, 6.4x 10 -z. Irradiation times: I--I, 10s; 
A, 30s; O, 2rain; A, 5min; I I ,  10rain; • ,  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 h=435.8nm, and optical densities at 
450nm were measured before and after irradiation. A 

degassed solution of manganese carbonyl (9 x 10 -4 mol 1-1) 
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)10 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 (,~=450nm) following irradiation (10min, ,~=435.8nm). Solvent CH; [Mn~(COh0]=9"2× I0-4mol 1-1, 
O, Optical densities before irradiation periods; • ,  optical densities after irradiation 

POLYMER, 1972, Vol 13, May 211 



Polymerizations photo-initiated by manganese carbonyl + halide systems: C. H. Bamford and d, Paprotny 

of the interaction of Z and the halide (RCI) leading to the 
generation of radicals R.(=CI~.(~COzEt), which initiate 
polymerization of the monomer and so are responsible for 
the after-effect. 

Z+nRCI ~ hR. + . . .  (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 [RC1]. Thus we may write: 

Zt =Z0e -~'t (6) 

where Zo, Zt are the concentrations of Z at zero time (the 
end of irradiation) and time t, 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: 

aCt = nkZt = nkZoe -kt (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.(= CI2(~CO2Et), whether formed in the light, or in 
the subsequent dark reaction, initiate polymerization by 
reaction with monomer. Thus, if At is the magnitude of 
the after-effect at time t after the interruption of irradia- 
tion, i.e. the conversion occurring in the dark reaction in 
the specified interval, we have from equation (7) 

dAt 
dt = (nkZ°)l/2e-kt/2 (8) 

kp, kt 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 
At =0 when t = 0 gives 

At= ~ [ M ] ( ~  ) I/2(I --e -kt/2) (9) 

For convenience in computation equation (9) may be 
written in the form 

Ah =A(1 --e -Bt) (10) 

Ah (cm) being the change in meniscus level in the dilato- 
meter capillary corresponding to the conversion At (tool 
1-1). If V(ml) is the dilatometer volume, and the capillary 
has an internal diameter of 1 mm, we find from equation 
(4) 

Ah = AtV/0.304 (11) 

for methyl methacrylate at 25°C. 
Combination of equations (9)-(11) gives 

n'-" [ O.152A(kl/2) ]2 
02) 

One of the main points of interest is a comparison be- 
tween Z0 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 
m a y  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: 

i [ 0.304a ~2 1 (13) 

From equations (12) and (13) we obtain the simple 
relation: 

I ,  4 ~ a] (14) 

If A, B are determined from after-effect data, and a is 
measured, equations (12), (13) (or (14)) may be used to 
calculate Z0, I~, 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 rr. Since it seems most likely that Z con- 
tains only one Mn atom, and the oxidation Mn o --, Mn I 
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 
deflation 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 deafly supports the 
assumption of first-order decay of Z. 

The value of the parameter kp/kt 1/2 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 kt is inversely proportional to the 
viscosity of the system 7. Further, in the case of methyl 
methacrylate, kp is increased by the presence of some 
additives 8, 9. We have looked for possible changes in kp 
produced by acetylacetone by measuring rates of poly- 
merization photoinitiated (,X=365nm) by azobisiso- 
butyronitrile over a range of intensities and composition, 
benzene being used as an inert additive. No effect on 
k~/kt 1/2 attributable to acetylacetone could be observed, 
other than that arising from the (small) viscosity changes. 
Consequently values of k~/kt 1/2 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 1 in 
which ~baeae is the volume fraction of acetylacetone. 

Quantitative study of the after-effect 
Experiments were carried out with r=5min over a 

range of volume fractions of acetylacetone to determine 
the dependence of Z0 on the concentration of acetyl- 
acetone. Experimental data were treated as described in 
the previous section, Z0 being calculated from equation 
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Table I Values of kplkt ~12 for methyl methacrylate at 25°C in 
mixtures containing acetylacetone 

~acac 0 0"1 0"2 0"3 0.4 0"5 0-75 
103kp/kt z/z 56 56.5 57 58 58"5 59 61 
(mol-1/~ IZ/2 s-Z/z) 

(12) with n=  1. The experiments were performed at two 
different monomer concentrations (2.35 and 4-70 moll -1) 
with addition of benzene as an inactive diluent when 
necessary. Results are shown in Figure 6. The calculated 
values of Z0 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 Zo 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 Z0, with a tendency in the latter to reach a plateau 
value. There is no evidence that Z0 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 ~acae and had values scattered 
around 10x 10-Smol1-1. If this figure is accepted, it 
follows that at high acetylacetone concentrations the 
ratio Zo/l.c may reach 0.6 under our conditions. 

Corresponding values of k (=2B)  are plotted against 
~aeae in Figure 7, which indicates a general decrease in k 
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 T=5min,  the other at the higher intensity, with 
T=I0s .  

The results of the former series are collected in Table 2. 
The total concentration of radicals formed in the light (IT) 
is sensibly independent of acetylacetone concentration, as 
appeared to be the case at high light intensity. Also, Z0 
increases with ff~eae in a similar manner (compare 
Figure 6), although Zo/I-r 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 ~aeac is 
varied, in contrast to the results shown in Figure 7. 
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Figure 6 Dependence of 2"o on ~acac. Irradiation time, 5min; 
~=435-8nm. Concentrations (mol I-Z): Mn2(CO)lo, 3"0x10-4; 
ETCA, 6-0× 10-z; O, M, 4.7; ©, M, 2.35 
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Figure 7 Dependence of k on ~acac. Irradiation time, 5min; 
)t=435.Snm, high intensity. Concentrations (tool I-1): Mn2(CO)lo, 
3-0x 10-4; ETCA, 6.0x10 -2, 0,  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 30 s, and remained effectively steady for 
5min; 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 = 1 0 s  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 Zo/lr 
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 Z0 and Zo/Ir 
decrease; k also increases, but with an order in [ETCA] 
less than unity. 

Carbon monoxide, added at pressures of 3 and 
15 mmHg, 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)zo, 3x 10-4; ETCA, 6x 10 -2 

V A a 104k(=2x 104B) 105Zo 10Sl~ - 
~acac (ml) (cm) (cm) (s -z) (mol I -z) (mol 1-1) Zo/h" 

0 1-90 - -  0.170 - -  - -  3.57 
0.10 1.90 0'86 0.173 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 4"29 0"58 
0-50 1.74 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 (tool I -z) : 
Mn2(CO)zo, 3× 10-4; ETCA, 6× 10 -2 

~acac 0 0" 25 0" 75 
107l(mol I -z s -1) 3'75 3.70 3.54 

Table 4 Data on after-effect for~r=10s, 
Concentrations (mol I-Z): M, 4.7; 
Mn2 (COho, 3×10-4; ETCA, 6xl0-Z; 
~acac = 0" 5 

A=0.272cm 
k = 2 . 3 8 x  10-4 s-Z 

Zo=0.27x10 -5 mol I -z 
h-=0.35x 10 -5 mol I -z (from Table3) 

Zo/l~ = 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 
Mn2(CO)10, e.g. S-Mn(CO)5. Two cases may be distin- 
guished, depending on the process assumed for the 
photo-decomposition of Mn2(CO)10. 

Symmetrical photolysis of Mnz(CO)lo. The photolytic 
step and the radical-generating process in the light are 
shown in equations (15) and (16): 

k~ 
Mnz(CO) 10 + hv --* 2Mn(CO)5 (15) 

k= 
Mn(CO)5 + RCI --+ Mn(CO)sCI + 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 1, so we are not concerned with 
reactions of Mn(CO)5 leading to inactive species. We may 

Table 6 Dependence of dark reaction on [ETCA]. High intensity, 
~-=Smin; concentrations (tool I-Z): M, 4.7; Mn2(CO)lo, 3x10-4;  
~acac=0"5 

102[ETCA] V A a 104k 105Z° 105h" Zo/lz 
(mol l  -z) (ml) (cm) (cm) (s -z) (mol l  -z) (mol l  -z) 

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 1.70 0.264 1.23 3.55 9"2 0.38 

suppose that S competes with the halide for interaction 
with Mn(CO)5 according to equation (17): 

ks 
Mn(CO)5 + S --* Z (17) 

By assuming a stationary concentration of Mn(CO)5 we 
find that 

ks[S] 
Zo= 2k l[Mn2(CO)lO]~ k 2[RCl] + ks[S ] 

ks[S] (18a) 
2~'labs~kzl RCIJ " "+ k3[S ] 

and 

I 
., , k2[RCI] 

r = Z y Z a b S r k ~ [ ~ [ S  ] (18b) 

where 7' is the quantum efficiency of the primary carbonyl 
photolysis and labs 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, 

Z 0 _  k3[S] (19a) 
I r  k2[RCI] 

Z0 + Ir  = 2~'Iabs z = (I~') 0 (19b) 

where (I~-)0 is the value of Iz for [S]=0.  

Table 5 Dependence of dark reaction on [Mn~(CO)xo]. High intensity, ~-=5min; concentrations (mol I-1): M,4-7; ETCA,Tx 10-2; ~acac=0.5 

104[Mn2(CO)1o] V A a 104k 105Zo 1051~ 
(mol 1-1) (ml) (cm) (cm) (s -1) (mol 1-1) (mol 1-1) Zo/h" 

0.3 1.90 1.13 0.120 1 "44 1 "51 1.6 0.94 
0.6 1.74 0.99 0.125 2.00 1.94 2.1 0.9'2 
1.0 1.81 1.06 0.171 2.45 2.50 3"5 0.70 
3"0 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 Z0 with [S ] (in 
equation 18a) is compatible with Figure 6, this mechan- 
ism is unsatisfactory in that equation (18b) predicts a 
dependence of IT on [S ] which is not observed (Tables 2 
and 3). Thus, unless k2[RCI] >>k3[S], IT should decrease 
with increasing [S]; if the inequality were to hold Zo/IT 
would be very small (equation 19a), contrary to observa- 
tion. According to equation (19b), Z0+ I~ should remain 
constant as [S ] is varied and equal to the value of IT in 
pure monomer. In the experiment in Table 4, the expected 
value of IT on this basis would be (0.375-0.27)10 -~= 
0.105×10-5moll -1 (see Table 3); the observed value 
0.36x 10-~mol1-1 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/Ir 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/Ir=0.27/O'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 Mnz(CO)lo. The work of 
Kwok to which reference has already been made 4 supports 
the type of primary act (equation 20) suggested by 
Bamford et al.l : 

Mn2(CO) 10 + hv --. Mn(CO)a + Mn(CO)n (20) 

Kwok 4 further proposes that reaction (20) is followed by 
reactions (21) and (22): 

k~ 

2Mn(CO)6 ~ Mn2(CO)10 + 2CO (21) 

Mn(CO)4 + RC1 ~ R. + Mn(CO)4C1 
$ co 

Mn(CO)~C1 (22) 

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)6 and S 
(presumably with evolution of CO) which would com- 
pete with the rapid process (21): 

ks 
Mn(CO)6 + S --+ Z + CO (23) 

If  we assume that equation (21) is second order in 
[Mn(CO)6], and that [Mn(CO)6] is stationary, we may 
derive: 

Zo k~[S]2t[" 47kalabs'~1/2 IJT (24a) 

IT= ~'IabsT (24b) 

According to reaction (24a), Z0 increases with increasing 
[S], approaching a limit 7I, bsT; thus the limiting value of 
Zo/IT at high [S ] is unity. This mechanism further differs 
from that discussed earlier in that it predicts that IT 
should be independent of [S]. In these respects equations 
(24a and b) are consistent with observation. 

It follows from the kinetic mechanism that as Iabs 
increases, the relative importance of reaction (21) corn- 
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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 labs was brought about by increasing 
[Mn2(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 Z0, l r ,  and Zo/Ir 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)6 and the halide occurs to a minor extent, and 
competes with reaction (23). A possible reaction is: 

k~ 
Mn(CO) 6 + RC1 ~ R. + Mn(CO)sCI + CO (25) 

If  equation (25) is included, equations (24a and b) must be 
replaced by: 

Z0= c&~[S ]~{ ( l + 47kJabs ~ l/2 4 ~ ] (26a) 

IT = 7l~bs T + Z0(~ - 1) (26b) 

where 
~= 1 + k6[RCll/ks[S ] (27) 

If  c~ is not far from unity, equations (26a and b) explain 
the small trends which appear in Table 6. The fraction of 
Mn(CO)6 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 -2 mol 1-1). This will be so if k6[RC1] is small 
compared to (Tkjabs) 1/2. 

In view of the experimental difficulties encountered in 
obtaining precise values of Z0 and IT, 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, 1T, Zo/Ir from these equations 
taking 7Iabs = 1.2 × 10 -7 einstein 1-1 S - 1 ,  ~" = 300 s, ke/k4 = 
10-Smol-lls -1, k6/ks=5, 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 [Mnz(CO)10] (i.e. labs) and 
[ETCA] shown in Tables 5 and 6 respectively. 

-5 
E 
"5 

o 

0 

Zo 

I.O 

o-8 

0.6 

0.4 

/ o o.2o.4o-6 0.8 I-C 
/ eacac 

0"2 0"4 0-6 0-8 I'0 
OQcac 

Figure 8 Dependence of Zo, I~- and Zo//r on ~acac calculated 
from equations (26a and b) with 7/abs=1.2x 10 -7 einstein 1-1 s -1, 
k~/k4=lO-Smo1-1 I s -z. k61ks=5, ~,=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/I~ could exceed unity. 

The mechanism under discussion for the formation of 
Z following unsymmetrical splitting of Mn2(CO)10 seems 
to agree with the majority of the salient observations. We 
note that it leads to an overall quantum yield for radical 
formation 70 given by: 

, o~k~[S]2~[, 47k4/abs'~ 1/~ .~ 
7o=7- /t, -,] (28) 

which leads to a value 27 as laus/[S] 2 ~ O. Since, on the 
basis of this mechanism, 7 = 1 at high [halide], the limiting 
value of 1:0 is two. 

If  reaction (21) is kinetically first order in [Mn(CO)6] 
(rate coefficient k~) the equations assume the simpler form 
shown below: 

Z , ks[S] 
o= TlabS k ~ k ,4r (29a) 

I'r=7Iabs'r (29b) 

Zo_  ks[S] (29c) 
IT ks[S]+k 4 

Equation (29a) predicts a variation of Z0 with [S] similar 
to equation (18a) (derived for symmetrical photolysis) 
and is compatible with the experimental data in Figure 6 
while equations (29b)~and (29c) are also consistent with 
the results in Tables 2 and 3. However, according to 
equation (29c) the ratio Zo/IT should not depend on labs 
or [Mn2(CO)x0], so that in this respect the mechanism 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)6 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 Z0 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 4'aea0 (Table 2), but at high 
intensities k increases with decreasing 4'aeae (Figure 7), and 
also with increasing period of irradiation. The depen- 
dence on r is immediately apparent from a comparison of 
the curvatures of the plots in Figure 4; the values o fk  are 
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Table 7 Dependence of k on ~-. Additive cyclohexanone 
[Mn2(CO)zo]=4x 10-4reel I-1; ~ch=0.5 

~, (s) 10 30 1£0 300 660 1200 
104k(s -x) 1.67 2.67 3.00 4-67 5.33 4-33 

collected in Table 7. At high intensity k varies with 
[ETCA] in the expected sense (Tab& 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 ft. 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 [RC1] between zero- and first-order, 
as found in the high-intensity experiments. In the case of 
Z, direct reaction with RCI 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 Z0 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 Mn2(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 (31a) 
S 

Mn z(CO) lo + hv 

"XX (31b) 

For example, X may be formed by rearrangement of 
Mn2(CO)lo to (CO)sMnCOMn(CO)4 as suggested by 
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Haines et al. lo for the thermal decomposition of manga- 
nese carbonyl. I f  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. I t  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 5 0 ~  of the 
primary process, and X reverts to Mn2(CO)10. In the 
presence of an active solvent, the limiting value of unity 
for the ratio Zo/I-r would then be obtained if the species Z 
contained two Mn atoms and n = 2 (equation (5)). Further 
elaboration would be required, however, to account for 
the dependence of Zo/I-r on [Mn2(CO)10] (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 Rez(CO)10. 

A mechanism in which (CO)sMnCOMn(CO)4 (or 
2Mn(CO)5 in a solvent cage) is an intermediate leading to 
Mn(CO)4+Mn(CO)6 is, of course, equivalent for our 
purposes to reaction (20). 

Delayedphotogelation. In earlier paperslawe 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. I t  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, at a 
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 1 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 conformations l-a, dimensions a, 4-7, strain bire- 
fringence 8, and light scattering 9. 

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 structure 1, 4; (b) comparison of calculated 

polymer properties with experiment 1, 4, 10; and (c) con- 
formational energy calculations 1, 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 7 or three-state 1,4, 5 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 conflictlO, 11 
amongst data for polypropylene can be resolved satis- 
factorily. 

CONFORMATIONAL ANALYSIS OF 
POLYMETHYLENE 

This has been done previously by Abe et al. 4 whose 
method and nomenclature will be broadly followed. 
Considering single-bond states first, Figure 1 shows in 
projection the three well known 12,18 staggered rotational 
isomers of a typical bond C~-CI+I in a polymethylene 
chain. The equivalent conformations designated g and 
are of higher energy than the t conformation because of 
the steric conflict between the proximate methylene 
groups C~-1 and C~+2 and they are therefore assigned a 
statistical weight o<  1. [o is defined by o = e x p ( -  E~/RT) 
where E~=(Eg-Et)  is the energy difference between g 
and t due to the inter-methylene interaction.] Reasonable 
estimates of cr may be obtained as in previous calcula- 
tions 1,4 from direct measurement of E~ in the lower 
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CH 2 CH 2 CH 2 

I /" C -H I (/") H H . .  I (/-'LCH= { / I )H 2.. I ...." H 
". I l i + 2 1 ~  ~ ( i + 2 1  

H i "H H" ; H H" i "H 
= (i+21 [ , 
CH2 H H 

t .~ g 
Weight : I 6 6 

~i : O 120-A$ - 1 2 0 + & 0  

Figure I The staggered rotational isomers of bond Ci -C i+ t  of 
polymethylene. The rotation angles are defined in Figure 3 

n-alkanes by spectroscopic and electron diffraction 
techniques. These give an average value 14 of 500 + 100 
cal/mol for E,. 

Experiments 14 and calculations 1,4 also indicate that 
the g and ~ energy minima do not lie exactly at the 
staggered rotation angles of + 120 ° but are displaced by 
5-10 ° towards the t conformation due to the repulsion 
of the methylene groups. 

Two successive chain bonds can occupy any combina- 
tion of the states t, g or g without hindrance unless the 
combined state is g~ or ~g in which case an interaction of 
the sort shown in Figure 2 occurs, with statistical weight 
oJ and energy contribution Eo. It is the role and status of 
this conformation which is most worthy of attention. 

Eo 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 co 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 described15-2°; 
application of all these schemes to a g# or ~g 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 g~ or ~g 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 ~g 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 2°. 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  3 ( r ~ ) 6 ]  ejek 
V=E½V°(1-cos3dP~)+E 2,jk + - -  

i j,k - 2  r 

The first term represents the torsional potential energy; 
V ° 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): EJk and rj~ are para- 
meters characterizing the non-bonded energy curve, ej 
and ek 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 eta l .  4 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 t conformation. 
In terms of the rotation angles defined in Figure 2, 
neglecting Aqb, the non-staggered minima are located at 
about ( - 120  °, +80°), ( - 8 0  ° , +120°), (+120 ° , - 8 0  ° ) 
and (+  80 °, - 120°). Eo, is estimated to be ~ 2 kcal/mol, 
compared to 2.2 kcal/mol given by Abe et al. 4. 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 

Table I Structure and energy parameters used in conformational 
energy calculations 
Bond lengths: C-C, 1 .5A;  C-H, 1.09,& 
Bond angles: C-C-C, 111°; H-C-H, 109 ° 
Torsion: V ° for C-C bond, 1.18kcal/mol 

E 
Non-bonded 
interaction (,&) (kcal/mol) (e.s.u.) 

H . . .  H 3"548 2.58x 10 -3 
C . . .  C 3.616 1.847x 10 -z 
H . . .  C 3.582 2.184x 10 -2 

0"11 

H H \ /  jc jx 
c c 

H 

t I 
• I 

Figure 2 Diagram of the inter-proton steric-conflict in the o~ 
interaction 
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flY/+l 
H H / .~  x i  

~. s /  / 

( i+ t ~['/i~I 

:r,, :i "-. 
H ~X \~ H ~ "-. 

x \  X ~J~xi+l 

Figure 3 The coord inate reference f rames on carbon a toms Ci 
and C/+~ of  polymethylene ( X = H )  or  isotact ic  polypropylene 
( X =  CH~). The z axes are perpendicular t o  the plane of  the paper 
and complete a r ight-handed coordinate system 

140°C (see below). A five-state scheme for each bond has 
therefore been adopted. The states are denoted t, g, g', 
and g' with angles of rotation 0, ( - 1 2 0 + A O ) ,  - 8 0 ,  
(120-AO)  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, 
tg, tg', t~, t~', gg, g" g, gg', g' g', g~, ~'~, ~ ' ,  ~'~', g'~, g~', 
g'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 co interactions 
described above are present which are so numerous that 
this conformation is effectively suppressed completely. 
The nominal sequence tggg and tggg are only allowed in 
the form tgg'g and tgg'g respectively, with a statistical 
weight close to o~2. 

In view of considerations such as these and the obvious 
desirability of using a model as close as possible to the 

actual polymer molecule, the 3 x 3 single-bond statistical 
weight matrix U used elsewhere 14 has been recast as the 
21 x 21 bond-pair matrix given in Table 2. An element 
U~j 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', gg', 0r do not lie 
at an energy minimum, even though it is of low energy, 
such as ttg't. The same statistical weight ~7 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 to so any difference between -q and p may be 
accommodated without error by re-defining o~ 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~+I in Figure 3, with their 
rotation angles. 

The t and g conformations are given equal weights of 
unity since the C H . . .  CHa gauche interaction in t is 
unlikely to differ significantly from the C H . . .  CH2 
interaction in g. The g* conformation carries a statistical 
weight ~- < 1 since it possesses two gauche interactions. The 
energy difference between g* and t (or g) in Figure 4 is 
approximately the same as that between g (or ~) and t 
in Figure 1. However, because of the two opposed gauche 
interactions, the energy of the g* state is not reduced by 
a displacement AO 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 r is not critical. 

Table £ 

tt 

tt 1 
gt 1 
g't 1 
~t 1 
~'t 1 

t~" 0 
tg 1 
tg" 0 
gg 1 
g'g 1 
gg' 0 
gg 1 
~'~ 1 
~ '  O 
g~" 1 
g'~ 1 
~_g" 1 
g'g 1 
g'g' 0 
~'~" o 

Stat ist ical  weight  matr ix for  a bond-pai r  in polymethylene 

gt g't ~t ~'t t~ t~' tg tg' gg g'g gg' g-~ ~'~ ~ '  g~' g'~ .~g' ~'g g'g' ~'~' 
0 a 0 a ~ o ~ ~2 0 0 ~ a 2 0 ~2 a2¢o ~2¢o o2co a2¢o 0 0 
0 o 0 a o o o ~r2 0 o 2 o 2 0 o 2 02w o2oJ o2oJ o2oJ 0 0 

o 0 e 0 ¢r o o o o 2 0 ~2 02 0 o~" ~2c0 02oj o2c0 G2oJ 0 0 

o 0 *z 0 o o o o o °" 0 02 o 2 0 ~2 ~2¢u o2¢o o2c0 o2co 0 0 

a 0 o 0 o o" o o o "2 0 o 2 o 2 0 o 2 o2o: o2~o ~2oJ o2os 0 0 
0 a~o <~ O o o o o 0 o2¢o 0 o 2 0 o ~ 0 a2¢o o2¢o cr2co o2~ 0 

o~o 0 0 0 0 0 0 0 o%~ O o 2 o  0 0 0 0 0 0 0 0 0 
o 0 O o¢o o a o o o 2 0 o 2 0 o2to 0 a2c0 o2co 0 o2tu 2 0 ~zoJ 

0 0 oco 0 0 0 0 0 0 0 0 o%J O a2oJ 0 0 0 0 0 0 
0 0 cr~u ~ cr o o o 2 0 o 2 0 o2¢o 0 a2oJ a2~  0 0 0 cr2¢o 

~r 0 0 oo~ o ~ o o o 2. O o 2 0 o2tu 0 o~¢o ¢r2to 0 0 0 o2¢o 

0 0 ao: 0 0 0 0 0 0 0 0 ~%~ 0 o2¢o 0 0 0 0 0 0 
0 oo~ o 0 o o ~ u 0 o2to 0 ¢r 2 0 u 2 0 0 u2to o~tu o2to 0 

0 oo~ o 0 o o ~ ~ 0 o2to 0 o ~ 0 o 2 0 0 ¢t2to o2to o2~o 0 

a~o 0 0 0 O 0 0 O ozw O ~%~ 0 0 0 0 0 0 0 0 0 

o~o 0 o 0 o o ~ ~ 0 0 0 o ~ 0 ~ 0 0 ~2~o o~o 0 0 
0 0 ~ 0 o ~ ~ o 0 0 0 o 2 0 ~ 0 0 o2~o o2o~ 0 0 

0 ~o~ 0 a ~r ~ ~ ~ 0 ~" 0 0 0 ~%~ o%~ 0 0 0 0 
o 0 0 0 ~ o o ~ ~2 0 o 2 0 0 0 o2~o ~°'o~ 0 0 0 0 

0 0 oo~ 0 0 0 O 0 O 0 0 a2o~ 0 ~%~ 0 0 0 0 0 0 
a., 0 0 0 0 0 ~ cr ~2~o 0 o2~o 0 0 0 0 0 0 0 0 0 
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CH 2 CH 2 CH 2 

H. I(;-'IH CH I( -'IH H. l(;-'IcH 

I 1i+2) I I 
CH H H 

t g g ~  

Weight  : I I 

#i : A4p 120-A# - 120 

Figure 5 The staggered rotational isomers of a single bond in 
polypropylene. The rotation angles are for bond Cl-Ci+z 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 zl. Of the nine possible staggered 
conformations of this unit only two, the (gt) and (tg) 
forms, are without additional steric conflicts ~, 5, z2. All 
others contain at least one (o 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 tt and gg 
conformations, which contain an (o interaction between 
two methyl and two methylene groups respectively, are 
replaced by t't, tt' g'g and gg' conformations where the 
prime again indicates a non-staggered bond. For bond 
C~-C~+I 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*t states, energy minima for non-staggered 
positions of the g or t bond exist, but not for the 'twin' 
conformations in which the g* bond is non-staggered. 
Calculations showed that although the (o-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 (o-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 
(o-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, t', g or g' as 
appropriate; no difficulty arises in all other cases. In the 
( - g ) ( g - )  case the conflict is an ~, interaction between two 
methine protons which, if the sequence is (tg)(gt) is 
resolvable into (tg)(g't) and (tg')(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 (tg)(gg) are allowed in the form (tg)(g'g) with statisti- 
cal weight (o2 (c.f. the (tggg) conformation of polymethyl- 
ene above). The conformation (tg)(g'g*) is also allowed 
with weight (oz. 

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 13x 13 statistical weight matrix 
U m m  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. (gt)(g't). 

Exactly similar considerations apply to the analysis of 
syndiotactic dyads. In this case the low energy conforma- 
tions are (tt) and (gg)l, 5, zz. The conformational set is 
(tt ), (gg), (t'g), (tg'), (g' t ), (gt'), (t'g*), (g*t'), (g'g*), (g' g), 
(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 . . . (gg)(g'g')(gg). . .  The 14x14 statistical 
weight matrix U,, for a syndiotactic dyad preceded by 
another is given in Table 4. The 14 × 13 matrix U,m for 
an isotactic dyad preceded by a syndiotactic is the same 
a s  Umm 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 Urr. The 13 x 14 matrix Umr is 
the same a s  Urr except that row 14 is deleted, row 12 is 
replaced by a row identical to row 3 and the rows are 
labelled as in U , , , .  

CALCULATION OF UNPERTURBED MEAN-SQUARE 
END-TO-END DISTANCE 

The treatment of this problem has been given by Flory ss 
but since he used statistical weight matrices for single 

Tab le  3 Statistical weight 

g ' g  g g "  g t  

g'g 
gg' 
gt 
g'g* 
tg 
t ' t  

t t '  
t ' g *  
g ' g "  

g * t '  
g'g* 
g ' t  
t g '  

" 0  0 0 

0 0 co 

co co 1 

co co 1 

co2 0 0 
co co 

co co 1 

co co 1 

0 O co 

co co 1 

co co 1 

co co 1 

0 0 co 

matr ix foranisotact ic  polypropylene dyad preceded by anotherisotactic dyad 

g ~ *  ~ t ' t  t t "  t ' g *  g * g '  g * t '  g ' g *  g ' t  ~ "  

0 1 co co ~co ~co 7co 0 0 1 
0 1 co co ~co ~co 7co 0 0 1 

• co 1 ~ co 7co Tco ~co 0 0 1 

T~  1 ~ co ~co O 0 0 0 1 
~cos 1 co co ~co ~co 7co 0 co 1 

7co 1 co co ~co ~co 7co 0 0 1 
~ 1 co ~ 7co ~co ~co 0 0 1 

~ 1 co ~ ~ 0 O 0 0 1 
0 1 co ~ ~co ~co 7co 0 0 1 

7 ~  1 co co ~co 7co ~co 0 0 1 
~co 1 ~ co ~co 0 0 0 0 1 
7co 1 co co 7co ~co ~co 0 0 1 

0 0 0 0 0 0 0 0 0 0 
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Table 4 

t 'g 
tg" 
t t  
t'g* 
gg 
g ' t  
g t '  
g 'g*  
g'g" 
g't" 
g 'g*  
g'g 
gg" 
g'g" 

Statistical weight matrixfora syndiotactic polypropylene dyad preceded by another syndiotactic dyad 
t ~  ~ "  tt t '  g* gg g ' t  g t '  g ~ *  g*g' g't" g 'g*  g' g gg' g ~ '  

~ 1 ~ 0 0 0 0 ~ ~ 0 0 0 0 
~ 1 r ~  ~ 0 0 0 T~ ~ 0 0 ~ 0 
~ 1 ~ 1 ~ ~ ~ ~ ~ 0 0 I 0 
~ 1 r ~  1 ~ ~ r ~  0 0 0 0 1 0 
~ 1 ~ 0 ~2 0 ~ 2  ~ r ~  0 ~ 0 
~ 1 ~ 1 ~ ~ ~ ~ ~ 0 0 1 0 
~ 1 ~ 1 ~ ~ ~ ~ rw 0 0 1 0 
~ 1 ~ 1 ~ ~ ~ 0 0 0 0 1 0 
~ 1 ~ ~ 0 0 0 r ~  ~ 0 0 ~ 0 
~ 1 ~ 1 ~ ~ ~ ~ ~ 0 0 1 0 

~ 1 ~ 1 ~ ~ ~ 0 0 0 0 1 0 
~ 1 ~ 0 ~2 0 r~ 2 ~ r~ 0 ~ 0 

0 O 0 0 ~ 0 0 0 0 0 0 0 ~ 0 
0 0 0 0 ~ O 0 0 0 O 0 O ~ 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, C2~, a vector di 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: 

D=Y~ di 
i = 1  

The unperturbed mean-square end-to-end distance is 
therefore given by: 

(r2)o = (~). D) 

i , j  

~t 
= ~d~ + 2~(di .  dj) 

i 1~<i< 
j ~ n  

In order to use Flory's formulation, it is necessary to 
write a scalar product in the second sum in the form 

(d~. dj) = d o ( T ) ( X l i ) d O  

where the superscript T represents transposition, d o and 
d~ are constant vectors which are independent of the 
conformation and (X~j) is the average value of the trans- 
formation matrix which brings d ° in the same frame as 
d 0 . 

However, in the reference frame defined on C2i, d~ will 
depend on gPzi, the angle of rotation about bond C2~- 
C2i+t. It is therefore necessary to specify that d~ be 
defined as the vector C21-0C21+2 when ez l=0 ,  i.e. in 
the t conformation; this vector is denoted by d °. X~j is 
then given by: 

j-1 ] 
XI ,=T °(T) [H(T2k.T2k+I).=. T ° 

T2k is the matrix which transforms a vector in reference 
frame 2k + 1 into a vector in reference frame 2k and T o 
is the matrix which transforms the vector d o defined 
when bond 2i is t into the actual vector d °, the reference 
frame being 2i in both cases. 

T2k and T o are given by 

r cos02k sin02/c 0 1 
T2~ =/sinOz~cosf2e --cosO2kcosf2k sinf2k / 

l.sin0ze sind, ze - cos02k sind,2e --cos4,2kJ 

[i o o] T o = cos¢2~ - sinCz~ 
sin¢21 cos¢~.~ 

Following Flory 1, one can then write: [,1 ] 
(d~.dj)-- Q-1 .d0(T).TO(T) 0 o kH/T2k.= T2~+1) .T~. d} 

[ ( U  (1) @ E 3 ) l i T  °(T) • T2t .  T2t+1 II] × 

( J[I 1 Ea)I[T2,.T2,+I H]) [(U") ® x 
\ I = i + 1  

[ (Ut , ,®Es)I[~H](E,®d~) . (  ~I U(m)) .J  
\ r e = j + 1  / 

The symbol ® denotes the matrix direct product and 
Ev is the unit matrix of dimension v as required to conform 
with U. The 1 × v and v x 1 matrices J* and J are defined 
by: 

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 I1~11 are the 
block-diagonal matrices defined by e.g.: 

where T~(~=) is the T 0 matrix for conformation c~ with 
angle of rotation ¢=. Q is the conformational partition 
function for the chain and is given by: 

Q = J * .  . J  
i 

U(o is the statistical weight matrix appropriate to t h e  
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 ¢o for selected values of a and A~. The values of a are given for 
each curve. AO=0°; - - -  AO= 7.5 ° 

For a polymer consisting of a sequence of repeating 
units with d ° = d ° = d  ° the mean-square end-to-end 
distance is 1: 

(.;) ( r2>o=2Q-1.J* .  [0 0 E~ 0 . .  0] f¢~ x 
i 

[(U (n) @ E3)lIT ° I/](E, @ d °) • J 
urn) 

where 

[U(O (U(O ® dO(~'))I'[T°(T) • T2/. Tzi+l l] 

f#i = [00 (U(O @ Ea) IlT2i. T2/+1,, 0 

(dZ/2)Ut° ] 
[(U (0 @ E3) I]T~/II](E. ® d °) 

Uti) 

The symbol 0 represents a null matrix. The characteristic 
ratio (CR) is defined by CR=(r2)/2nl ~ where 1 is the 
C-C bond length in the polymer backbone. 

The temperature coefficient of the end-to-end distance, 
expressed in the usual form dln<rZ)/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> 0In<r2> [E~ ~, 0In<r2> ( E ~ )  

RESULTS AND DISCUSSION 

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 1, 4 using the three-state 
model, the major difference being for that given a, to 
and AO 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 
dln<r2>o/dT, as a function of or, to and AO. 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-trans 
conformation. The excited states, which are more popu- 
lated as the temperature rises, are the g and g states, 
which tend to shorten the chain. The CR increases with 
AO for much the same reason: increasing AO moves the 
g and ~ minima towards the t minimum thus increasing 
the t 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 1 
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 r, to, and AO. It is seen that the CR is quite 
sensitive to to and Aqb but much less so to r, particularly 
when to is large. The present results are considerably 
lower than those calculated using two 7 or three-state 1, 5 
models. For a chain with ~-=0.5, to=0.1,  AO=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 

x 

° 

I I I I I I 
o - I  - 2  - 3  

Figure 5 shows the CR of a polymethylene chain of 256 
bonds (i.e. n = 128) as a function of to for a representative 
selection of values of (r 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. 

Log 

Figure 6 The temperature coefficient of the dimensions of poly- 
methylene as a function of o~ for the values of a given for each 
curve. The curves for AO=0 and 7.5 ° are practically identical 
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contrast to polymethylene, the CR decreases as A~ 40 
increases. This is due to the fact that in polypropylene 
A~ affects the t conformation as well as the g, thus 
preventing the t 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 30 
negative, for much the same reason as polymethylene. 

In view of the close similarity between the steric 
interactions in polymethylene and polypropylene dis- .9 
cussed above, the experimental values of the characteristic 

.u_. ratios and their temperature coefficients should be repro- 
ducible by the same set of statistical weights, allowance .~- 20 
being made for different temperatures of measurements 
if necessary. The data available for O conditions have o 
been collected in Table 5. The CR values were obtained 
from viscosity measurements using the Fiory-Fox 
equation: IO 

['q] = 0 M1/2 

where M is the molecular weight. • is a constant whose 
quoted values 85 range from 2 . 5 x  1021 to 2 . 8 7 x 1 0  =1 
(r in era, ['q] in dl/g); the CR values in Table 5 have been 
recalculated using intermediate value • = 2.6 x 102z given O 
by Flory z. 

The first three values of  the temperature coefficient 
for polymethylene were obtained from stress-temperature 
measurements on thq 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- a 
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 x, 5, ? to 6 
affect the dimension critically. Only the sample used by 
Heatley et al. 1° was adequately characterized in this ~_O 
respect; nuclear magnetic resonance (n.m.r.) analysis , , ] '  
showed this sample to contain 2 ~ syndiotactic dyads 
occurring at random. Since previous calculations 5 using ~ [~ 4 
the three-state model have shown that at 2 ~  syndio- I 
tacticity, the dimensions are determined by the conforma- I 
tional, not stereochemical irregularities, the CR for 
th~s sample is probably the most reliable for the purpose 2 
of determining the statistical weights. However, in view 

0 
Temp. d ln ( r2)o/ d T 

Polymer (°C) CR (deg -zx10 s) Reference 

Polymethylene 138 6.7 '24, 25 
142 6.8 24, £6 
140 6.6 27, £8 

140-190 - 1 . 0 + 0 . 1  29, 30 
120-170 -1 .15+0 .1  29, 30 
130-180 - 1 . 0 + 0 - 2  £9, 30 
110-170 -1.2+0.£ 28 

Polypropylene 145 5.7 31 
(isotactic) 145 4.5 3£ 

145 4.6 10 
143 5"7 33 
145 --1 "6+0'2 34 

I l 

z-O.I 

/ll" t'0"5 
/ / 
/ 

/ 

I I I I 

- I  -2  -3 

Log to 

Figure 7 The characteristic ratio of isotactic polypropylene as a 
function of oJ for selected values of ~- and AoJ. - - A ¢ ~ = 0 ° ;  
___ A~= 7.5 ° 

I I I I I 

- I  - 2  - 3  

Table 5 Experimental values of the CR and its temperature, 
coefficient 

Logto 

Figure8 The temperature coefficient of the dimensions of isotac- 
tic polypropylene as a function of ~. The curve is practically 
independent of ~, and A~ 

of the uncertainty m O, 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- l) x 10 -a for dln(rg)o/dT are reproduced at 
AO=0 by: 0=0.5_+0-05 and <o=0.075+0.03,  corre- 
sponding at 140°C to E~=580-+80cal/mol and E~,= 

224 POLYMER,  1972, Vol 13, May 



Conformation and dimensions of polymethylene and polypropylene in solution: F. Heatley 

2200 + 300 cal/mol. For  Aqb = 7" 5 °, one obtains cr = 0- 6 + 
0 .05 and co = 0.16 + 0 .04 giving at 140°C E,, = 400 _+ 100 
cal/mol and E,o = 1500 + 300 cal/mol. 

E,, is about  50 and E,o about  200 cal/mol higher than 
the equivalent values obtained using the three-state 
scheme 1, 4. There is good agreement with the spectro- 
scopic and calculated data discussed earlier. 

In  the case o f  polypropylene, the calculated dimensions 
and temperature coefficient are insensitive to ~-, for 
reasonable values o f  the latter, so it becomes possible to 
determine o~ and Aqb f rom the two pieces o f  experimental 
data. Best agreement is found at A q b = 6 + 2  ° and 
oJ=0-  1 +0-01,  i.e. at 145°C: E,o= 1950 + 100cal/mol. 
The small uncertainty in E~ is due to the sensitivity of  
the temperature coefficient to co. Addit ional  calculations 
showed that  for values o f  this magnitude, the calculated 
C R  and its temperature coefficient were affected very 
little by the presence of  2 ~  syndiotactic dyads. Hence 
the significance of  these values o f  A~ and E~ is real. 

The value o f  r remains indeterminate within a fairly 
wide range. I t  is unlikely to be greater than a, so an upper 
limit is 0.5.  On the other hand it is unlikely to be less 
than co and a lower limit therefore is 0.1,  giving 

E,  = 1250 + 500 cal/mol 

There is good agreement between the values o f  E~ 
f rom polymethylene and polypropylene for A ~ = 5  °, 
justifying the rotational isomeric models employed and 
providing a demonstrat ion o f  the basic identity between 
the steric interactions in the two polymers. 

It  has been stated 11 that the C R  and temperature 
coefficient for isotactic polypropylene are not reconcilable 
without  assuming a fairly high ( >  5 700) degree o f  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  analyses10, 86 o f  
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. 
I t  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 o f  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 I and 
developed by Moor 2, 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 O f such systems 3-7. Recently a procedure 
for obtaining the diameter of 'soft' lattices from freeze- 
etched preparations has been outlined s, 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/zm and standard deviation 0.003/zm was 
used. Glycerol. was added as a cryoprotective until it 
formed 40 % by volume of the liquid content. Freeze- 
etching procedures were essentially similar to those 
described earlier 8, 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. 

Dilution-plus-drying technique 
The latex was diluted to about 200ppm 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 9. 

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 1 at low magnification and in Figure 2 at 
higher magnification. As expected, these views correspond 
closely with micrographs of polystyrene latex shown 
previously s. 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 I Latex fractured at -100°C, low magnification view. 
KM= knife marks; FA= fracture area. Scale mark represents 2/~m 

Figure 3 Latex fractured at -100°C with subsequent etching for 
90 sec 

Figure 2 Latex fractured at -100°C, high magnification view. 
RP= raised particle 

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 Figure 5 Latex fractured at -80°C, low magnification view. Scale 
mark represents 2/~m 

llae 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 90 sec 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. 

J S 
f~ 

Figure 6 Latex fractured at - 140°C 
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examination is minimal when using a cold-finger anti- 
contamination device. 

Particle diameters were measured and counted, giving a 
mean value of 0.115/zm (compared with the manu- 
facturers stated figure of 0.109 tzm). The size distribution 
was very narrow, 77 % of the particles having a diameter 
with the histogram class limits of0.111/,m and 0.122/,m. 

Magnification calibration 
The magnification was found to be constant throughout 

the course of the experiment, to within a tolerance of 
+ 1%. A nominal magnification of x 20 000 at which all 
the electron micrographs were taken, was found to be 
18800+200. 

Figure Z Comparison of depression appearance from specimens 
fractured at - 100°C (upper) and - 140°C (lower). High magnif ica- 
t ion view, scale mark represents 100 nm 

Table I Depression-diameter  distr ibutions, measured on micro- 
graphs at x 94000 magnif ication 

Al l  f igures are ni/%ni values, showing the fraction of the total 
number of particles in each diameter class 

i i , 

Treatment Diameter class(mm on print) No. o f  
particles 

4 5 6 7 8 9 10 counted 

-90°F  * 0-05 0.14 0.31 0.41 0.08 195 
-90°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 
-1101"E 0.02 0'08 0.12 0.13 0-27 0.30 0-07 348 
-120~F 0.03 0.05 0.12 0.13 0'29 0-34 0-04 276 
- 1 2 0 E  0-09 0.10 0.16 0.29 0.,.~ 0'02 283 
-130 :F  t 0.01 0.06 0-09 0.19 0.34 0.30 0.03 248 
- 1 3 O E  0"02 0.07 0.12 0.30 0.34 0.14 233 
- 1 4 0 F t  0.03 0.08 0.13 0.18 0-35 0-24 276 
-140 :E t  0.01 0.10 0.14 0.21 0.33 0.17 0-03 208 
-15if'F-j- 0.08 0.08 0.12 0.17 0'28 0.26 0"02 332 
-150°E'j - 0.05 0-08 0.10 0.19 0.31 0-27 313 

i 

E= Etched for 90 sec; F= fractured, no etching; * =  rough fracture, 
small depressions indist inguishable from background; "1-= 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 

THEORY 

A method of obtaining size distribution from freeze- 
etched latex preparations has been outlined previously s. 
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 

i;:'i! i!i ii.:; ̧I. 
."-::.i......-..:.-" ' " .  

a 

J 

C 
• - ' : ' ~  . 7 .  : ".-.: ":" .:;." . 

• . : . . . .  

Figure 8 (a) Path of fracture plane (FP) around latex particle (LP) 
embedded in ice (I), 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 Xz, X2, Xs . . . .  , 
whilst the boundary limits for each of these histogram 
classes are az, a2; a2, a3; a3, a 4 ; . . .  (see Figure 10). For a 
particle with true diameter Xt, 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 az 
and a2; hence it will be recorded in the X1 histogram 
class: if the fracture plane lies between levels 2 and 3, the 
exposed depression will have an observed diameter 
between a2 and a3 and so will be recorded in the X2 
histogram class. Further levels a3, 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 Xz) is proportional to yl, the 
vertical distance between the histogram class boundaries. 
Hence the relative number of depressions in each histo- 
gram class is given by yl : y2 : .. • yn, and the absolute 
fraction in each class by: 

yz : y2 : . . .  yn 

i = n  i = n  i = n  

Y, y~ Y~ y~ Y~ y~ 
i = 1  i = 1  i = 1  

It may be noted that provided the smallest depressions 
could be sized and counted, the denominator would equal 
az/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 yz ,  y2 • • • yn will now have different 
values, due to the change in level of the histogram class 
extremes al ,  a 2 . . .  an. 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 Table 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 

Figure 9 Latex after dilution, drying, spraying and shadowing 

~. FP 

. . . . .  ol I 

_ a 2  

x2 ~ 
O3 

VA 

Figure 10 Relationship between level of encounter between 
fracture plane and latex particle with diameter of depression 
formed. FP=fracture plane direction; VA=vert ical  axis. Repro- 
duced from J. Appl. Polym. Sci. 1971, 15, 1623 by permission of the 
publishers 

Table£ Variation in calculated depression-diameter distributions 
as a function of shrinkage, assuming magnification of x94000 

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 0"03 0'04 0.05 0-08 0"10 0"13 0"19 0-37 
1 0.172 0"03 0-04 0"03 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 
7 0.02 0"04 0"05 0"07 0"09 0"12 0"17 0"45 0"00 

depression of observed diameter Xz is proportional to 
(yz-e)  and not to yl  (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 6.5 % 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 i, 
always much lower than expected. Before discussing th( 
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XI 

O5 

t 
ES 

Figure 11 Effect 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 94000 

All the values show fractions of the total number of particles in 
each histogram class 

Depth of 
etching 
(nm) 

Diameter class (mm on print) 

3 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 
5'0 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 0'94 0"08 0"09 0'11 0"14 0"19 0-28 0"10 0 
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 - 9 0 ° C  the uneven background made 
detection of very small depressions extremely difficult. 
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, f rom 0.02 to 0.15), the corresponding variation 
in particle shrinkage, as assessed from Table 2, is less than 
1 ~ .  Similarly, it may be noted that the fraction of  
depressions having an observed diameter of  8 m m  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 ram. Probably this is a consequence of the latex particle 

being fractured at a somewhat lower level (as shown m 
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 not completely homo- 
geneous in a physico-chemical sense. 

It appears, therefore, that the freeze-etch technique 
yields accurate results, provided standard conditions are 
used. The present work indicates that a fracture tempera- 
ture of - 100° C  to - 1 2 0 " 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(~-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(a-olefins) without branching 
in the side chain, as well as poly(~-olefins) having side-chain branching at the ~,- 
position or further along the main chain, are characterized by similar conforma- 
tional properties in solution, namely a characteristic ratio/~2/NI~ 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/3 position with respect to the main chain [poly(3-methyl-l-butene) and 
poly(4-methyl-l-pentene)] considerably increases the values of h~/NI 2 and v. 
The presence of an asymmetric carbon atom in the ~ or/~ position in the side chain 
further increases the stiffness of the chain in solution. It is shown that the 
available experimental data of [~2/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(~-olefins). 

INTRODUCTION 

As is well known, the macromolecules of most isotactic 
poly(~-olefins) in the solid state assume spiraled confor- 
mationsl. L 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 maintained 3. 

In this paper we are mainly interested in: v, the average 
number of monomeric units constituting a regularly 
spiraled section; nr, the average number of conforma- 
tional reversals; oJ~, the molar fraction of monomeric 
units having the ith conformation; and h~, the quadratic 
'unperturbed' end-to-end-distance. 

The determination of the conformational properties of 
stereoregular poly(~-olefins) in solution present consider- 
able difficulty, owing to the lack of experimental tech- 
niques which are sensitive enough to v (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 4, 5 
However, this property--at least for the poly(c~-olefins) 
investigated up to now--does not seem to be sensitive 
enough to provide details of the conformational isomerism 
established in the chain 3,6. The conformational pro- 
perties have been the subject of a very large number of 
investigations with mechanical statistical treatments 3, 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- 
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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 school s , 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 
30-50%. 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. 

Properties of isotactic poly(a-olefins) in solution : P. L. Luisi 

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: 

1 + p  
v= - -  (i) 

P 

and nr, the probability of the conformational reversals, 
by 1/v. In equation (1) p=exp(-AU/RT) ,  where AU is 
defined as: 

AU En+Eaa Eta+Eat 
= 2 . . . .  -2-- (2) 

where Eu (Fad) is the energy of a left-handed (right- 
handed) monomeric unit which follows a left-handed 
(right-handed) monomeric unit; Eat (&a) 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 followingS: 

RTln[gugaa l AU= ~ ~g-u~g~i] (3) 

where gat, tor 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, Ev=Eaa(gu=gaa), whereas, for a chain con- 
sidered in a given direction, usually Eta v e Eat. 

On the basis of the same statistical treatment 3, the end- 
to-end distance is expressed by: 

h~ =N128p (4) 

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 l their length. Often, reference is 
made to the characteristic ratio ~2/Nl2. An analogous 
treatment, leading to an equation similar to equations 
(I)-(4), was developed independently by Allegra et al. n. 

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 staggered a. It is also 
possible to depart from the approximation of the infinite 
chain 7,12 and to consider the influence of configurational 
irregularities in the main chain 7, is. 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 ratio s. 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 A U, 
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 gn and gas can be replaced by Qz and Qa 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 gut and gza in terms of conformational partition 
functions is less immediate. For instance, gta 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 
gta and gaz with (Qta) 1/2 and (Qat) 1/2 respectively, where 
Qta and Qat 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 : 

A. RT, [ Qt. Qa ] u =  ] (5) 

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 s, 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 conformationai analysis of  paraffins is usually 
dealt within the frame of the rotational isomeric 
state approximation z,v,s,15 according to which only 
staggered conformations of  bonds are considered. The 
rotamers are weighted in terms of three energy 
parameters, a = e x p ( -  AE1/RT), r = e x p ( -  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 nomenclaturel6, XL In poly(~-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(c~-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 '7, xa 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. 

co = e x p ( -  AEa/RT). AE1 is the energy difference between 
a trans and a gauche conformation of  bonds, AE2 is the 
energy difference between a double vicinal-gauche con- 
formation and the corresponding more stable bond 
conformation, and AEa is the energy excess brought about 
with respect to the most stable bond conformation by a 
gig-T- conformation 7' is. o and r refer to three bond 
interactions, a, 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 AE1 a value of 600 _+ 200 cal/moF, 2°-2~,to AE2 a 
value of 1500 + 500 cal/mol zz, to AEa a value of 2500 _+ 500 
cal/mo124, 85. Values in these ranges have been used with 
confidence, in conformational analysis problems of 
paraffins, by several authors in the last few years v, s0, 86, 87. 

The conformational partition functions can now be 
evaluated for poly(~-olefins) in terms of ~, ~" and oJ, and 
numerical values can be obtained for A U 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  Qt 
and Qa, 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. I t  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. It 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 3, s and Italian xl 
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 l e f t , r i gh t  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 v and oJ but it may 
have an effect on the end-to-end distance. 
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RESULTS FOR ISOTACTIC POLY(~-OLEFINS) 

Table 1 reports the conformational analysis at the con- 
formational reversals for a series of isotactic poly(a- 
olefins). The statistical weight of a given conformation is 
evaluated in terms of or, ~- and ¢o with respect to the 
statistical weight 1 chosen for the most stable monomeric 
unit conformation. The conformations having statistical 
weight less than zoJ have been neglected, except in the case 
of poly(3-methyl-l-butene) in the l ~ d  conformational 
reversal (Table 1). In this case, we have assumed that the 
conformations g + g + g -  g -  correspond to a statistical 
weight ~o 2. In Table 1, only tg+  and t g -  conformations 
are considered for each monomeric unit. For instance, 
conformations of the t y p e . . ,  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 unit 3. 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 CH~ H CH,~ H CH.~ H CH~ H CH~ H CH~ H CH~ 

[> 

The definition of t, g + ,  g -  (relative, for instance to the 
bond c has been taken as the following: 

,c I ', 
I CH 3 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 al. tl. We will indicate the conformational 
partition functions pertaining to these two types of 
conformational reversal as Qaz and Qza. Obviously, this 
difference between Qaz and Qta 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 

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 Qaz 
and Qta 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'11; in poly(l-butene) the 
conformational reversals involve already an energy 
excess AE2 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/3 position, 
an energy excess corresponding at least to AEa 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 AE1 =500, AE2= 1500, 
AEa=2500cal/mol. These values are the ones more 
commonly employed in conformational problems of 
paraffins and poly(~-olefins) 7, is, 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 ip some isotactic poly(~-olefins)* 

Polypro- 
No. Conformations of main chain bonds pylene Poiy(1-butene) Poly(1-pentene) 

Poly(3-methyl- Poly(4-methyl- 
1-butene) 1-pentene) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

. . • g + t  g +  t t g -  t g - • • .  (0 (~(1+2~) (0(1+3"+o) 2 4~ 2 
• . • g +  t g +  g +  t g -  t g -  •••  3-(0 23"~ 23-o~(1+o) 2 
. . . g +  t g +  t g -  g -  t g - . . .  3"(0 23"(0 23"~(1+o) 2 
• . • t  g -  t t g +  t g +  t . • •  1 (3"+20~)(1+oJ+3") (1+3"+o)[ r+oJ+2o~(o+3") ]  2(0 

. • t  g -  t g -  t t g +  t . . .  1 ( 3 "+2~ ) (1+ (0+0  (1+7+o)[3-+o~+2(0(o+3-) ]  2(0 

. . t  g -  t g -  g +  t g +  t . . .  (0 (0(1+3"+(0) 2 (0(1+o+3") 2 (0 

. . t  g -  t g +  g +  t g +  t • . .  3"(0 3"(0 3"(0(1+o) 2 - -  
• . t  g -  t g -  g -  t g +  t . . •  3"(0 3"(0 3"(0(1+o) 2 
. . t  g - t  t g -  t g + t  . • •  3"(0 - -  - -  
• . t  g- -  t g +  t t g + t  . . .  3"oJ - -  - -  

to 

m 

23-(0 
23-(0 

(0 

3"(0 

3"(0 

* 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 O/= Od Q/d* Qdl* 

Polypropylene 1 o J+ 2~-o~ 
Poly(1-butene) 1 + r +  o~ ~+6~= 
Poly(1-pentene) 1 + G-I- ~" o:(1 + ~+ ~-)a+ 2~o~(1 + ~)~ 

Poly(3-methyl-l-butene) 1 + 20~ 4o~ 
Poly(4-methyl-1 -pentene) 1 + 2o~ o~ + 4~o 
Poly(5-methyl-1 -hexene) 2+ ~+ 3~- o~(2+ o+ 3~-) ~ 

2 +  oJ+4~-oJ 
2~-(1 -I- ~-H- oJ) -I- 5o~ -I- 10~-oJ 
2=(1 + <7+ ~)(1 + 2c,)+ ~o[(1 + <7+ ~)2 -I- 
2(1 -t- ~+  ~)(1 + 2~)]-t- 2~o~(I -t- a)~ 
5~ 
o~+ 6~o 
4~-(2 + ~ + 3"r) + 2(2 + o + 3"r) (4= + ~'= + 2oJ~') + 
oJ(2+ or+ 37) ~ 

* Sum of the relative statistical weights of the conformations 1--3 (Q/d) 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-l-hexene), poly(6- 
methyl-l-heptene), and the isotactic poly(c~-olefins) with- 
out branching in the side chain, [as poly(1-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 fl position 
with respect to the main chain, the AU value increases to 
about 1200-1500 cal/mol and consequently v reaches the 
value of about 10 monomeric units, and h2/Nl2 the value 
of 20-30. Examination of Table 1 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 a, statistical weight. Branching in 

of the side chain produces a larger stiffness of the chain 
in solution than branching in ft. 

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(=-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(~-olefins) in solution can be 
evaluated as a function of temperature. The calculation 
can be made only under the further assumption that AEt, 
AE2 and AEa 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 (l) and (4) predict a decrease of the v and 
~/N!  2 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- 
merle units, whereas the characteristic ratio becomes 

Table 3 Conformational properties of some isotactic poly(~- 
olefins) in solutiona 

Polymer 

h2/N/2 b,c 

3U v Calculated Experimental 

Polypropylene 500 3-2 6.0 5.7 (at 145°C) 43d 
4.2 (at 400K) 

Poly(1-butene) 820 5-0 10.5 9.4 (at 45°C) 44 
Poly(1-pentene) 860 5-2 11.0 10 (at 31"5°C) 46 

g (at 62.4°C) a2 
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, withAEl=500, 
AE==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 ~  indicates in this work the unperturbed mean square end-to- 
end distance. Other authors use the symbols (R~> or (r~} 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. 

c The experimental values reported here have been taken from the 
book by Ftory 7 and from the review by CrescenzP. For more 
details about the experimental and theoretical problems connected 
with average dimension problems in polymers see the review by 
Kurata and Stockmayer 4~. 

d A value ranging between 4.6 and 5.8 has been obtained by 
Nakajima and Saijyo 3° in the temperature range 125-183°C. The 
average dimensions of isotactic polypropylene have also been 
investigated by Parrini et al. 44. 

about 7. For poly(3-methyl-l-butene), in the same tem- 
perature range, v goes from 13 to 6 whereas -h2/NlZ g6es 
from 30 to 14. 

Lately, a series of experimental investigations have been 
concerned with the temperature dependence of the end-to- 
end_distance a, 7, ~6-31. Usually, reference is made to the 
property dlnh2/dT. In the case of isotactic poly(l-butene) 
and poly(1-pentene), recent viscometric measurements in 
0 conditions carried out by Moraglio and coworkers 2a, g9 
indicate a value of dlnh~/dT of - 0 . 8  and - 1 . 2 x  l0 -3 
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 [~/] in 
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toluene at various temperatures. Values ranging between 
- 0 . 5  and - 5 x l 0 - a d e g  -1 were obtained depending 
upon the theory employed zs,39. A value of - 4  x l0 -3 
deg -~ over the temperature range 125-183°C was ob- 
tained by Japanese authors 3°. Equation (3), for instance 
for a AU value of 1000cal/mol at 400K, gives a value of 
about - 3 x l 0 - 3 d e g - L  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 AE1, AE2, 
AE3 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 authors 3, may 
bring about a substantial decrease in the ~ (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 h2/NlZ, 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 
coefficient 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 chains ~3. 

THE CASE OF OPTICALLY ACTIVE ISOTACTIC 
POLY(ct-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 energy a4-aT, 39. According to the statistical treatment 
developed by Birshtein and coworkers 3,as, 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, 
deft ned as: 

AE= RTln g-n (6) 
gas 

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 associates xa, 15. Our 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+r+q 
vl = - -  va -- - - -  (7) 

r -q  r+q 

r+q r -q  
o~a . . . .  (8) tot = 2r 2r 

~2 _ 8(i -g ) (1  - g  a) +p2g (3 + 2g + 3g 2) 
NI 2 3p2g(l +g)r ( 9 )  

where q=(l-g)/2; r=(q2+p2g)l/2; g=exp(-AE/RT). 
In the above equations, vt(va) is the average length, in 
number of monomeric units, of the regularly spiraled left- 
handed (right-handed) sections, and toz(oJa) 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 configuration 35. We will refer to this class of  
polymer later since they have been investigated in detail 
from the experimental 35 and theoretical 14, a4, 39-41 point 
of view. 

Equation (6), on the basis of the same arguments 
developed in the preceding sections, can take the form: 

AE= RTln-~a (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 
conformations 3, 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, Qt and Qa 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 ~, r and to. 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 3~. 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 

Conformation Poly[(S)-3-methyl- Poly[(S)-4-methyl- Poly[(S)-5-methyl- 
no.* 1-pentene] 1-hexene]']" 1-heptene]t 

optically active poly(a-olefins) 

Poly[(S)-3,4-dimethyl- Poly[(S)-3-et hyl-5-methyl- 
1-pentene] 1-hexene] 

1 =2(3+ ,) o~OtOd .,O/Od 0,2 
2 3,=~ ~o, Od(Ot+ Od) ,o~Od(01+ Oa) ,=2 
3 3,o~2 ,o, OKOt+ Od) o,~OKOt+ Od) 9,0,2 
4 3oJ ,aJQI(QI-I- Od) TQI(3+ 4,) 4<o 2 
5 3= 7"aJOd(O/+ Od) ,Od(3 + 4,) - -  
6 900 coOiQd coQ/Od 3oJ2 
7 -- ~'oJO/Od <orO/[3+ o(1 + ,) + 4,] - -  
8 - -  ,,oOtOd ,o~OtOd - -  

* The numbers refer to the conformations of the main chain 
"]" Q/and Od are reported in Table 5 

bonds listed in Table 1 

0o 2 , 

9-r¢o2 
4<o 2 

3w2 
, ( o  2 

Table 5 Conformational partition functions of some isotactic optically active poly(a-olefins) 

Polymer O/ Od Q/d* Od/* 

Poly[(S)-3-methyl-l-pentene] 
Poly[(S)-4-methyl-l-hexene] 
Poly[(S)-5-methyl-l-heptene] 

2-t- 2<o 1 +4oJ 3co2+ 7¢o% . 
2+  , +  2oJ 1 + , +  5oJ ~OOlQd+ ~o,(Ol+ O)d 2 
3+ 0(2 + , ) +  7r 3+ o(1 + ~-)+ 77 oJQ/Od+ roJ(O/+ O)d 2 

4<o oJ 2 + 3~-<o ~ 
1 + 2co 47<o 2 + 6oJ 3 

Poly[(S)-3,4-dimethyl-l-pentene] 1+3oJ 
Poly[(S)-3-ethyl-5-methyl-l-hexene] 1 + 4<o 

* Sum of the relative statistical weights of the conformations 1-3 (Q/d) and 4-8 (Qd/) of Table 4 

8oJ  

• o,(Ot+ Qd)2+ QiQd(~o + 2,o,) 
• (3+ 4,)(01+ Od)+ coOlOd+ 
o~,Ot[Od+ 2+ 4,+ o(1 + ,)] 
7(o 2 
rco 2 + 70o 2 

The b U 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 ofpoly[(S)-4-methyl-1-hexene] vt 
is of the order of 40--50* monomeric units, whereas va 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-l- 
pentene)]. As a consequence, a much larger end-to-end 
distance is obtained. 

When the branching of the lateral chain is in a 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-l-pentene]. The com- 
parison between these two polymers is indicative of the 
effect of bE  on the conformational properties. The effect 
on ~oi is minimal, whereas the effect on ~i 2 and vz is very 
significant indeed. The comparison between poly[(S)-3- 
methyl-l-pentene] and poly [(S)-4-methyl- 1-hexene], 
characterized by about the same bE 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-l-heptene], both characterized by a 
minimum bE. The extremely high value found for the 

* In  a previous paper 4°, on  the basis of  more approximate energy 
parameters and partition functions, a lower value had been 
estimated. 

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 80% 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-l-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 vt 
and va 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 A U and AE. It is, 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 t and g states, 
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Table 6 Conformational properties of some isotactic optically active poly(a-olefins)* 

Polymer AEt AUt vl vd ¢ol f i2/NI ~ 

Poly[(S)-3-methyl-l-pentene] 390 1600 190 2 0.99 300 
Poly[(S)-4-methyl-l-hexene] 360 1200 45 2 0.95 70 
Poly[(S)-5-methyl-l-heptene] 60 850 6 4 0.60 11 
Poly[(S)-3,4-dimethyl-l-pentene] 1700 1300 1500 1 1.00 2000 
Poly[(S)-3-ethyl-5-methyl-l-hexene] 20 2£00 80 22 0.78 150 

* Calculated at 300K, with &E1=500, AEa=1500, AEa=2500cal 
t" In cal/mol of monomeric unit 

and/or a deviation from the ideal tetrahedral bond angles, 
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 vt and ]~2 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 
-~2/N l 2 and v~ for poly(4-methyl- l-pentene) and poly[(S)-4- 
methyl-l-hexene] was attempted some years ago on the 
basis of a more approximate approach and simpler con- 
formational partition functions 4°. Equations (7)-(10) pre- 
dict that for poly[(S)-4-methyl-1-hexene] v~ goes from 120 
to ~20 and ~2/Nl2 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-l-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(~-olefins) as a function of the polymerization degree 
has been carried out by Abe t4. However, in this treatment 
the approximation has made the probability of high energy 
interaction equal to zero which would correspond to 
A U ~  oo 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, ~2/NlZ 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 14 for the optical rotation 
of poly[(S)-5-methyl-l-heptenel is ascribed to this approximation. 

[~]~' = Mztot + Mao~a (11) 

where [~]~' is the molar rotation of the polymer, referred 
to one monomeric unit, and Mz and Ma 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 Ml and 
Ma through some independent method, one could esti- 
mate the reliability of the calculated oJz values (o~a = 1 - oil) 
by comparing the experimental [~]~' values with those 
calculated from equation (11). Unfortunately, as is well 
known, at the present no method is available 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 method as, which is the 
one that has been extensively used for optically active 
poly(~-olefins) aS, in the case of poly[(S)-4-methyl-1- 
hexene] predicts at the D sodium line Mt = +240 and 
M s = - 3 0 0  35. The experimental [~]~ is, however, 
+ 2903~, i.e. higher than the calculated Mr, and so equation 
(l l) cannot be used to obtain oJz values.* 

However, for the polymers for which experimental data 
of optical activity are available, the soundness of the 
calculated figures of col can be checked at least from a 
qualitative viewpoint by another procedure. The calcu- 
lated figures predict that, in the cases in which col/> 0-9, 
[~]~(exp.) should be close to the value calculated for Ml, 
whereas in the case in which o~z is closer to 0.5, [ff]~ 
should be close to the arithmetic average between the 
calculated Mt and Ma values. This is indeed what has 
been found. For poly[(S)-3-methyl-l-pentene] and 
poly[(S)-4-methyl-hexene] [~]~5 is + 160 and +290, and 
M1 + 180 and +240 respectively aS. For poly[(S)-6- 
methyl-l-octene] and for poly[(S)-5-methyl-l-heptene], 
[~]zo5 is +20 and +68, and the average between Ms and 
Ma is + 34 and + 22 respectively aS. 

There is another way to check the reasonability of the 
calculated o~z values on the basis of the experimental 

* It is probably worth noting that the values used by Brewster for 
the molar rotation of each C-C bond (+ 60 °, or 0 °) are best-fitting 
values relative to a particular kind of conformational analysis 
(statistical weight 1 or 0 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 
or, r, and oJ yields a self-inconsistent system. 
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[¢]0 r. This is, to use equation (1 l) at two different tem- 
peratures, and calculate Mz and Ma. This has been 
done 27,4° and the values obtained for Mt and Ma, 
surprisingly enough, are in fair agreement with those 
calculated from the Brewster method. The fact that at 
different temperatures equation (I I) provides the expect- 
ed order for Mz and Ma, indicates that eoz 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 oJa 
with respect to cot. 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 positive 34-37,4°,41 
Under the approximation that Mz and Ma are constant 
with temperature, the variation of optical activity with 
temperature can be obtained by integrating equation (,l l) 
with respect to the temperature: 

d[¢]a - ( M z  - Ma) doJz 
dT dT 

(12) 

The function doJddT 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 experiments aS-aT. Since, for poly[(S)-3-methyl- 1- 
pentene] and poly[(S)-4-methyl-l-hexene], (Mt-Ma)  is 
a high and positive number of the order of 4(D-700 a~, 
and the experimental A[¢]D/ATis in the range -(0.4-0.7), 
AoJdAT is in the range of 10-3deg -1. For the polymers 
considered, the quantity (A[¢]a/AT). {l](Mt- 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 (!2). For instance, for the polymers charac- 
terized by a very large a,z value at room temperature, 
measurements of optical activity at temperatures such 
that a~t=l.0 should provide a direct experimental 
measure of Mz. Theoretically, on the basis of equation (l l) 
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-l-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 coz, would 
be given by the fact that, by further decreasing the 
temperature, [6]0 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 [¢]D with time in a given 
temperature range is directly related, according to the 
present model, to the rate of main chain conformational 

transitions. This concept is at the basis of a recent paper 
by Poul and Mazo 47, in which the problem of the con- 
formational kinetics in isotactic poly(a-olefins) is faced, 
and the possibility of a T-jump experiment, with optical 
activity as the monitored property, is discussed. 

CONCLUSIONS 

The proposed method of calculation of AE and A U 
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/3 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/Nl z 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 ¢oz is in agree- 
ment with the experimental data of optical activity for a 
number of different polymer structures. Furthermore, o,z 
and oJa values are consistent with the temperature 
coefficient of optical activity. All this confirms the sound- 
ness of the proposed model for poly(c~-olefins) in solution, 
and particularly the basic concept, that these macro- 
molecules are highly spiraled in solution. Lacking more 
direct experimental methods to determine vz, va 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[(S)-3,4-dimethyl-l-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-l-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(~-olefins). For 
instance, it could be applied to syndiotactic poly(a- 
olefins), or to poly(cx-olefins) with different degrees of 
stereoregularity. The extension of this method to other 
polymers, even though of vinyl type [poly(vinyl 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 - t rans  i s o m e r i s m  in Z i e g l e r - c a t a l y s e d  t e r p o l y m e r i z a t i o n  o f  

h e x a - l , 4 - d i e n e  w i t h  e t h y l e n e  a n d  p r o p y l e n e  

G. A.  Skinner, M. Viney and S. R. Wall is 

Research and Development Laboratories, International Synthetic 
Rubber Company Limited, Southampton S09 3A T, UK 
(Received 13 January 1972) 

Hexa-l,trans-4-diene (I) is used in the preparation of 
ethylene-propylene terpolymers 1, 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 DCPD 3. 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-l,trans-4-diene is that it has a relatively 
low level of incorporation a. 

With emphasis on incorporation, a comparison was 
made of the polymerization behaviour of hexa-l,trans.4- 
diene 5 (I) and hexa-l,cis-4-diene 6-a (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. 

CH2=  C H - - C ' ~  j H  CH2=CH--CU~ CH3 
7 

H S = C ~ c H 3  H T C = C ~ H  

(I) (~l 

EXPERIMENTAL 

The polymerization conditions used have been described 
elsewhereg; 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 5 ~ trityl phosphate on 
Chromosorb P and 30 ~o 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-l,cis-4-diene with VOCI3 
VOCIz (1 mmol) was added to dry hexa-l,cis-4-diene 5 

(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 1 h 

Table I Terpolymerization of hexa-l,4-dienes with ethylene and propylene 

Isomer Polymer 
1,4-Hexadiene concentration ETCA a yield Plasticity Iodine 
isomer (mmol/I) (mmol/I) (g/I/h) Hoekstra Mooney b No. 

~/o Termonomer 
incorporation E/P ratio c 

Cis 24- 4 2.08 64.8 25 44 2.5 34 
Trans 24.4 2.08 93.6 26 46 3" 7 56 
Cis 97.6 1.38 28.0 8 -- 7-5 9 
Trans 48.8 1.38 62.6 26 37 7.6 38 

a ETCA= ethyl trlchloroacetate 9 
b ML 1-1-4 at 100°C 
e Ethylene/propytene ratio measured from relative intensity of 1380 and 1460cm -1 bands in i.r. spectrum 

60:40 
60 : 40 
64:36 
59 : 41 
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Figure 1 Infra-red spectra of (A) a typical ethylene-propylene 
copolymer, (B) an ethylene-propyiene-hexa-l,cis-4-diene ter- 
polymer of iodine number 8.7, and (C) an ethylene-propylene- 
hexa-l,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-l,cis-4-diene. 

Reaction of hexa-l,cis-4-diene with EtzAI2CIa 
EtaA12Cla (0.5 ml) was added to dry hexa-l,c/s-4-diene 

(150 ml) and the mixture heated to reflux temperature for 
3h under nitrogen, after which time the distillate was 
found to be unchanged hexa-l,cis-4-diene. 

Reaction of hexa-l,cis-4-diene with VOCla/Et3AI2CI3 
VOCIa (1.0mmol) was added to dry hexa-l,cis-4-diene 

(88 mmol) at 0°C with stirring under nitrogen. On adding 
EtaA12CI3 (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 ~ - 7 0 ° 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 g.l.c, analysis. The residue was a 
brittle polymer, soluble in chloroform. The i.r. spectrum 
of the polymer exhibited typical peaks 1° due to -CH3, 
- C H z -  at 710w, 1380ms, 1460s, 2850ssh, 2950scm -1. 
In addition, a medium-weak band at 970cm -1 evinced 
the presence of a trans double bond (CH=CH out-of- 
plane deformation) and weak absorptions at 910 and 
995 sh cm -1 due to the vinyl group were observed. 

Reaction ofhexa-1, trans-4-diene 6-a with VOCla/EtaAI2CIa 
The reaction was performed as above. The recovered 

monomer was shown by i.r. and g.l.c, analysis to be 
virtually pure hexa-l,trans-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 trans C H = C H  out-of- 
plane deformation vibration was rather stronger relative 
to the saturated -CH2-,  CHa-  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 1° (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-l,4-diene. 

The individual VOCla and Et3A12CIa components of 
the Ziegler catalyst did not isomerize hexa-l,cis-4-diene 
to the trans-diene. When both components were added to 
hexa-l,cis-4-diene (lI) or to hexa-l,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-l,4-dienes were not 
isomerized*. 

From these results we conclude that the cis double bond 
of the hexa-l,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 TiCI4-EtAIC12, cis-trans isomerization 
OCCURS 11. 

An analogy is observed in the polymerization of  the cis- 
and trans-isomers ofpenta-l,3-dienewith a TiBr4/(iBu)3A1 
catalyst 12. The penta-l,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)4-EtaA113 it was found that only 

* Compare ref. 5 where a transition metal/aluminium compound 
catalyst is used to prepare hexa-l,cis-4-diene of high purity 
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the t rans  isomer is polymerized directly. With this 
system, the c i s - i somer  isomerizes on contact and reduces 
the rate of formation of polydiene. A similar process 
could explain the lower incorporation observed for the 
c is -he  xa-  l , 4 -d iene .  

A C K N O W L E D G E M E N T S  

We thank Dr D. K. Jenkins and Dr J. M. Locke for 
discussions and The International Synthetic Rubber 
Company Limited for permission to publish the work. 
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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  

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 polymer 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 ns a useful general mtroduc,on to a rapidly 
growing field. 

Section 3, 'Emulsion polymerization' by the late A. E. Alexan- 
der and D. H. Napper is quite different in approach. No attempt ns 
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 or: 
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. 
Tsukamo.to 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 
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Interfacial free energy of crystals of low 
molecular weight poly(ethylene oxide) 

D. R. Beech*, C. Booth and C. d. Pickiest 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 

and R. R. Sharpe and d. R. S. Waring 
ICl Ltd, Dyestuffs Division, Hexagon House, Blackley, Manchester 9, UK 
(Received 22 September 1971) 

The end interfacial free energies (Oe) 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 ~e are in the range 1 to 4kcal (tool of chains emerging) -1. It is found that Cefor a 
given type of crystal increases as the molecular weight increases and that oe 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 ere 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 Mn < 10 000 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 Mn < 6000 form, 
under suitable crystallization conditions, predominantly 
extended-chain crystals. In a previous paper 1 we applied 
Flory's theory of melting of polymers of finite molecular 
weight 4, 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, ere. 

Table I Character is t ics of poly(ethylene oxide) fractions 

Mn 

Fraction Vapour  
End group pressure 
analysis osmomet ry  [r / ]*(dl /g) Mw/Mn 

8300 - -  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 
I" Present address: Department of Chemistry, Stanford University, 
Stanford, California, USA 

increased from 1 to 4 kcal (mol of chains emerging) -1 as 
Mn 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 ~e 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 1. 

Methods of fractionation and characterization, of 
dilatometry, and of low-angle X-ray scattering have been 
described earlier 1. 

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 t. 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 6000t. 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 

Lamellar spacing 
Xn Tm 

Fractions (chain units) (°C) (nm) (chain units) 

3 000 75 60.2 20 71 
3 700 84 61.3 23 83 

58.9 - -  - -  
4 300 98 61.7 27 97 

60.1 - -  - -  
6 000 136 64.1 39 138 

61.0 22 79 
10 000 227 65.2 28 100 

64.3 21 75 

Table 4 Calculated melting points of poly(ethylene oxide) 
ae=1.5kcal/mol; t;=O'9xn* 

Tm 

Mn Mw/Mn t Equation (4) Equation (6) 

1 000 1' 05 1 36' 4 (37.7) 36" 5 (37' 7) 
6 000 1' 2 1 69' 3 (69.7) 69" 4 (69' 8) 

1" 2 2 64' 8 (65" 7) 65' 5 (66" 2) 
10 000 1" 2 2 69" 2 (69- 8) 69' 7 (70' 1 ) 

1.2 3 66" 4 (67.2) 67" 4 (68" O) 

* Figures in parentheses are for t~=xn 

Table3 Calculated melting points of monodisperse poly(ethylene 
oxide), ae=1.5kcal/mol; s~=O'9x 

Tm 

Regular folding Irregular folding 
Mn s (equation 1) (equation 2) 

4 000 2 58.0 58.1 
6 000 2 63.8 63.9 

10 000 2 68.6 68.6 
10 000 3 65.9 66.1 

Arlie et aLL The formal assignments of the numbers of 
sequences laer molecule can be found (designated t) 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*: 

h=s(x-s~+s)/x (1) 

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: 

12 =s  2(x-s~  + s ) / [ x - s  ( s -  1)~] (2) 

These probabilities can be combined 1,4 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 

Tm = 7"°,[1 - (2~re/Ah~)]/{1 + (RT°,/Ah)[(I/x)-  (lnI/~)]} (3) 

where Ah is the heat of fusion per mol of repeat units and 
T ° is the thermodynamic melting point. For poly(ethylene 
oxide) Ah = 2 kcal/moP and T ° = 76 °C 7. 

Values of Tm for monodisperse poly(ethylene oxide), 
calculated for I 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 2 
indicate that low molecular weight poly(ethylene oxide) is 
highly crystalline, and ae=l '5kcal /mol ,  in order that 
predicted melting points correspond roughly with 
measured ones. We find little difference between values of 
Tm 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 2 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: 

o~ 

,,< w(x)h(s. ~. x) dx (4) 
s = l  

where w (x) is the weight fraction of molecules of length 
x-units, and I~ is given by equation (1). We assume that 
w (x) is given by the Schulz-Zimm s expression: 

w (x) = (ba+l/a !)x a e -bx (5) 

where b=a/xn, a=xn / (X~-Xn)  and is integral in 
equation (5), and xn and xw are number- and weight- 
average chain lengths respectively. 

An alternative assumption is that the number of 
crystalline sequences per molecule does not exceed t, the 
integral part of Xn/~; i.e. that the probability I is given by: 

t ,=E 
s = l  

f ~ w (x)Ii(t, ~, x) dx (6) 
(t +1)~. 

Equation (6) was used in the earlier paper 1 which dealt 
with extended-chain crystals only, i.e. t = !. 

Examples of the values of Tm calculated by use of 
equations (4) or (6) in equation (3) are given in Table 4. 
These calculations are for values of t~nearxn, ae = 1"5 kcal/ 
tool and Mw/Mn= 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 Tm 
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  ~e have been used 
in the calculations. Comparison of predicted melting 
points with those found experimentally (Table 2) enable 
us to evaluate ere for the various types of crystal. These 
values are given in Table 5. We have assumed that 
t g=0"9xn. This is in keeping with the lamellar spacings 
reported in Table 2 and the high (~  90 ~o) crystallinity of  
the samples. An alternative choice of t g = x n  leads to 
values of Oe very little different from those quoted. Values 
of the folding parameter t, 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 1 that ere 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 (t=2).  This effect is 
illustrated in Figure 1. We further find (Table 5 and 
Figure 1) that cre 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 ere 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 (re , ~  1 kcal/mol at low molecular 
weight to ere >3 kcal/mol at Mn "~ 6000 and then a decrease 
to ~e<2kcal/mol at high molecular weight, when the 
crystal is composed almost entirely of  folded-chains. 

Table 5 End interfacial free energy (~re) of crystals of poly- 
(ethylene oxide) 

Dw (Te 
Mn Mw/Mn (chain units) t (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  1"1 28 1 2 .3  
4 000" 1" 05 21 1 2" 5 
4300  1"1 33 1 2"7 
6000*  1"2 67 1 3"3 

3 700 1 • 1 28 2 1 • 4 
4300  1"1 33 2 1 '5  
6000*  1 .2  67 2 2 ' 2  

10000*  1-2 111 2 2 .7  

10 000" 1 "2 111 3 1 "9 

* Data  from ref. 1 ; ae calculated using equation (4) with t~=O'gxn 

4 
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O 0 

O 0 I I  • 

O 

& 

0 J I I I I t I , 
0 2 4 6 8 I 0  

VO-3xMn 

Figure I End interfacial free energy (oe) versus molecular weight 
(Mn) for extended-chain ( O ) ,  once- fo lded-chain  ( • )  and twice- 
folded-chain ( A )  crystals of poly(ethylene oxide) fractions 

The effect of folding upon oe is undoubtedly real and 
not a consequence of the model we have chosen to use. 
For  example, a change in Tm of 10 ° or in ~ of 20nm 
would be required in order that ere for the extended-chain 
and folded-chain crystals of fraction 6000 be identical. 

In the earlier paper 1 we suggested that the explanation 
of the increase in ere with increasing Mn lay in the 
absolute spread of molecular weights in our samples. 
There 1 we preferred to use the deviation of the weight 
distribution of molecular weights: Dw = [Xw(Xz - Xw) ] 1/2 
to correlate with the melting point of  the sample. Values 
of Dw for our samples are listed in Table 5. The correla- 
tion of  ~e with Dw is better than with Mr,. It is particu- 
larly interesting that fraction 4000, which has a narrow 
molecular weight distribution (Dw=21), crystallizes in 
extended-chain form only whereas fraction 3700 (Dw = 28) 
crystallizes in both extended-chain and once-folded-chain 
forms. 
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Terpolymerizations involving 
maleic anhydride 
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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 1 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 4 and JenkinsL 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 6 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 7. 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. Ham z 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 

(A, B and C) of the monomers in the feed from which it is 
being formed 1, thus: 

a + + tt + (rcarba rbarcb rcarbc)( rab rat) 

:B A {ra;rea+ B + C ](A+B+rbC } rabreb rebrad(rba 

- - - t - C  (1) 
: r a c r b a  rbcrab racrbd(rca rco 

The various r terms are monomer reactivity ratios, e.g. 
rab = kaa/kab where kaa and kab are the velocity constants 
for reactions of  the polymer radical having a terminal A 
unit with monomer molecules A and B respectively. I f  
monomer C is unreactive towards the polymer radical 
having a terminal C unit, then rca and rcb are small and 
are probably not known accurately. From equation (I), 
equation (2) can be derived without further assumptions. 

a_Alroa  rba r~];Jt rab rac 

¢tIA +.+ cl 
t rab tab radtrba rod 

where R = rcb/rea =kca/keb. 
This equation can be used to find R provided that values 

a r e  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- 
lions involving maleic anhydride. 

EXPE RIM ENTAL 

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 methyl 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/I; concentration of MMA varied. O, benzoyl peroxide 
at 1 g/I; assay by gascounting; O, benzoyl peroxide at 1 g/I; assay 
by scintillation counting; I~, benzoyl peroxide at 3g/I; assay by gas 
counting; x ,  benzoyl peroxide at 3g/I; assay by scintillation 
counting 

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+ 16c) 

RESULTS 

Tests on terpolymerizations 
Terpolymerizations were performed at 60°C using 

benzoyl peroxide (at 1 g/1 or at 3 g/l) with methyl acrylate 
(MA) at 1 mol/l, ethyl methacrylate (EMA) at 1 tool/1 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 9 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 seems that the relationship 

methyl methacrylate and methyl acrylate were prepared 
by exchange between unlabelled monomer and 14C- 
methanol; styrene, labelled at the/3-position with 14C, was 
prepared by decarboxylation of the appropriate 14C- 
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 tzCi/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/zCi/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 8 and by 
scintillation counting in solution using counter type 6012 
(Isotope Developments Ltd) and phosphor solutions 
NE 211 and NE 220 (Nuclear Enterprises Ltd). Quench- 
ing in scintillation counting was allowed for by determin- 
ing counting rate per nag 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 
z4C-sample of monomer (molecular formula CaHbOe), 
can be represented as: 

(CaHbOe) x(C~HeOf)y(CgHhO~)z 

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 

x _ k 2a(Ma) q- k2 b(Mb) + k zc(Mc) 
1 --X k l  

is obeyed, kz being the velocity constant for the dissocia- 
tion 

C6H5. CO. O. ~ CoHs. + CO2 

and k2a, k2b and k2e the velocity constants for the reac- 
tions of monomers Ma, Mb and Me respectively with the 
benzoyloxy radical according to the general equation: 

CoHs.CO.O. +M ~ C6Hs.CO.O.M. 

From the slope of the line in Figure 1, k2/kl for MMA at 
60°C is 0.30 1/mol, in agreement with results from homo- 
polymerizations 1°. From the intercept, the sum of the 
values of k2/kl for MA and EMA is 0.46 I/tool; from 
homopolymerizations, the separate values are 0.12 (for 
MA 11) and 0.34 (for EMA7). Clearly, there is no un- 
expected behaviour with respect to initiation in this 
terpolymerization. 

Terpolymers were prepared from an equimolar mixture 
of MA, MMA and styrene (S); three experiments were 
performed using, in turn, a 14C-sample of each monomer. 
In each case, the counting rate of the terpolymer was 
compared with that of the appropriate labelled monomer 
(see Table 1). From pairs of such comparisons, the com- 
position of the eopolymer was deduced (see Table 2). Using 
expression (1) with the following monomer reactivity 
ratios 

MA/MMA: 0.34, 1.86 

MA/S: 0.17, 0-75 
MMA/S: 0.47, 0.50 

the calculated mole fractions of MA, MMA and S units in 
the terpolymer are 0.21, 0.36 and 0.42, respectively. The 
agreement with the experimental values shows that the 
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Table 1 Comparisons of counting rates for terpolymers of MA, 
MMA and S with counting rates for monomers 

Labelled monomer 

(Counting rate for terpolymer)/ 
(counting rate for monomer) 

Gas Scintillation 
counting counting 

Methyl acrylate 0.135 0.172 
Methyl methacrylate 0.289 0.366 
Styrene 0.543 0.425 

Table 2 Compositions of terpolymers 
Values in parentheses from results of scintillation counting; 
others from results of gas counting 

Pairs of labelled monomers 

MA/S MA/MMA MMA/S Average 

Mole fraction MA 0'20 0.21 0.25* 0.22 
(0'20) (0.20) (0.24) 

Mole fraction MMA 0.39* 0'35 0.35 0.37 
(0.40) (0.36) (0.36) 

Mole fraction S 0.41 0.44* 0.40 0.41 
(0' 40) (0.44) (0.40) 

* Found by difference 

this unsensitized polymerization was largely photo- 
initiated. Tests using 14C-MMA indicated no difference 
between the compositions of terpolymers formed in the 
unsensitized and sensitized processes. 

Terpolymers were prepared from feeds in which the 
concentrations of S and MMA were fixed at l mol/1 and 
that of MANH ranged from 0 to 4mol/l. The rate of 
polymerization increased with rising concentration of 
MANH;  the effect was greater than could be attributed to 
the additional initiation process. Compositions of the 
terpolymers were calculated from results of parallel 
experiments in which labelled samples of the three 
monomers were used in turn, following the general pro- 
cedure outlined already. The results are shown in Figure 2. 
Less extensive studies were made of the other ternary 
systems; in each case, terpolymerizations were performed 
with equimolar amounts of the three monomers in the 
feed. Summarized results are included in Table 3. Mono- 
mer reactivity ratios for copolymerizations with MANH 
as the second monomer were taken as follows: S, 0.015; 
MMA, 3.37; MA, 2.50. These values suggest that the 
polystyrene radical reacts more readily with maleic 
anhydride than with styrene, whereas the reactions of the 
poly(methyl methacrylate) and poly(methyl acrylate) 

Table 3 Terpolymerizations involving maleic anhydride 

Relative molar 
concentrations of monomers 
in feed 

MANH S MMA MA 

Relative nos. of monomer 
units in product 

MANH S MMA MA 

1.00 1.00 0 1.00 0.86 1.00 0 0-14 
0 1.00 0 1.00 0 1.00" 0 0-67* 
1.00 0 1.00 1.00 0.19 0 1.00 0-40 
0 0 1.00 1.00 0 0 1.00" 0.48* 
1.00 1.00 1.00 0 0'91t 1.00 0.31 0 
0 1.00 1.00 0 0 1.00" 1.00" 0 

* Calculated from monomer reactivity ratios quoted in the text 
1: Result taken from Figure 2 

growth reactions can be considered as normal in this 
terpolymerization. 

Systems involving maleic anhydride 
Terpolymerizations with maleic anhydride (MANH) as 

one monomer were performed at 60°C with benzoyl 
peroxide as initiator and methyl ethyl ketone as diluent; 
the other monomers were pairs selected from S, MMA 
and MA. Reactions were stopped at about 5% conver- 
siorr. For many of the terpolymers containing S and 
MANH, precipitation in methanol was satisfactory only 
if free MANH was present; a mixture of methanol with 
petroleum ether was a better precipitant. Difficulties were 
encountered in re-dissolving some terpolymers in methyl 
ethyl ketone. Copolymers of S with MANH have been 
reported 12 as easily esterified by alcohols; this reaction 
could lead to serious errors in the analyses of terpolymers. 
A suitable unlabelled terpolymer, however, acquired only 
a very low level of activity after precipitation and standing 
in 14C-methanol; any esterification under these conditions 
can therefore be neglected. 

For the system S/MMA/MANH, there was clear 
evidence that polymerization could occur at an appreci- 
able rate even in the absence of added initiator and that 

0.5 

0"4 

~ 0-3 
bO 

0"2 

O' 

0"5 

~ 0 " 4  

c ~ 0 " 3  

o ~ 0 . 2  

0 

0"5 

0"4 
-~. 

~>.0.3 
c 
0 

.~ 0-2 - 
0 
~ 0 4 - -  

0 - -  
0 

0 

I I I I 
I 2 3 4 
[Mal¢ic anhydride] in feed 

- O - -  

Figure 2 Terpolymerizations at 60°C with benzoyl peroxide as 
initiator and methyl ethyl ketone as diluent. [Styrene] and [methyl 
methacrylate] fixed at 1 mol/I; [maleie anhydride] varied 
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Table 4 Terpolymerizations of styrene, methyl methacrylate and 
maleic anhydride 
Concentrations of S and MMA in feed fixed at 1 mol/I 

Relative nos. 
of S, MMA 

Concn. of MANH and MANH Ratio S /MMA Value of 
in feed units in units in kda/kdb from 
(mol/I) product product equation (2) 

0 1, 1, 0 1 "0 - -  
1 1,0.31,0"91 3.2 4.2 
2 1, 0"22, 1 4.5 5.4 
3 1, 0'19, 0.94 5.2 6.3 
4 1, 0.17, 0.98 5'9 7.4 

radicals with their own monomers are favoured over their 
reactions with maleic anhydride. 

DISCUSSION 

Little comment is needed on the results of  the tests on the 
application of tracer techniques to terpolymerizations. 
For  the system MA/EMA/MMA, initiation by benzoyl 
peroxide seems to be normal. The analyses of terpolymers 
of MA/MMA/S indicate that acceptable results are given 
by a procedure involving two labelled monomers in 
parallel experiments and determination of  the third type 
of monomer unit by difference. An improvement could be 
effected by using one monomer labelled with 14C and 
another with aH as was done for some copolymerizations 7. 

The terpolymerizations involving MANH show some 
interesting features. If the ratio of S to MMA in the feed 
is kept constant, then the ratio of S to MMA in the 
polymer increases markedly as the concentration of  
MANH in the feed is raised (see Figure 2). If  penultimate 
group effects are absent, a copolymerization of S and 
MMA involves only two types of  growing radicals, viz. 
polystyrene and poly(methyl methacrylate). If MANH is 
added to the system and 'normal' terpolymerization 
occurs, then it must be supposed that there are also 
polymer radicals with terminal MANH units. The varia- 
tion of the S/MMA ratio with concentration of MANH 
would then be interpreted as showing that the poly(maleic 
anhydride) radical is much more reactive towards S than 
towards MMA. The monomer reactivity ratios for the 
copolymerizations S/MMA and S/MANH show that the 
polystyrene radical must be regarded as considerably 
more reactive towards MANH than towards MMA. These 
effects together would mean that, as MANH is added to a 
feed containing S and MMA, there is a strong tendency to 
form an alternating copolymer of S and MANH with the 
exclusion of MMA. The results in Table 3 indicate that 
addition of MANH to a S/MA feed similarly increases the 
S/MA ratio in the product and that therefore MA also 
could be regarded as less reactive than S towards the 
polymaleic anhydride radical. 

From the results in Table 3 and taking S, MMA, MA 
and MANH as monomers A, B, C and D respectively, 
application of  equation (2) leads to 

k--aa=4.2 from the terpolymerization of A, B and D 
kab 

and 

k ~ =  8.6 from the of C and D terpolymerization A, 

According to these results, the relative reactivities of  S, 
MMA and MA towards a poly(malei¢ anhydride) radical 
are 1, 0.24 and 0.12 respectively; Ham a deduced the 
values 1, 0.002 and 0.001. From the present results, 
kab/kae is 2.0 but application of equation (2) to the 
terpolymerization of MMA, MA and MANH gives a 
value of  13.5. A further discrepancy is revealed by using 
equation (2) with the set of  terpolymerizations referred to 
in Figure 2; the value of kaa/ka~ varies with the composi- 
tion of  the feed as shown in Table 4. 

The discrepancies noted in the previous paragraph 
make it clear that equation (2) is not properly applicable 
to some or all of  the terpolymerizations. The equation 
was derived on the assumption that the reactivity of a 
polymer radical is completely governed by the nature of  
the monomer unit last added. This assumption may well 
be in error; effects of non-terminal groups upon radical 
reactivity and selectivity may be pronounced but it seems 
unlikely that these effects could be responsible for the 
observed gross discrepancies. It seems much more likely 
that there is a fundamental error in the application of 
equation (2) to these systems. It is clear that they might be 
associated with the participation in the reactions of  
charge-transfer complexes of styrene with maleic an- 
hydride. It is t~ be noted that Gaylord and co-workers 
have considered the role of such complexes in the 
S /MMA/MANH system 6 and in the sensitized radical 
copolymerizations of dienes with maleic anhydride xa. 

The conclusion that the usual treatment of terpoly- 
merizations is invalid for the systems S/MMA/MANH 
and S/MA/MANH, because of  the involvement of a 
charge transfer complex S/MANH, is confirmed by a 
comprehensive study of the copolymerization of  S with 
MANH t4. This binary copolymerization might be 
regarded as a special type of ternary polymerization in 
which there are growth reactions involving the two free 
monomers and the 1 : 1 complex. Correspondingly, the 
terpolymerizations considered in this paper might be 
thought of  as processes in which growth reactions may 
involve four types of 'monomer', for example S, MMA, 
MANH and the S/MANH complex. 
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Phosphazene copolymers: 
Part 1. Synthesis and bulk properties 

G. Allen and R. M. Mortier* 

Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 21 September 1971) 

The preparation of the phosphazene copolymers: -[-NP(OR0~-x(ORx)x-]-n 
where R1 is -CH2CFa and R2 is p-C6H4C6Hs. The effect of variation of x on the 
thermal properties (To, Tn, and Tdee) of the copolymers has been investigated. 
With x<0.5 the materials are elastomeric in nature. The copolymer having 
x=0.15 was investigated in some detail by means of spectroscopy, X-ray analysis 
and torsion pendulum studies. It is concluded that the copolymer (x=0.15) is a 
random copolymer containing crystallizable sequences of NP(OCH2CFa)= units. 

INTRODUCTION 

Poly(dichlorophosphazene), -[-NPCI~--]-n, has been 
known for many years 1 as an elastomeric material of 
fairly good thermal stability but poor hydrolytic stability. 
Hydrolytically stable polyphosphazenes have been pre- 
pared in recent years 2-5 by the substitution of organo 
groups for chlorine in -[-NPC12-]-n. However, the 
majority of these poly(organophosphazenes) are highly 
crystalline and have lost the elastomeric nature of  the 
chloro-polymer. 

The synthesis of an elastomeric, hydrolytically stable 
polyphosphazene was reported recently in a preliminary 
communication6; the polymer had fluorinated alkoxy side 
groups and was prepared by reacting the sodium salts of 
the alcohols with -[-NPCI2-]-n to give: 

-[-NP(OCH2CF3)(OCH2CF2CF~CF3)q-n 

In an independent study, a similar elastomer 

-[-NP(OCH 2(CF e) 6CFa) 2--]-n 

was made in our laboratory. However, these materials 
were solvent resistant, thus limiting characterization. 

One purpose of the work described in this paper was to 
prepare an amorphous, elastomeric polyphosphazene 
which could be characterized by conventional methods. 
This was achieved by the synthesis of the copolyphospha- 
zene:-[-NP(OCH2CF3) 1. ss(OC6H4C6Hs)o. 15-]-n. 

EXPERIMENTAL 

Preparation of hexaehlorocyclotriphosphazene 
A 5 litre flask was charged with sym-tetrachloroethane 

(2.2 1), phosphorus oxychloride (34g, 0.22 mol), technical 

* Present address: Department of Chemistry, University of  Arizona, 
Tucson, Arizona 85721, USA. 

grade ammonium chloride ( l l8g ,  2.2mol) and phos- 
phorus pentachloride (460g, 2.2mol). The ammonium 
chloride and phosphorus pentachloride were ground w i t h  
mortar and pestle before being added to the reaction flask. 
The mixture was warmed slowly with vigorous stirring 
until it began to reflux. After 12.5 h evolution of hydrogen 
chloride had ceased and the mixture was allowed to cool 
to room temperature. 

The bulk of the solvent was distilled under reduced 
pressure (150mmHg) at 90°C leaving a dark brown 
solution (500ml). This solution was transferred to a 
1 litre flask and the residual solvent was distilled at 
40-50°C (5 mmHg). The resultant semi-solid residue was 
distilled at 4mm pressure between 110 ° and 125°C 
through an air condenser. The white solid distillate was 
hexachlorocyclotriphosphazene containing some of the 
tetrameric homologue as the main impurity. 

The impure product was crystallized twice from 
petroleum ether (b.p. 80-100°C) and sublimed at 90°C 
and 0.1 mmHg. The yield was 90 g, 40 % overall. It had 
m.p. 114°C. The material was normally used immediately 
but when necessary it was stored under vacuum and re- 
sublimed immediately before use. 

It should be noted that on some occasions during the 
vacuum distillation of the cyclic phosphazenes, overheat- 
ing occurred causing the linear material present to cross- 
link, thus making it difficult to continue the distillation. 
When this occurred the material in the distillation flask was 
shaken with benzene to swell the crosslinked material and 
dissolve the cyclophosphazenes. The resultant mixture was 
poured into a large volume of petroleum ether (b.p. 80- 
100°C) to precipitate the linear phosphazenes. The solu- 
tion of cyclophosphazenes was decanted and reduced in 
volume until crystallization began. The impure product 
was then recrystallized from petroleum ether (b.p. 80- 
100°C) and sublimed as above. The yield by this method 
was 80g, 35~o. 
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Preparation of poly(dichlorophosphazene) 
A medium-walled Pyrex tube (25cm x 2cm i.d.) was 

cleaned with chromic acid, washed with distilled water 
and dried at 120°C overnight. Freshly sublimed hexa- 
chlorocyclotriphosphazene (70-80g, 0.20--0.23mol) was 
ground quickly with a mortar and pestle and introduced 
into the tube. The tube and contents were then evacuated 
to 10-2mmHg for 1 hour. The tube was isolated from the 
vacuum and the contents were melted and then allowed to 
solidify. After the material had solidified the tube was 
opened to the vacuum for 1 hour and the de-gassing 
operation repeated. The tube was then sealed. 

The sealed tube was placed in a furnace and heated at 
250 +2°C for 60-80h. When the end of the reaction was 
determined the tube and contents were allowed to cool to 
room temperature giving a pale yellow to dark brown 
amorphous material containing some white, crystalline 
cyclic chlorophosphazenes. The polymer was normally 
used immediately but, when necessary, it was stored in the 
sealed tube. When required, the tube was broken and the 
pieces of glass and polymer were shaken with dry benzene 
to give a 10-15% solution of chlorophosphazenes. The 
solution was filtered through glass wool to remove glass 
and was used immediately for the preparation of sub- 
stituted polymers. 

Preparation of the phosphazene copolymers 
-[-NP (OCH2CFa) z-x(OC6H4C6Hs)z-]--n 

The quantities given here were those used for x = 0.6. A 
solution of sodium p-phenylphenoxide (0.196 mol, 4.5 g 
sodium) in tetrahydrofuran (150 ml) was added dropwise 
to a stirred solution of poly(chlorophosphazenes) (38g, 
0.328 mol NPC12) in benzene (250ml). The reaction was 
carried out in a 1 litre flask fitted with a water condenser 
and silica gel drying tube, sealed stirrer and pressure 
equalizing dropping funnel. After completion of the 
addition the mixture was stirred at reflux for 1 hour when 
a solution of sodium 2,2,2-trifluoroethoxide (0.52mol, 
12.1g sodium) in tetrahydrofuran (180ml) was added. 
The mixture was refluxed for 38h after completion of the 
addition. 

The cooled reaction mixture was poured into petroleum 
ether (b.p. 60-80°C, 3 1) which resulted in a powdery 
precipitate of polymer and inorganic salts. The ether was 
decanted, the residual sludge was shaken with tetrahydro- 
furan and the mixture was poured into a large volume of 
water. To ensure removal of cyclic phosphazenes and 
inorganic salts the product was re-precipitated into 
petroleum ether and then water from tetrahydrofuran 
solutions. The rubbery product was collected and dried 
under vacuum. The yield was 12g (15% based on 
PaNaCI~). Intrinsic viscosities, measured in tetrahydro- 
furan at 25°C, and analyses of the copolymers are given 
below: 

cl [vl 
Theory Expt. C (%) H (%) N (%) F ( % )  (ppm) (dl/g) 

1"60 1-60 66.3 4.5 3.6 6"3 <100 2"20 
1 "00 1-08 55-1 3"9 4.5 17"2 <100 2.40 
0.80 0.80 47.4 3"3 4"8 23.1 <100 1.95 
0-60 0.64 42.6 3.3 5"2 26-7 <100 2.23 
0 2 0  0.15 26-5 2.5 5.9 41"4 <100 1-06 

Preparation of 
-[-NP ( OCH~CFs) 1. s 5( OC6H 4C6Hs)o. 15-]-n 

A solution of sodium (4.7g, 0.204g atom) and p- 
phenylphenol (37.7g, 0.222mol), in tetrahydrofuran 
(170ml) was added dropwise to a stirred solution of 
poly(chlorophosphazenes) (78.0g, 0.672mol NPCIz) in 
benzene (540ml) contained in a 3 litre flask fitted as 
before. Soon after the addition was begun there was an 
exotherm and the mixture gelled causing the mixing to be 
inefficient. A slow rate of addition was therefore used and 
10 h were taken to complete the addition. A further 150 ml 
of tetrahydrofuran were used to wash sodium p-phenyl- 
phenoxide, which had deposited on the wall of the flask, 
into the reaction mixture. The resultant mixture was 
stirred for 2h at 65°C. 

A solution of sodium (30g, 1.31g atom) in 2,2,2- 
trifluoroethanol (150g, 1.50 mol) and tetrahydrofuran 
(400ml) was added dropwise over 5.5h to the stirred 
solution of partly substituted polymer. The reaction 
mixture was refluxed for 72h and then a solution of 
sodium (1.0 g, 0.0435 g atom) and p-phenylphenol (8.1 g, 
0.0476 tool) in tetrahydrofuran (30ml) was added. The 
reaction was continued for 12 h when di-n-butyl ether 
(1.2 1) was added and the more volatile solvents distilled 
away until the reflux temperature was 110 °C. The reaction 
mixture was refluxed for 16 h at this temperature and then 
allowed to cool to room temperature. 

The reaction mixture was poured into a large excess of 
petroleum ether (b.p. 60-80°C) to give a white powdery 
precipitate which was filtered off and air-dried. The 
precipitate was shaken with acetone until most had dis- 
solved and then added to water. The product was col- 
lected and re-precipitated into water from acetone 
solution. As the cyclic phosphazenes were insoluble in 
acetone, the small amount remaining after the initial 
precipitation of the product into petroleum ether was 
removed by dissolving the product in acetone and filtering 
the solution through a sintered glass filter (porosity 4). 
The clarified solution was poured into water and the 
precipitated product, a grey rubbery material, was 
collected and dried under vacuum. 

The yield was 26g (16% based on PaNaC18). The 
intrinsic viscosity in tetrahydrofuran at 25°C was 
0.615dl/g. The copolymer had C, 26.1%; H, 2.2%; N, 
5.4 %; F, 41.5 %; C1 < 100 ppm giving the composition as 
-[-NP(OCH 2CFa) 1. s 5(OC 6H 4C 6H 5) o. 15-]-n. 

This product was the subject of detailed characteriza- 
tion. 

RESULTS 

Synthesis 
Hexachlorocyclotriphosphazene (NPC12)3 was pre- 

pared by the method of Emsley and Udy 7 using am- 
monium chloride, phosphorus pentachloride and phos- 
phorus oxychloride in sym-tetrachloroethane. The 
material was purified by crystallization and sublimation. 
Poly(dichlorophosphazene) was prepared by polymeriz- 
ing hexachlorocyclotriphosphazene in sealed glass tubes 
at 250°C. The molecular weight of the product was 
required to be as high as possible but it was important also 
that there should be no insoluble material formed. Thus. 
as the reaction time varied (60-80 h), the end of the reac- 

2 5 4  POLYMER, 1972, Vol 13, June 



Phosphazene copolymers (1): G. Allen and R. M. Mortimer 

tion was determined by inspecting the contents of the 
tube at intervals during the polymerization. 

The copolymers were prepared by first reacting the 
chloro-polymer with sodium p-phenylphenoxide and then 
reacting the partly substituted polymer with sodium 
2,2,2-trifluoroethoxide. Details of the synthesis are given 
above. A number of problems were associated with the 
preparation of 

-{-NP(OCH zCF3) 1.8 5(OC 6H 4C 6H 5) o. 15-]-n 

on a large scale which were not apparent when the range 
of copolymers was made. These problems (gelation of the 
reaction mixture and a longer reaction time) were a con- 
sequence of the larger scale of this particular preparation. 

The addition of the first reactant (sodium p-phenyl- 
phenoxide) to the solution of poly(chlorophosphazenes) 
caused the reaction mixture to gel thus making the mixing 
inefficient. A very slow rate of addition was therefore 
used in order to increase the probability of obtaining a 
random copolymer. 

The use of a longer reaction time and higher reaction 
temperature was essential in order that the final product 
should not crosslink. It was found that a residual chlorine 
content of >/0-1% by weight in the copolymers was 
sufficient to cause crosslinking. The crosslinking was due 
to hydrolysis, possibly by the mechanisms given below. 
The longer reaction time and use of a high boiling solvent 
gave a product of lower molecular weight (I-q] = 0.615 dl/g) 
than the smaller-scale preparations (average [V] ~ 2 dl/g). 
This was due to degradation of the - - P = N - -  chain, 
either thermally or by the presence of the excess alkoxide. 

Table I Solvents and non-solvents for 
-[-N P(OCH2C F3)l.a5(OC6H4C6Hs)o.as-]-n 

Solvents Non-solvents 

Acetone Water 
Tetrahydrofuran Petroleum ethers 
Dimethylsulphoxide Benzene 
Cyclohexanone To!uene 
Methyl ethyl ketone Isopropylbenzene 
Dimethylacetamide Nitrobenzene 
Methanol Chlorobenzene 
Ethanol a 1,3,4-Trichlorobenzene 
Dimethylformamide Decalin 
Ethyltrifluoroacetate Dioxan 

Diethyletherb 
Acetonitrileb 
Chloroform 
Carbon tetrachloride 

a Partly soluble at room temperature and dissolved on warming 
b Swelled but did not dissolve 

Table 2 Dynamic thermogravimetry of copolyphosphazenes 
-[-NP(OCH2CF3)~-x(OC6H4C6H5)x~-n 

Weight loss Decomposition Temperature of 
at 500°C (%) temperature (°C) 10% loss (°C) 

1" 60 50 355 386 
1.08 80 301 371 
0" 80 81 259 362 
0.64 85 271 365 
0' 15 87 264 348 

I +H=O 
CI--P---CI 

II --HCI 
N 
I 

I + - m ' c l , -  I I 
C I - - P 4 H  ~ CI--P---O--P--CI 

II -Hcl II II 
N N N 
I I I 

t 
] + -- NPCI=-- ] [ 

C I - - P = O  ~CI P = O  N 
[ - n c l  I I 

N - - H  N - -  P---CI 
I I I 

Solubility 
The copolymers were all soluble in a wide range of 

polar solvents (tetrahydrofuran, dimethylsulphoxide, 
N,N-dimethylformamide). Other materials were solvents 
only over a narrow range of copolymer compositions, e.g. 
the copolymer 

-[-NP(OCH 2CF3) 0.4 0(OC oH 4C oH 5) 1.6 o-]-n 

was partly soluble in benzene, the benzene-soluble part 
having a higher proportion of p-phenylphenoxy groups 
than the insoluble part. Both fractions were soluble in 
tetrahydrofuran. Solvents for 

-[-NP(OCH 2CF3) 1.8 5(OC 6H 4C 6H 5) 0.15-]-n 

are given in Table 1. 

Molecular weight and intrinsw viscosity 
The copolymer x = 0.15 was fractionated by isothermal 

liquid-liquid phase separation at 25°C by adding a 1% 

brine solution to a solution of the polymer in tetrahydro- 
furan. Gel permeation chromatography showed that for 
each fraction Mw/Mn=2"O+0.2, and for the whole 
polymer Mw/Mn = 3.7. The values of Mn, determined by 
osmometry in cyclohexane at 65°C, ranged from 3.3 to 
0.9x 105 and the corresponding range of intrinsic 
viscosity, measured in tetrahydrofuran at 25°C was 1.03 
to 0.15 dl/g. The fractions separated in order of decreasing 
molecular weight. 

Unfortunately an intrinsic viscosity-molecular weight 
relation could not be constructed because the chemical 
composition of each fraction was different; x ranged from 
0-32 for the fraction of highest molecular weight to 0.08 
for the lowest fraction. 

Thermal stability 
The thermal stability of the copolymers was examined 

by thermogravimetry under dry nitrogen (20 ml/min) at a 
heating rate of 3 °C/min. The results are given in Table 2. 
An isothermal method of determining the thermal stability 
of the copolymer 

-[-NP(OCH 2CF8) z. 8 5(OC6H 4C6H 5) o. 15-]-n 

was also used. Samples of the copolymer were heated at 
155°C under atmospheric conditions and the change in 
intrinsic viscosity with time was followed. These results 
are given in Table 3. 

The dynamic Tg results show an increasing rate of 
percentage weight loss with increase in trifluoroethoxy 
content of the copolymer. This is in agreement with the 
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Table3 Thermal stability of-{-NP(OCH2CF3)2-x(OC6H4C6H~)x-]-n 
in air at 155°C 

Time Intrinsic viscositya Soluble material 
(h) (dl/g) (%) 

0 0.615 100 
2 0.62 95 
4 0.60 93 
6 0.41 95 

10 0.15 98 
12 0.14 97 

a Measured in tetrahydrofuran at 25°C 

results of Allen et al. who suggest the occurrence of a 
crosslinking mechanism during the degradation of 
poly(aryloxyphosphazenes), which prevents further weight 
loss 5. The results also show decreasing thermal stability 
with increasing trifluoroethoxy content which confirms 
the better thermal stability of the p-phenylphenoxyphos- 
phazene compared with the trifluoroethoxy derivative. 

Polymer structure 
The infra-red spectrum of 

-[-NP(OCH 2CF3) 1.85(OC6H4C6H 5) 0.15-]-n 

was obtained from a film of the copolymer cast onto a 
sodium chloride plate from acetone solution. A Perkin- 
Elmer Model 257 Spectrophotometer was used. The 
principal bands were (cm-I): 2969 (C-H, methylene); 
1608, 1520, 1490 (C=C); 1457 (C:H); 1424 (P-O-C, 
aliphatic); 1286 (C-F); 1262 (P=N); 1210 (P-O-C, 
aromatic); 1177 (C-F); 1091, 971 (P-O-C, aliphatic); 947 
(P-O-C, aromatic); 885 (P-O-C, aliphatic); 852, 773, 706 
(C-H, aromatic). The absence of bands at wavenumbers 
greater than 3200 (O-H), at 2650-2680 (P-O-H) or 1225 
(P = O) indicated that very little, if any, hydrolysis of the 
chloro-polymer had taken place. 

The nuclear magnetic resonance spectra 0H and 19F) 
were obtained using a Varian HA 100 spectrometer. The 
proton spectrum was obtained at 100MHz using a 10~,, 
solution of the copolymer 

-[-NP(OCH zCF3) t. 85(OC 6H 4C 6H 5)0.15-]-n 

in D6-dimethylsulphoxide at 122°C with hexamethyldi- 
silane as the internal reference. The spectrum consisted of 
a broad multiplet (2.74z, 24H) and a broad quartet 
(5.74~-, 71H). Integration gave the composition of the 
copolymer as 

-[-NP(OCH zCF3) 1' 8 6(OC 6H 4C 6H 5)0.14-]-n 

The fluorine spectrum was obtained at 94.1 MHz using 
a 10 ~ solution of the copolymer in dimethylacetamide at 
120°C with m-trifluoromethylphenol as the internal 
reference. The spectrum (Figure 1) consists of two triplets 
of intensity ratio ~ 8 : 1. The chemical shifts of the two 
triplets, relative to external trifluoroacetic acid were 
-3.54ppm and -3-77ppm. Poly[bis(2,2,2-trifluoro- 
ethoxy)phosphazene] under the same conditions gave a 
well-resolved triplet at -3.52ppm, relative to external 
trifluoroacetic acid. The fluorine spectrum is consistent 
with the presence of only two types of repeat unit in the 
copolymer: 

NP(OCHzCF3)~ and NP(OCH~_CF3)(OC6H4C6H5) 

in the ratio 4 : 1. The broadening of the 19F spectrum and 
of the quartet of the 1H spectrum is due to coupling with 
phosphorus and possibly environmental differences. 

X-ray diffraction studies on a film of the copolymer 
-[-NP(OCH2CF3)I.s5(OC6H4C6H5)0.ta-]-n showed it 
to have a small degree of crystallinity. The diffraction 
pattern of the copolymer was compared with the patterns 
obtained from the two homopolymers: 

-[-NP(OCH2CF3)2-]-n and -[-NP(OC6H4C6Ha)~-]-n 

The pattern of the copolymer shows four diffraction rings, 
all of which were found in the diffraction pattern of 
poly[bis(2,2,2-trifluoroethoxy)phosphazene] (Figure 2). 
The changes in intensity of diffuseness also compare very 
well with those from the trifluoroethoxy homopolymer. 
There are no diffraction rings in the copolymer which 
correspond to those found in the diffraction pattern of the 
p-phenylphenoxy homopolymer. Also, there are no dif- 
fraction rings which do not appear in the diffraction 
patterns of the two homopolymers. We conclude that the 
copolymer has a small degree of crystallinity due to 
crystallization of NP(OCHg.CF3)2 sequences. 

Transition temperatures 
The glass transitions and melting temperatures of the 

series of copolymers 

-[-NP(OCH 2CF3) z-z(OC6H4C 6H 5)z-]- 

were determined using a Du Pont 900 Differential Thermal 
Analyser fitted with a DSC mode. All runs were carried 

i i I i I t , I I i i ~ I 
- 4 . 0  -3-5 -3-0 

pprn, relative to trifluoroocctic ocid 

Figure I zgF spectrum of-[-NP(OCH2CF3)t.85(OC6H4CsHs)o.15-]-n 
at 94.1 MHz in dimethylacetamide at 120°C 
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Figure 2 X-ray diffraction photographs of polymers after heating 
at 120°C. (a) Copolymer;  (b) poly[bis(phenylphenoxy) phospha- 
zene]; (c) poly[bis(tr i f luoroethoxy) phosphazene] 

Phosphazene copolymers (1): G. Alien and R. M. Mort imer 

Table 4 Transit ion temperatures of copolyphosphazenes 
-[-NP(OCH2CF3)z x(OC6HaC~Hs)x-] n 

Tm(~C) 

x Tg (°C) d.s.c. Microscopy 

2.00 +43 160 398 > 350 
1.60 + 34 61 83 195 191 
1.08 4- 22 44 67 182 187 
0.80 + 12 32 55 - -a  - -a  
0"64 - 4  36 214 215 
0"15 - 4 6  39 53 167 173 
0 - 70 80 238 236 

a Not detectable 

The glass transitions show a regular increase with 
increasing value of x and so correlate with the increased 
size and reduced flexibility of the p-phenylphenoxy com- 
pared with the trifluoroethoxy group. The copolymers 
have, in general, three melting transitions; only the upper 
one leads to totally amorphous material. The two lowest 
transitions are probably due to rearrangement of the side 
groups to form a second crystalline phase which melts at 
the highest temperature. It should be noted that only one 
high-temperature melting transition was observed for the 
copolymers. 

Mechanical properties 
Torsion pendulum experiments were carried out using 

a sample of a lightly crosslinked copolyphosphazene. The 
crosslinking resulted from the partial hydrolysis of an 
incompletely substituted copolymer, 

-[-NP(OCH 2CF3) 1.63(OC 6 H 4C6 H 5)0.22C1 o. 15q-,~ 

This sample was used in preference to the copolymer 

- [NP(OCHzCF3)  I. ss(OC6H4C6H 5)0.15-]-n 

to improve the dimensional stability of the sample near 
the glass transition temperature. The polymer was com- 
pression-moulded into a bar using a force of 20 tons for 
3 minutes at 175°C. 

The sample was mounted in a torsional pendulum 
apparatus similar to that described in the ASTM index s. 
The period and decay of the oscillations were measured 
thus enabling the moduli of the sample to be calculated. 
The upper limit of the temperature range was determined 
by the loss of dimensional stability of the sample. The 
results are given in Figure 3. 

The major loss region at - 4 3 ° C  corresponds to the 
transition which occurred at - 4 6 ° C  in the d.s.c, experi- 
ments (Table 4). This is the glass transition region. The 
loss regions which would be associated with the melting 
transitions could not be observed because the sample 
began to lose dimensional stability at temperatures above 
-35°C .  

out under nitrogen, at atmospheric pressure, using 
chromel/alumel thermocouples and a heating rate of 
20 °C/min. Melting points were checked using a polarizing 
microscope fitted with a hot stage. The results are given 
in Table 4. 

DISCUSSION 

The results presented above show that it is possible 
to prepare amorphous, elastomeric polyphosphazenes 
which are soluble in a wide range of solvents. The 
material -[-NP(OCH2CF3)l.85(OC6H4C6Hs)0.15-]-,~ is 
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Figure 3 Torsion pendulum measurements 

an elastomer (Tg-45°C)  having a small degree of  
crystallization (Tin 170°C). Structurally the polymer is a 
random copolymer having some crystallizable sequences 
of NP(OCH2CFa)2 units. There is no evidence for any 
units of the type NP(OC6H4C6Hs)2 in the copolymer. 

The thermal analysis results show that the polymer has 
three first order transitions at 39 °, 53 ° and 167°C, i.e. 
between 50 ° and 150°C there is a reversible transition 
from one crystalline phase into another. Thermal stability 
tests show that the long-term stability under atmospheric 
conditions at temperatures in excess of  150°C is dis-. 
appointing. 
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Pulsed n.m.r, study of molecular 
motion and environment of sorbed 
water  on cellulose 
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The state of sorbed water on celluloses derived from cotton and woodpulp 
sources has been investigated by pulsed nuclear magnetic resonance (n.m.r.) 
techniques. The molecular motion of sorbed water molecules was found to 
depend on the physical state of the cellulose, particularly on the degree of 
crystallinity. Temperature behaviour in the range 323K to 223K revealed a very 
strong interaction between cellulose and water, with a distribution of binding 
energies which depended on the heterogeneity of the cellulose surface. Relaxa- 
tion time measurements have been made at several water contents and the 
results interpreted in terms of current sorption theories. In particular, the dis- 
continuities observed by various physical measurements at a certain water 
content have been detected in this work and related to chain attenuation by a 
bridging network of water molecules. 

INTRODUCTION 

Celluloses from different sources and of different crystal- 
line contents exhibit widely different sorption behaviour 1. 
It was the aim of this work to analyse the pulsed nuclear 
magnetic resonance (n.m.r.) results with particular 
reference to the physical state of the cellulose substrates 
from woodpulp and cotton sources and with a range of 
degree of polymerization (DP) from 200 to 2000. To 
obtain information about the sorption process, a range of 
water contents was considered which covered the whole 
range of the sorption isotherm. Temperature depen- 
dencies of the spin-lattice (T1) and spin-spin ( T  z) 
relaxation times were investigated to obtain more 
information about molecular motion in the system. 

EXPERIMENTAL 

Materials 
Three samples of  flocked, bleached sulphite wood- 

pulps, manufactured by Rayonier Incorporated. xvere 
supplied by Unilexer Chemicals Development Centre: 

Woodpulp DP Water accessibility (%)e 

Rayweb O 525 77 
Raybond P 1450 69 
Hicolour 1000 62 

*Present address: Lever Sunlicht GmbH, Zweigniederlassung 
Mannheim, Rhenaniastrasse 76/90, 68 Mannheim 81, West 
Germany. 

Other samples investigated were a highly crystalline 
fibrous cellulose obtained by controlled acid hydrolysis, 
Whatman CF1 (DP 250; water accessibility 32~) ,  and 
a sample of cotton linters (DP 1950; water accessibility 
50~o). The accessibility of the celluloses to water was 
estimated by immersing each sample in D20  and measur- 
ing the amount of  H 2 0  in the DzO solution after ex- 
change, by an n.m.r, method 2. After correcting for the 
contributions from sorbed water, the HzO arising from 
exchange at the cellulose hydroxyls was related to 
accessibility by a simple calculation. 

The cellulose samples were conditioned over saturated 
salt solutions a at 298K for at least one month and water 
contents were determined by Karl-Fischer titration. 

Pulsed n.m.r. 
Special thin-walled n.m.r, tubes of  7 .5mm o.d. were 

filled to a depth of about 5mm with cellulose and the 
tubes were sealed. Pulsed n.m.r, experiments were carried 
out using a modified version of the Bruker-Physik pulse 
spectrometer type B-KR 302, operating at a frequency of 
60 MHz. A 'Boxcar'  integrator unit was included in the 
pulse generator console, with read-out onto a 'Servo- 
scribe' potentiometric recorder. Relaxation time decay 
and regrowth curves were observed on a Tektronix Type 
549 storage oscilloscope. Temperature control was 
maintained to + 1K with a gas flow thermostat. 

T1 measurements were carried out with a 90°-90 ° pulse 
programme and T2 measurements were obtained using a 
Carr-Purcell sequence 4 with Gil l-Meiboom 5 modification. 

T1 values for the cellulose chains were obtained with a 
900-90 ° sequence and the Boxcar integrator, triggered by 
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a third pulse, with the integrator gate set on the short 
induction decay characteristic of the cellulose protons. 
The contribution from the sorbed water was subtracted 
from the magnetization regrowth. Exponential curves 
were obtained with both T~ and T2 for the sorbed water 
indicating single phase behaviour. All relaxation time 
measurements were made at least in duplicate. The 
measurements should be taken as being reproducible to 
within + 5 ~ ,  although in any one run the precision was 
better, particularly for samples with high water content. 

RESULTS AND DISCUSSION 

The/ '2  behaviour of  Whatman CFI and cotton linters at 
different temperatures shows up a strong dependence on 
the cellulose fine structure, as indicated in Figures I and 2. 

The T1/T2 ratio is about 1000, and TI>>Tz at high 
temperatures. Obviously the simple theory of  Bloem- 
bergen, Purcell and Pound e (BPP) is not applicable in this 
case. In a system such as cellulose, with accessible and 
inaccessible regions, it is to be expected that the molecular 
motions of  bound water molecules will be different, 
according to the binding site. In such a case, a single 
correlation time at a certain temperature cannot ade- 
quately describe the mobility of  the system. The original 
BPP equations were modified by Kubo and Tomita 7 to 
a/low for a distribution in correlation times, P(~), in the 
following manner: 

So T~I=2A [,/(! + oj2~-2) +4r/(1 +4oJ~r2)] P(~').d~ " 
0 

T-~=A [3r + 5r/(1 +co2r2)+ 2r/(l +4oj2,2)]p(r).dr 
0 

where A is a constant, w is the nuclear angular resonance 
frequency and r is the correlation time. 

The application of a log-norma/ distribution of cor- 
relation times, in which the logarithm of the correlation 
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on cotton linters at 8 .9~ regain 

time is distributed in a Gaussian fashion, results in a rise 
in the T1 minimum and a fall in 7"2, so that the T1/T2 ratio 
is greater. The temperature dependence of T~ decreases, 
so that the width of the minimum increases. A log-normal 
distribution of  correlation times has been applied to 
several systems s,a and proved fairly satisfactory in fitting 
the experimental data. 

High-energy sites and nuclear transfers 
An interesting characteristic of Figure 1, showing the 

temperature dependence of 7"2 for water sorbed on 
cellulose, is that above 288K a shoulder appears, with a 
tendency for T2 values at higher temperatures to decrease. 
Similarly, for cotton linters, a discontinuity occurs at 
about the same temperature, although in this case T2 
values continue to rise with temperature. The water dipole 
has a local magnetic field which is modulated by diffusion- 
al jumps from a sorption site. In other words, the intra- 
molecular internuclear vectors may reorient only when 
the molecule makes a jump out of the 'well'. If this condi- 
tion is fulfilled, the correlation time r is the jump ra for 
translation among these sites. A collection of high-energy 
sites, all with the same barrier heights, is a phase in the 
Zimmerman and Brittin 1° sense (say, phase b). The 
molecules of phase b exchange with the normal sites 
(phase a) each time a jump out of the well is made. The 
lifetime in phase b is thus by definition the jump time rb. 

A trial calculation has been made by Resing 11 assuming 
4 ~ of high-energy or b sites, with activation enthalpy of 
4.52× 104Jmo1-1, and 9 6 ~  of a sites with activation 
enthalpy of 2.51 × 10aJ mo1-1. The broken curves at the 
left of Figure 3a represent the relaxation times T2b and 
TIO, which would not actually be observable because of 
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fast exchange with phase a. 16 this Figure, 7"2 increases 
with increasing temperature up to a maximum and then 
decreases to a certain point before increasing again. The 
decrease represents the onset of  diffusion from high- 
energy sites. Note that phase b introduces a second 
minimum in T1 at higher temperatures, while at very low 
temperatures two-phase behaviour in T2 is observed as 
exchange between the phases is suppressed. In this case 
the molecules are unable to escape from the high-energy 
binding sites. 

I f  the high-energy sites have a broad distribution of 
barrier heights for translation, which is a reasonable 
supposition in a system such as cellulose, then curves of  
the type indicated in Figure 3b are obtained 11. For a 
broad enough distribution the minimum turns into a 
plateau. This type of  behaviour for T2 is very similar to 
that observed with Whatman CF1. 

The acid-hydrolysed Whatman CF1 cellulose was 
fibrous and finely divided in appearance, whereas the 
sample of  cotton linters resembled cotton-wool. Acid 
hydrolysis destroys the disordered regions of cellulose, so 
that only inert crystalline material remains. No doubt 
some acid attack at faults or 'soft spots' in the crystalline 
material produces an increase in the accessible surface 
area of  the crystallites. The total crystalline content of  the 
cellulose is, of  course, greatly increased, which is reflected 
in the reduced accessibility to water, and the DP is 
reduced. The final crystalline content and DP will depend 
on the controlling conditions of the hydrolysis. 

The high temperature regions of  Figures 1 and 2 for T~ 
behaviour indicate more sites of high-binding energy in 
Whatman CF 1 than cotton linters. The plateau in Figure 1 
persists at high temperatures, whereas in Figure 2, T2 is 
increasing with increasing temperature, as expected from 
BPP theory. Presumably, with cotton linters, the barriers 
to diffusion from high-energy sites are soon overcome and 
normal temperature behaviour is obtained. In Whatman 
CF1, water molecules are probably sorbed mainly in those 
regions intermediate in order between crystalline and 
highly disordered. The chain motion in crystallites and 
their peripheries will be attenuated to an appreciable 
extent so that, provided accessibility is possible, such sites 
may prove to be deeper potential wells than sites contained 
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in the disordered regions. The high proportion of crystal- 
line material in Whatman CF1 is probably the dominating 
factor in high temperature 7"~ behaviour. 

Freezing effects 
On lowering the temperature below 273K, no dis- 

continuity appears in the T1 and T2 curves for the 
Whatman cellulose. The signal amplitude also remains 
constant, indicating that there is no freezing of sorbed 
water. On the other hand there is a discontinuity in the T2 
curve for cotton linters at 273K. Strongly sorbed water 
does not freeze at 273K, so it is possible that some water 
sorbed on cotton linters behaves in a similar manner to 
bulk water. Below 243K both systems showed consider- 
able 'freezing' of  sorbed water, with the n.m.r, signal 
amplitude dropping almost to zero at 223K. 

The 'freezing' process observed at low temperatures 
does not necessarily indicate ice formation as such but 
only a reduction in molecular mobility which produces 
ice-like behaviour. I f  ice formation occurs at higher water 
contents, then this is because some water molecules are 
sufficiently removed from the cellulose surface to be 
unaffected by it, allowing formation of an ice-lattice in the 
normal manner. 

The T1 minimum 
The position of the T1 minimum indicates strong bind- 

ing of water molecules with the cellulose. For the system, 
water in charcoal 8, the T1 minimum occurred at 206K, 
indicating a state of  water with no strong substrate inter- 
action. The system, silica-water 9, exhibited a minimum at 
235K, indicating strong liquid-surface binding. In the 
cellulose-water system, the minimum occurs at about 
253K, indicating even stronger water binding. The T1 
minimum for Whatman CFI is broader than the T1 
minimum for cotton linters. This indicates a broader 
distribution of correlation times in the highly crystalline 
cellulose; an effect which may be explained by a greater 
surface heterogeneity of the partly hydrolysed cellulose. 

At the T1 minimum oJ~-min '"- 0"62. From this relation- 
ship, the correlation time of sorbed water molecules mav 
be calculated at the temperature of the T1 minimum. At an 
operating frequency of 60MHz,  the correlation time 
works out at 1.6× 10 9s. 

Comparison with other systems 
Pulsed n.m.r, investigations of the silica gel-water 

system 9, 12, 13, have indicated similar high temperature 
behaviour for 7"2. In some respects, the two systems are 
related, since each sorbate is characterized by a non- 
uniform distribution of hydroxyl groups. These groups 
may be considered as the primary binding centres. 
Previous pulsed n.m.r, studies in the cellulose-water 
system have been few 14,12. However, Sasaki and co- 
workers 14 observed apparent two-phase behaviour for T1. 
This indicated that sorbed water molecules could be 
identified as being either tightly bound or mobile. It is 
interesting from this work, that only single-phase 
behaviour for Tz was observed, although T1 >> T,_,. Two- 
phase behaviour for T2 would be expected in such a 
system, so that unless the T2 values are almost identical 
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in each phase, the absence of two-phase behaviour poses 
some problems in interpretation. 

Stejska115 showed the existence of two T1 phases at 
298K over a restricted water content range. At lower 
water contents single phase behaviour only was observed, 
the shorter T1 phase having disappeared. This is unusual, 
since at low water contents the shorter T1 phase, repre- 
senting the more tightly bound water, is expected to be 
more populated. This is assuming that the first sorbed 
molecules migrate to the strongest binding centres. There 
is a possibility that micropores exist in Stejskal's samples 
since, according to the preparative technique used, the 
cottons were compressed into plugs before measurements 
were taken. After a certain water uptake, these pores 
would be sufficient to produce non-exponential T1 
behaviour. The conditions under which Sasaki and co- 
workers' samples were prepared are not known, although 
it is possible that sample preparation is an important 
factor in affecting relaxation characteristics. 

In this present work, where the samples were not com- 
pressed, single phase behaviour for T1 and 7"2 was 
observed at all temperatures and water contents con- 
sidered. At lower temperatures, exchange between phases 
will be slowed down to such an extent that observation of 
separate T1 values for each phase should become possible, 
although measurements of Tt as low as 263K revealed 
only single-phase behaviour. 

A factor which may be important in comparing the 
results is that Sasaki and coworkers made measurements 
at 25MHz and Stejskal at 20MHz. Since T~ values at 
60 MHz are longer, it would be expected that less chance 
is likely of observing water molecules in a more tightly 
bound phase, since the probability of exchange between 
phases during the T~ measurement is increased. A few 
measurements were made at 14MHz to investigate any 
frequency dependence on T~ behaviour, but the signal/ 
noise ratio was so poor that no conclusive results were 
obtained. The existence of two-phase T2 behaviour is 
indicated by the decrease in Tz with increasing temperature 
in Figure 1, but the actual observation and measurement 
of the short T2 phase was beyond the limits of detection 
of the spectrometer. 

Variation of Ta and T2 with water content 
The water content range investigated, from about 3 % 

regain (weight of water sorbed/weight of dry cellulose) to 
25 % regain, covered the range of the sorption isotherms 
for most of  the samples. An isotherm was obtained for 
each sample, although samples conditioned at 100 % r.h. 
(over pure water) were susceptible to capillary condensa- 
tion at any slight drop in temperature. As a result, the last 
point in the isotherms has a doubtful position with respect 
to water content. The isotherm at 298K for Whatman CFI 
is indicated in Figure 4. 

Variation of Tz with water content. Figure 5 shows the 
variation of  T~ with water content at 298K for each 
cellulose sample. Whatman CF1 and cotton linters have a 
higher minimum for T1 than the woodpulp celluloses 
Rayweb Q, Raybond P and Hicolour. The cotton and 
Whatman celluloses are particularly pure grades, whereas 
the woodpulp celluloses contain some impurities, includ- 
ing amounts of paramagnetic ions (iron, copper and 
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manganese), which would reduce T1 values. T1 is lowest 
for Rayweb Q, the most impure of the cellulose samples. 

T1 falls gradually from high regain values towards the 
minimum, but a very sharp change occurs over a 1 ~ or 
2 ~ regain range through the minimum. Rayweb Q shows 
a much wider minimum. In this region, the motion of the 
sorbed water molecules is greatly attenuated and rapidly 
approaches that characteristic of solids. 

If the T1 behaviour is now considered from near 
dryness to beyond the T~ minimum, one can envisage the 
first water molecules to be sorbed with long correlation 
times at very strong binding sites. Presumably this occurs 
at hydroxyl groups on the anhydroglucose ring. Chain 
motion will be attenuated because of interchain hydrogen 
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indicated by the steeper rise in 7"2 for these samples. This 
behaviour would be expected from a consideration of the 
T~ results. Figure 7 shows a plot for cotton iinters at 
higher regions, indicating a lessening in the gradient of  the 
curve at higher water contents. The curve should level-off 
at T2 values near bulk water. The Figure also shows that 
the steepest part of  the curve occurs at a regain value 
similar to that at which the T1 minimum was observed in 
Figure 5. The greatest rate of attenuation in molecular 
motion is evidently taking place at this point. 

Relaxation behaciour Of the celhdose chailzs 
Relaxation times characterizing tile molecular motion 

of protons contained in the cellulose chains were also 
obtained. Figure 8 shows that the T~ values obtained for 
chain protons were identical with those obtained for 

5 .0  

4 .0  

E 3"0  

i f '  
2.O bonding. At regain values characterized by the T1 

minimum, the average correlation time of the sorbed 
molecules is shortened considerably. This indicates that I.O 
some form of secondary sorption is occurring, with less 
binding energy. The primary sorption sites could be 
considered almost full at this regain value. Chain motion O 
will be increased because water molecules diffuse through 
the system and break intermolecular hydrogen bonds. 
The result is a greater mobility throughout the whole Figure 7 

system and a gradual increase in T1 towards the higher 298K 
regain values. Note that the T1 values are still much 
smaller than the value for bulk water. 

There is correlation between position of the T1 mini- 
mum with respect to regain value and the water accessi- 
bility of  the celluloses. A highly crystalline cellulose is 8 0 0  
likely to have low water accessibility. In the less accessible 
celluloses there will be a smaller number of primary 
sorption sites, so that these are soon filled and secondary 
sorption begins at lower regain values. The T1 minimum 700 
will therefore occur at lower regain values. This is 
indicated by the results in Figure 5, where the T1 minimum 
for Whatman CFI (32~o water accessibility) occurs at 
about 5'5~o regain, whereas the minimum for Rayweb Q k- 600 
(77 ~,, water accessibility) occurs at about 12 ~o regain. 

Variation of T2 with water content. Figure 6 shows the 
fall in T,~ as water content decreases. 7'2 does not reach 
zero at zero regain, but possesses a value of about 7/zs, 
characteristic of dry cellulose. This approximates to the 
'rigid-lattice' value. The T2 values give an 'average' 
indication of the state of motion in the system. At higher 
regains the T2 values are characteristic of more mobile 
water, while T2 values at low regains characterize water 
molecules in primary sorption sites. The curves converge 
in the region of primary sorption. Secondary sorption 
occurs sooner in Whatman CF1 and cotton linters, as 
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sorbed water within experimental error. This behaviour 
indicates the operation of a spin-diffusion mechan- 
ism17, 19. Protons contained in the cellulose chains cannot 
attain equilibrium magnetization efficiently by direct 
interaction with the lattice, so that the energy has to be 
dissipated via 'safety valves' or points along the chain 
where more efficient contact with the lattice is possible. 
Such points are probably the hydroxyl groups around the 
anhydroglucose ring, where the proton in the hydroxyl 
group is able to exchange with protons in nearby water 
molecules. The result is that the apparent TI relaxation 
time of the protons in the cellulose chains is the same as 
that for the sorbed water. 

Correlation o f  results with sorption theories 

Various sorption theories have involved discussion on 
the first 'monolayer '  of  sorbed water or first 'hydrate' ,  at a 
characteristic regain value. This value has also been 
ascribed to the condition when most of  the primary 
sorption sites have been filled. This discontinuity in the 
sorption behaviour has been observed in several physical 
measurements, including X-ray density, refractive index, 
entropyand n.m.r, second moments. At a particular regain 
value, a maximum in density and increase in order of  the 
system occur. Second moment  results obtained by Fors- 
lind 16 indicated a reduction in mobility of  the cellulose- 
water system over the regain range characteristic of  the 
completion of the first 'monolayer ' .  The second moments 
were obtained from that part of  the n.m.r, absorption 
curve characterizing cellulose chain motion, and it would 
appear that some ordering or attenuation is occurring 
among the chains over this range. 

The pulsed n.m.r, results for T1 and 7'2 indicate a 
similar discontinuity in sorption behaviour. This is 
reflected in the sharp T1 minimum and steep gradient of  
the 7"2 curve over the same regain range. The actual 
regain range over which the discontinuity occurs will 
depend on the water accessibility (crystallinity) of  the 
cellulose. A sorption mechanism is proposed here which 
involves chain attenuation at a certain stage in the 
sorption process. Initial sorption occurs at hydroxyl 
groups around the anhydroglucose ring and at the 
glycosidic oxygen atoms. These first-sorbed water 
molecules will replace relatively weak inter-chain 
hydrogen bonds with stronger water-chain hydrogen 
bonds, but as more water diffuses into the system, and the 
chains move further apart, water bridges may be formed. 
Primary and secondary bridges, consisting of 1 or 2 water 
molecules, link between the chains and tend to attenuate 
the chain motion. This is the point at which the dis- 
continuities occur in the X-ray, entropy and second 
moment measurements. Further diffusion of water 
molecules through the system will eventually break the 
bridges and chain motion will increase. Although the 
mobility of  the whole system has now increased consider- 
ably, sorption of water will continue until capillary water 
appears and the system reaches a saturated condition. 

CONCLUSION 

The heterogeneity of the cellulose surface produced a 
marked effect on the relaxation curves, and it was shown 
that for highly crystalline celluloses large numbers of  
high energy binding sites are present. The sorbed water on 
cellulose is very strongly bound, as shown by the position 
of the T1 minimum and the absence of freezing until about 
243K. The position and shape of the / '1  minimum can be 
related to the nature of  the cellulose surface, in particular 
the crystalline content. Over a small regain range, strong 
binding of water occurs, as indicated by a sharp minimum 
in T1 with rapid rise to values approaching that for dry 
cellulose. The relaxation results can be related to a sorp- 
tion theory in which, at a certain regain, water bridges are 
formed between cellulose chains, so as to cause a restric- 
tion in chain motion and an increase in the diffusional 
correlation time of the sorbed water molecule. This 
qualitative picture of  water sorption onto cellulose 
facilitates correlation with observed physical measure- 
ments, although more work is required on well-charac- 
terized celluloses before a complete picture of  the sorption 
mechanism can be presented. 
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To obtain more information on the structure of the polymeric hydrolysis products 
of Ti(OSiMea)4, (the titanium oxide trimethylsilyloxides), measurements were 
made of the degrees of polymerization and hydrolysis, sedimentation, viscosity, 
specific volume, refractive index increment and turbidity of five hydrolysis 
products in cyclohexane solution. Refractive increments and turbidities were 
also measured for two products in carbon tetrachloride, benzene, chlorobenzene 
and bromobenzene. A self-consistent description of the properties of these 
polymers is based on repeating units containing a cube-shaped Ti8012 structure. 
These units undergo condensation to give two types of chains having one and 
two bridging oxygens, respectively, between successive repeating units. Evi- 
dence for this model is obtained from the interdependence of degrees of poly- 
merization and hydrolysis, from sedimentation, and from the dependence of 
turbidity on the refractive index of the solvent. Specific volumes calculated from 
the model agree well with experiment. Refractions for the Ti-O bonds in metal- 
Ioxane chains, calculated from the refractive index increments, indicate that 
formation of longer chains causes an increase in refraction towards the value for 
TiO~. The distribution of metalloxane links and the high polydispersity of the 
products presumably arise, from labile intermolecular condensation during 
hydrolysis. 

INTRODUCTION 

The metal oxide alkoxides, or poly(alkylmetalloxanes) 1, 
and the metal oxide trialkylsilyloxides, or poly(trialkyl- 
siloxanometalloxanes) ~, form two classes of metal- 
organic condensation-coordination polymers that contain 
metalloxane chains and organic or organosilicon groups 
joined by oxygen atoms to metal atoms. These polymers 
can be considered to arise from the modification of the 
three-dimensional structures of metal oxides by the 
introduction of organic or organosilicon groups 1, and are 
produced by controlled hydrolysis of metal alkoxides or 
metal trialkylsilyloxides; for example, 

nTi(OSiMe3)4 + nxH20 

[TiOx(OSiMe3)4 2z]~,+2nxHOSiMe3 (1) 

The parent metal alkoxides and metal trialkylsilyloxides 
themselves frequently exhibit low degrees of  polymeriza- 
tion, which are ascribed to coordinate bonding and to 

* Present address: Department of Chemistry, University of Otago, 
Dunedin, New Zealand. 
t Part of this work was carried out while on sabbatical leave at 
the Department of Chemistry, University of Southampton, 
Southampton SO9 5NH, UK. 

changes in the coordination number of the metal atom 1. 
The metal oxide alkoxides and trialk)lsilyloxides have 
higher degrees of polymerization. The metal-oxygen 
bonds, apart from those in the metalloxane chains, are 
hydrolysed less readily in the oxide trialkylsilyloxides, and 
coordinate bonds are generally less important than in the 
oxide alkoxides. 

Several metal oxide trialkylsilyloxides have been 
prepared 1-7, and of these, the oxide trimethylsilyloxides 2-5 
of Ti Iv, Zr Iv, Ta v and At m and the oxide triethylsilyl- 
oxides 6, 7 of Ti Iv have been investigated in some detail. 
Molecular weights and analytical data have been obtained 
for products of various nominal degrees of hydrolysis, 
and have been combined with theoretical relations s,9 
between the true degrees of hydrolysis and polymerization 
to deduce information about the structure of the 
polymers. 

Many more metal oxide alkoxides have been prepared 
and investigated 1,9 in solution in the corresponding 
alcohol, but isolation of the products has not been 
necessary, in general, since the alcohol is the only other 
product of hydrolysis, and hydrolysis appears to be com- 
plete. Isolation of the oxide trialkylsilyloxides is neces- 
sary, since self-condensation of the trialkylsilanol pro- 
duced on hydrolysis (see equation (1)) produces water, 
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and thereby causes further hydrolysis. The soluble 
titanium oxide trimethylsilyloxides 2 have number-average 
molecular weights as high as 4000, and appeared to be 
promising polymers for further investigation. In this 
paper, measurements of a number of properties of 
solutions of these polymers in organic solvents are 
reported, and the correlation of these properties with 
possible polymeric structures is discussed. 

EXPERIMENTAL 

Rigorous exclusion of water is necessary during measure- 
ments on the metal oxide trialkylsilyloxides. Preparation 
and distillations were made under dry nitrogen. Cells for 
optical measurements were cleaned with detergent, then 
rinsed, dried and stored over silica gel. All other apparatus 
was dried either at 150°C or in a stream of dry nitrogen, 
after cleaning and rinsing with double-distilled water and 
ethanol, and was stored in a controlled atmosphere dry 
box filled with dry nitrogen. Filling and transfer opera- 
tions for physical measurements were also carried out in 
the dry box. 

Titanium in titanium trimethylsilyloxide ~ 0 and titanium 
and silicon in the oxide trimethylsilyloxides 1~ were deter- 
mined by gravimetric analysis. 

Cyclohexane (BDH reagent) was percolated over silica 
gel to remove fluorescent impurities 12, then dried azeo- 
tropically by fractional distillation in the presence of 
ethanol. Dioxane (Fisher reagent) was fractionally distilled 
over freshly cut sodium. Other solvents were Fisher 
spectroscopic grade, and were dried over phosphorus 
pentoxide before distillation. Sucrose (BDH organic 
analytical standard) and other solids were dried carefully. 

Hexamethyldisiloxane was converted to trimethyl- 
fluorosilane in H2SO4 and ammonium fluoride, neutra- 
lized and hydrolysed to give trimethylsilanol (b.p. 98.0- 
99.0°C at 740 mmHg13). Titanium (IV) isopropoxide was 
prepared from TIC14 and isopropanol by the ammonia 
method 14, and distilled at a bath temperature of 90-100°C 
at 0.1mmHg; ~o Ti=16.9 (found), 16.9 [calc. for 
Ti(OPri)4]. Titanium (IV) trimethylsilyloxide was pre- 
pared by interchanging freshly prepared trimethylsilanol 
and freshly distilled titanium (IV) isopropoxide in reflux- 
ing benzene 11. The alcohol liberated was removed by 
azeotropic distillation at 71.9°C, and the liquid product 
was purified by distillation at a bath temperature of 60°C 
and 0.1mmHg; ~ T i = l l . 9  (found), I1.9 (calc.); 
Si=27.6 (found), 27.7 [calc. for Ti(OSiMe3)4]. Vapour 
phase chromatography (fluorosilicone column at 40°C) 
showed one peak only, and only one type of methyl group 
was found in the 60MHz n.m.r, spectrum in CS2. No 
paramagnetism was detected (Gouy balance, field 0.2T), 
and there was no u.v./visible absorption spectrum beyond 
350 nm. The density was p~5 = 0.895 l, the refractive index, 
n54625 _-- 1.4321, and the degree of polymerization was 1.002, 
standard error 0.017 (by cryoscopy; see below). 

Titanium oxide trimethylsilyloxides were prepared 2 by 
reacting titanium trimethylsilyloxide in dioxane (2 mol/kg 
of solvent) with water (h mol/mol of metal atoms) at 60°C. 
Volatile components z were removed under reduced 
pressure, finally at 160°C, 0.1 mmHg. Analytical data are 
given in Table 1, where the number-average degree of 
hydrolysis, 2n, is found from wsi/Msi = (4-2Xn)WTi/MTi, 
with wj, Mj the mass fraction and atomic weight of 

element j. No paramagnetism was detected for the solid 
product with h= l .5 ,  and there was no u.v./visible 
absorption spectrum beyond 350 nm for the products with 
h=0.1 and 1.5 in cyclohexane. The surface tension of a 
solution of the h = l . 5  product, 0.06gcm -3 in cyclo- 
hexane, was only 5~o smaller than that of the pure 
solvent. 

Cryoscopic molecular weights were measured using a 
vacuum-jacketed cell fitted with a Beckmann thermo- 
meter. The apparatus was filled with dry nitrogen, and 
freezing points of cyclohexane and solutions in cyclo- 
hexane of fluorene (for calibration) and of two different 
concentrations of each titanium oxide trimethylsilyloxide 
were measured from temperature-time cooling curves. 
Molecular weights were reproducible to about 5 ~ for 
solutions of concentrations of about 2 g/kg of solvent. A 
special determination of the molecular weight of 
Ti(OSiMea)4 in cyclohexane was made using an apparatus 
similar to that described by Vofsi and Katchalsky 15. The 
vacuum-jacketed cell was fitted with a polytetrafluoro- 
ethylene (PTFE)-coated magnetic stirring bar and a 
calibrated thermistor. Samples were transferred to pre- 
viously weighed, thin-walled glass bulbs, sealed off, 
weighed and transferred to the cell, which contained a 
weighed amount of solvent and was filled with dry 
nitrogen. The bulb was broken by a glass plunger, and the 
cell was cooled at a constant rate by immersion in a 
stirred water bath controlled thermostatically at 3°C 
using a Whirlpool thermoelectric cooler. Temperature- 
time cooling curves were obtained on a chart recorder. 

Sedimentation of the products with h = l . 0  and 1.5 
was studied in cyclohexane solution in a single sector cell 
in a Spinco Model E ultracentrifuge. The phase-plate 
schlieren patterns were recorded photographically at a 
rotor speed of 700s -1 and at 20°C. Density gradient 
ultracentrifugation 16 was attempted under the same 
conditions in a capillary synthetic boundary cell, and 
using cyclohexane-carbon tetrachloride and cyclohexane- 
hexachloroethane to form the density gradients. No 
sharp sedimentation patterns were obtained, which is to 
be expected with polymers of low molecular weight 16. 

Viscosities of solutions of several titanium oxide tri- 
methylsilyloxides were measured at various concentra- 
tions in cyclohexane at 25"0+0'1°C in a Cannon- 
Ubbelohde semi-micro dilution viscometer 17. The open- 
ings of the  viscometer were protected by drying tubes, 
and the efflux time for the solvent was about 400 s, The 
difference between the dynamic viscosity V and the 
kinematic viscosity n/P, where p is the density of the 
solution, was negligible in all cases. 

Densities were measured at 25.0_+ 0.01 °C in a pycno- 
meter of the Shedlovsky-Brown type TM, of volume 
25 cm 3, and calibrated with air-free water. For a solution 
of density p containing a solute of concentration c8 in 
mass per unit volume, the apparent specific volume of the 
solute is ~8 = l /p1-  (p /p l -  1)/cs, where pl is the density of 
the pure solvent. 

Refractive index differences were measured with a 
Brice-Phoenix differential refractometer a9 calibrated at 
25.0+0.1°C and 546nm with aqueous sucrose solutions. 
The specific refractive index increment of the solute is 
v= (n-nl)/c8 where n, nx are the refractive indices of the 
solution and solvent, respectively. 

Light-scattering measurements were made using a 
Brice-Phoenix Model 1000D photometer, and a galvano- 
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Table 1 Titanium oxide trimethylsilyloxides 

Mol H20/mol Ti, wt.% wt.% 
h Ti Si 

Degree of 
hydrolysis, 
~n 

Molecular weights 
Molecular Degree of of components Mass fraction 
weight, polymerization, of A, WA Mn 

0"1 29"9 17.4 1 "50 
0.3 30.4 17.0 1.52 
0.5 31 "5 16"5 1.55 
1.0 33.6 15.7 1.60 
1.5 35"0 14.6 1.64 

1300 8.10 1440 1240 0"37 1310 
1430 9.09 1600 1460 0"36 1510 
1910 12-5 2140 1740 0"39 1900 
2710 18.7 3120 2450 0"42 2730 
3620 26.3 4300 3310 0"40 3710 

meter of sensitivity 0.35/,A m -1. The working equations 
given with the instrument were corrected as described by 
Tomimatsu and Palmer ̀ )0. The optical alignment was 
checked by measuring at 546nm the angular scattering 
envelope between scattering angles of 0= - 4 5  to - 1 3 5  ° 
at 5 ° intervals for both cyclohexane and a solution of 
fluorescein 21, 1/ ,gcm -a in 0.1 moldm-`) aqueous sodium 
acetate. A cylindrical scattering cell (Brice-Phoenix C- 101) 
fitted with a standard taper cone and cap was used. The 
normalized scattering envelopes IosinO/Igo(l+cos`)O), 
where Io is the intensity at a scattering angle 0, had the 
values 0.996, standard error 0.009, for cyclohexane, and 
1.002, standard error 0.009, for fluorescein, 

For measurements of turbidity, solutions were filtered 
into the scattering cell through a sintered glass ultrafine 
disc (Corning Glass 36060) mounted in a specially 
designed filter to which a slight pressure of  inert gas could 
be applied. This operation was conducted in the dry box. 
The cell was semi-octagonal (Brice-Phoenix D-103), and 
was fitted with a standard taper cone and cap. After 
transferring the cell to the photometer, the solution was 
examined for dust particles with a travelling microscope, 
and its dissymmetry Z = I a s / l l a 5  was measured. If 
0 ' 95<Z<1 .05 ,  the turbidity and depolarization were 
measured at 22 + 2°C. In general the depolarization was 
identical for the solvent and for solutions of the titanium 
oxide trimethylsilyloxides. The cell was then returned to 
the dry box, and the concentration of the solution was 
determined by evaporation of an aliquot or by differential 
refractometry. The accuracy of the photometer was 
tested by measuring the turbidity of aqueous sucrose 
solutions ̀ )̀ ) in the above manner. It was found necessary 
to add activated charcoal to these solutions before filtra- 
tion in order to achieve satisfactory dissymmetries. For 
four concentrations of sucrose, the average difference of 
the measured turbidities and those given by Maron and 
Lou`)`) was 0.8 %. 

Numerical least-square analyses (including estimated 
standard deviations) were carried out by standard 
methods ca, using computer programs written in Fortran 
IV. 

RESULTS AND DISCUSSION 

Degree o f  polymerization 
Ti(OSiMea)4 is clearly monomeric in dilute cyclo- 

hexane solution. Previous measurements n by ebullio- 
scopy gave a degree of  polymerization of  about 1.2, 
which we believe may have been due to the volatility of  
the solute in boiling cyclohexane. The magnetic suscepti- 
bility and u.v./visible spectrum confirm that titanium is in 

the expected d o configuration in both Ti(OSiMea)4 and 
the oxide trimethylsilyloxides. 

Table 1 lists the number-average molecular weights a7¢,, 
determined from cryoscopy in cyclohexane. The values of 
2n can be used in the formula for the oxide trimethylsilyl- 
oxides to calculate formula weights (equation (1)), and 
these can be combined with M ,  to give the number-average 
degrees of polymerization, &,  No degrees of  polymeriza- 
tion less than eight were found, in agreement with pre- 
vious workL The results of Table 1 fit the equation 
1 /~n=a+b2n ,  with a= l .050 ,  o(a)=0.093, b = - 0 . 6 2 1 ,  
a(b)=0'059, where (r(x) is the standard error in x esti- 
mated from least squares analysis. These values are in 
good agreement with those of Bradley and Demas`),9- 
a=1-027, (r(a)=0.023, b = - 0 . 6 0 3 ,  ~(b)=0"018. The 
general theory of regular polymer series 9 gives linear 
relations between l/filn and 2~ for four different models. 
The model which best fits the data for the titanium oxide 
trimethylsilyloxides is model I, which consists 9 of a 
mixture of two types of  homogeneous, linear or branched, 
polydisperse chains. Quantitative treatment 9 of  the data in 
Table I indicates the two chains A and B consist of repeat- 
ing units containing eight Ti and twelve O atoms. The 
repeating units of  A-type chains are linked by single 
oxygen bridges between Ti atoms, while the repeating 
units of  B-type chains are linked by two oxygen bridges. 
Type A chains contain a mole fraction c~ = 0.44, ~(c~) = 0.11 
of the metal atoms, and comprise a mole fraction/3 = 0.39, 
c,(/3)=0.15 of the molecules, in good agreement with the 
values found previouslyg: c~=0-38, c~(~)=0.04*, /3--0-34, 
a(fi)=0.06. These latter values are based on a larger 
number of samples, and will be used in further calcula- 
tions. 

The average degrees of polymerization of the two 
chains are given byg: 

~A = o~,/fl. #B = (1 - a)#./( I -/3) (2) 

and the calculated values of the corresponding number- 
average molecular weights M;} and 37/), ~ are listed in 
Table 1. The mass fraction of chains A, WA. and the 
quantity : 

- -  * , ~ A - -  B M. = wAM,, + v, ~M,, (3) 

which arises in the theory of light-scattel'ing '-'4 can be 
found readily and are also listed in Tabh, 1. 

Figure I gives possible structures`) for the octameric 
unit and the chains of  types A and B. These structures are 

* The standard error o(a) involves o(alb), given by a(alb)21(a/b) 2= 
o(a)2/a 2 + o(b)2/b 2 -2p(a, b)o(a)a(b)/ab and not the expression given 
elsewhere 9, where p(a, b) is the correlation coefficient for the para- 
meters a and b. 
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a e - T i  o - O  e -  SiM¢ 3 

b 

C 

Figure 1 Possible structures of titanium oxide trimethylsilyl- 
oxides. (a) TisOz2(OSiMe~)s; (b) type A chains; [TisOz2Oz_zm 
(OX)s+2/n]n (n=l ,  2 . . . .  ); (c) type B chains, [TisOz202-2/n 
(OX)4+4/n]n (n= 1,2,...). Chains with n= 3 are shown in each case. 
X= SiMea 

meric repeating units mixed with simpler structures arise 
in the Zr Iv oxide trimethylsilyloxides a, 9. It is noteworthy 
that Ti(OSiMea)4 is a liquid at room temperature, while 
Ti(OSiEta)4 is a solid. We believe that this difference is 
due mainly to a higher entropy for  Ti(OSiMea)4, which 
arises from a tendency towards octahedral coordination 
of the Ti atoms, as found for some titanium alkoxides in 
solution 26. The bulkier OSiEta groups shield the Ti atoms 
more effectively from interactions with oxygens on 
neighbouring molecules, and as a result, the titanium oxide 
triethylsilyloxides have simple structures, except perhaps 
at high degrees of hydrolysis 6, 7 

The values of ~ and fl are not very different, and 
equation (2) indicates that fiA = ~B if c~ = ft. This may be 
the case in dioxane solution in the presence of H20, 
trimethylsilanol and hexamethyldisiloxane, and would 
imply an equilibrium mechanism 9 for the formation of the 
two types of  polymer chain analogous to the mechanisms 
proposed for the rearrangement of titanium oxide 
triethylsilyloxides 7 and titanium oxide ethoxides 9. Isola- 
tion of the products would upset the equilibrium slightly, 
so that c~-¢fl. Similar rearrangements are well known in 
silicone polymers 27. The mechanism proposed 2s for the 
formation of the organosilsesquioxanes may also apply to 
the titanium oxide trimethylsilyloxides, but no direct 
evidence is available. 

Sedimentation 
Schlieren photographs revealed two rapidly spreading 

peaks during the first ten minutes of experiments at a 
rotor speed of 700 s -1. The component with the greater 
rate of sedimentation appeared as a shoulder on the main 
pattern, and the area under the peak estimated for this 
component was roughly half that for the other component. 
Further attempts at a better resolution were unsuccessful. 
These observations suggest that the component with the 
higher molecular weight has about half the mass fraction 
of the other component, in agreement with the data in 
Table 1, provided that the refractive index increments of 
the two components are roughly equal. 

analogous to structures inferred from X-ray data for some 
crystalline organosilsesquioxanes 25, for which dodeca- 
meric molecules are also found. For the titanium oxide 
trimethylsilyloxides, sesquioxane structures would have 
the general formula [TiOa, 2OSiMe3],~,/1=8, I0, 12 . . . .  
and for these cyclic structures, the degree of hydrolysis 
would be independent of the degree of polymerization °, in 
contradiction to experiment. Dodecameric and larger 
cyclic structures cannot be ruled out, but repeating units 
linked by bridging oxygens must also be present. We 
consider the interpretation based on octameric units only 
to be the most probable. 

The structures of all the metal oxide trimethylsilyl- 
oxides appear to be determined mainly by the co- 
ordination of the metal atom, by steric effects, and by the 
nature of the alkyl groups. Thus, [Al(OSiMea)a]2 retains 
its dimeric structure in the hydrolysis products 5. The 
effect of a 4-coordinate AI atom makes simple dimeric 
units joined by one or two bridging oxygens the most 
probable polymeric structures 5. Simple structures con- 
taining one or two metal atoms per repeating unit are 
found in the Tav oxide trimethylsilyloxides 4, 9, but octa- 

Viscosity 
Table 2 gives the limiting viscosity number [7] and the 

interaction Constant k in: 

('q --  ~ 1)/r] lCs = [r/] -1- k [7] 2cs (4)  

where ~2, ~11 are the viscosities of solution and solvent, 
respectively, and c, is the concentration of the solute. The 
variation of [~/] with Mn may be expressed as (see 
Figure 2): 

It/] = ao + a l  l ~ n  (5)  

with a0=50, a(a0)=14cmag a, a1=0.033, ~(al)=0.006 
cnl 3 nlo[ -1, or as: 

[-q] = KgT~ (6) 

with K =  1.5, a (K)=0.6cmag 1, a=0.58, ~(a)=0.12. The 
dependence of [7] on molecular weight has been studied 
at low degrees of polymerization for several linear 
polymers. For example, K=0.092cmag -1, a=0 '5  for 
linear polystyrene 29 in toluene-methanol at 25°C. The 
Kirkwood-Riseman theory of viscosity of linear polymers 
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Table 2 Properties of titanium oxide trimethylsilyloxides in cyclohexane at 25°C 

Limiting viscosity number x 10 -~ 
(cmag -1) Viscosity interaction constant 

Mol H20/mol Ti, 
h [~] a[~/] k a(k) 

Apparent specific Specific refractive 
volume, -~s index increment, v 
(cm3g-9 (cm3g -1) 

O' 1 O' 973 O" 016 O" 524 O" 030 O" 78 O' 107 
0"3 . . . . .  0'114 
0"5 1.033 0"005 0"087 0"002 0"85 0"120 
1 "0 1 "479 0"012 0"017 0"001 0"89 0'134 
1 "5 1 "676 0"028 0'025 0.002 0"92 0.138 

has been extended to short chains by Rossi and Perico 30, 
who have found that [~/] is linear in M except at very low 
degrees of  polymerization, and over a short range of chain 
lenglhs departures from linearity will not be apparent. 
Despite the rigidity of  the titanium oxide trimethylsilyl- 
oxides which might be expected from the presence of the 
metalloxane bonds, these products appear to exhibit 
viscosity behaviour similar to other linear chain molecules. 

The interaction constants for the h=0-1,  0-5 and 1.5 
products follow the empirical equation 1/k=a2+a3iQn, 
with a , , = - 1 9 - 7 ,  a(a2)=0'5,  a3=0"0165, cr(aa)=0"0002 
g l mol (see Figure 2). The value of k for the h = l - 0  
product is inexplicably low. Both intermolecular and 
hydrodynamic interactions affect the magnitude of the 
interaction constant 31. Both k and the second virial 
coefficient (see below) decrease rapidly with increasing 
molecular weight, and it appears, therefore, that the 
magnitude of k is determined mainly by intermolecular 
interactions. 

Apparent specific volume 
The apparent specific volumes ~s in Table 2 and 

F~gure 3 vary with molecular weight as: 

i(~ = # .~, + g0/~Q. (7) 

with #, :0"996, a(#~) = 0-003 cmZ g -1, #0 = -281 ,  
a ( f0 )=6cm3mol  t. No dependence on concentration 
was found. If the molar volume is an additive function of 
the degree of polymerization 24, t~0= Vo-MoVr/Mr, 
~ = Vr/M~, where Mo, V0 are the molecular weight and 
molar volume of the end-groups, respectively, and Mr, Vr 
are the corresponding values for the repeating unit. If  an 
octameric molecule is taken as the end group, Mo=  1289, 
and M,. is the weighted average of repeating units with 
one and two oxygen bridges. Thus, Mr= 1028, giving 
V0= 1003, ~(V0)=6cm3mol 1, and V~= 1024, 
,~(V,.) = 3 cm 3 tool 1. Figure 1 suggests that V0 and Vr 
should be roughly the same. Repulsions between OSiMe3 
groups on adjacent repeating units, or the assumption 
that there are no solvation effects in cyclohexane (see 
below) may account for the observed difference. 

The molar volume of Ti(OSiMe3)4 is 452cm 3 mo1-1 at 
25°C. The radius R of a sphere with the same molecular 
volume (corrected for close packing), and centred on a Ti 
atom, is given by R ~ = V/4(2)1/2NA, where V is the molar 
volume, and NA Avogadro's  constant, giving R = 0.510 nm. 
The Ti-O bond distance is about 0-20nm, from X-ray 
data 32 on a titanium oxide ethoxide. This value is close to 
values given 33 for octahedral Ti~v-o  distances (0.206 nm) 
and ionic Ti~v-o distances (0-196nm in rutile), so that a 
contribution of 0.31 nm to R should be allowed for an 
OSiMe3 group. The various bond lengths, corrected for 

electronegativity ~3, are 0.177nm for O-Si, 0.189nm for 
Si-C and 0.106nm for C-H,  and the covalent radius z3 of 
H is 0-032 nm. If  we assume that the bond angles at O, Si 
and C are tetrahedral, the total length of the OSiMe3 
group, projected in the direction of a Ti-O bond, is 
0-315 nm, in very good agreement with the value obtained 

8 

1.0 ~ 0.2 

O-8 ~ O . O  
I 2 3 4 

Mnx ,O3 (9/tool)  

Figure 2 Limiting viscosity number, [r/], as a function of number- 
average molecular weight,/~n. ©, viscosity interaction constant, 
k, as a function of number-average molecular weight; O, the lines 
are drawn using the least-squares parameters given in the text 
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Figure 3 Apparent specific volume, ~s, as a function of number- 
average molecular weight. ©, Refractive index increment, v, as a 
function of number-average molecular weight; O, the lines are 
drawn using the least-squares parameters given in the text 
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from the equivalent radius. For a cubic octamer with 
Ti-O-Ti  bond angles of 180 ° (Figure 1), the radius swept 
out by the centres of the Ti atoms is 0.346nm. The 
equivalent radius of the octamer is thus 0.346+0.315= 
0.661 nm, giving a molar volume of984cm 3 mol -t,  a value 
that is only 2 % lower than the observed value of V0. A 
value of R=0.665nm would give exact agreement. We 
conclude that the model based on octameric repeating 
units is entirely consistent with the dependence of the 
specific volume on molecular weight. 

Specific refractive index increment 
Table 2 and Figure 3 give values of the specific refractive 

index increment, v, for each polymer in cyclohexane, while 
Table 4 gives values in other solvents for the n=0.5  and 
1.5 products. No dependence of v on concentration was 
found. In cyclohexane, the results follow the equation: 

= ~ = + ~ o / ~ .  (8 )  

with v~=0"156, a(vo~)=0"002cm3g -1, v0= -62"0, 
o(v0) = 3"4 cm 3 mo1-1. For the other solvents, v o~ has been 
estimated from equation (8) and the data in Table 3. 

The general theory of refractive index increments gives, 
for Lorenz-Lorentz refractions 24, 

vo=(n~ + 2)2[ao-~o(n~- l)/(n~ + 2)]/6nl (9) 

v~=(n~ + 2)2[R~-f%(n~- l)/(n~ + 2)]/6nt (10) 

where nl is the refractive index of the solvent, go and t~  
have been defined in equation (7), and 

ao = R o -  MoRt~Mr (11) 

R~=Rr/Mr (12) 

where Ro, Rr are the molar refractions of the end groups 
and repeating units, respectively. For a mixture of two 
polymers A and B the average values: 

- _ A +WBV~ (13) Vo~ - -  WAYoo 

vo = flv0A + (1 -- 13) v0 B (14) 

apply 24. The refraction of Ti(OSiMe3)4 is 116.17cm 3 
mo1-1 at 25°C, and bond refractions 27 give a refraction of 
24-46 cm ~ mo1-1 for each OSiMe3 group. The Ti-O bond 
refraction is therefore 4.58cm3mo1-1, within the range 
given for various titanium-oxygen compounds by 
Takatani 34. The experimental data in cyclohexane and 
equations (9) to (14) give R~=0.3376cm 3 g - t  
a0=-94"7cmamo1-1,  and Rr=347cmZmo1-1. R0=341 
cm3mol -t. For a cube-shaped octameric unit, there 
are eight OSiMea groups, eight 'normal' Ti-O bonds, 
and 24 Ti-O bonds in the cube, giving an average 
bond refraction of 4.5 cm ~ mol - t  for a Ti-O bond in the 
Ti8012 cube. A similar calculation using Rr gives 
8-2cmamol - t  for the Ti-O bond refraction, which 
includes bridging Ti-O bonds in the average. For com- 
parison, the principal refractive indices of TiOz (rutile) 
are 35 n,=2.6505, n~=2.9467 at 546nm, and the molar 
volume is 25 18.80cmamol -t.  If we take the mean 
refractive index as 36 (n~no~) t/3, the refraction is 25.91 cm 3 
mol 1. Evidently, introduction of bridging oxygen atoms 
between repeating units increases the average Ti-O bond 
polarizability towards that found in TiO2 and is therefore 
an indication of greater ionic character in the bond. 

Refractive index increments in solvents other than 
cyclohexane decrease rapidly with the refractive index of 
the solvent. According to equations (9) and (10), 
6n 1 v / (n  2 + 2) 2 should be linear in (n~ - l)/(n~ + 2) if g0 and 
#~o are independent of the nature of the solvent. Figure 4 
shows clearly that this is not the case. The values of v~ 
and #~ in cyclohexane can be used to calculate the 
specific refraction R co for the solid polymer from equation 
(10), and values of ~ in other solvents can then be calcu- 
lated from the specific refractive index increments. These 
values are given in Table 4. Except for benzene, the values 
in all the solvents are probably the same within experi- 
mental error, and give ~=0  at a refractive index nt of 
about 1.66. 

Light-scattering 
Values of Hcs/T as a function of polymer concentration, 

c8, are given in Figures 5 and 6, where H =  32rr3n~v2/3 MNA, 
A is the wavelength of light in vacuum (here, 546 nm), NA 
is Avogadro's constant, and ~- is the turbidity in excess of 
the turbidity of the solvent. In Table 3, the observed 
molecular weights, Mobs, and second virial coefficients, 
Aobs, found from: 

Hcs/~" = 1/Mobs + 2AobsCs (15) 

are given. For a single polydispe_rse solute, the true 
weight average molecular weight Mw and second virial 
coefficient A 2 are 24: 

~tw=(V/Voo)2(Mobs-JQn)+ lQn (16) 

A 2 = Aobs(vMobs/V o~Mw)2/ 

[ l  + (2vo/voo~%)(1 + vo/2v~rw)] (17) 

and these values are also given in Table 3. In Table 4, 
molecular weights in other solvents are given, along with 
the values of ~fftw computed from equation (16). These 

0"10 

A 

t'n E 

0-05 + 

> 

,.0 

O'OO 
0"25 0"35 

• O. 

o @ 

o • 

0 " 3 0  

(,,~-,)I(~,~+2) 

Figure 4 6nz,/(n21+ 2)2 as a function of (n~- l)/(n2] + 2) ;h=0.5, O; 
h=1 .5 ,  @ ; infinite molecular weight, /~.  The lines are drawn using 
equations (8) to (10) and the parameters found in cyclohexane 
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Figure 5 Hcs# as a function of polymer concentration, cs, for 
cyclohexane solutions of hydrolysis products with h= mol water 
added/tool Ti. ©, h=0.1;  O, h=0.3;  x ,  h=0.5;  IS], h = l . 0 ;  
A , h = l , 5  

Table 3 Molecular weights and virial coefficients of titanium 
trimethylsilyloxides in cyclohexane at 25°C 

Molecular weights Second virial coefficients 
Mol H~O/mol x 10 -3 (g mol-1) x 104(cm 3 g-2 mol) 

Ti, h Mobs a(Mobs) Mw Aobs a(Aobs) A2 

0"1 6"89 0'02 3"97 3"2 0"4 5"8 
0'3 7'62 0-06 4-74 3"3 0"3 3"9 
0"5 11"8 0'2 7"96 2"4 0"2 2'7 
1"0 13'g 0"1 11'0 1"4 0"1 1"5 
1'5 20"8 0'3 17'1 1'0 0'1 1'1 

1.2 

. ~ , . , s  ~ ' ~ ' ~  

o 
x 

u" 

0 O 0  0 0 I  0 02 0"03 

Cs (g/cm 3 ) 

Figure 6 Hcs/~ as a function of polymer concentration, cs, for 
solutions of hydrolysis products h=0.5 ( ) and h=1.5 ( . . . .  ) 
in various solvents; @, CCh; /k, benzene; A,  chlorobenzene; _ ,  
bromobenzene 

values vary markedly with the refractive index of the 
solvent, and provide confirmatory evidence that more 
than one component is present z4. For a mixture of two 
components, Mobs is given by24: 

-~Mobs=-;21~n+-~(i~jw_l~n)+2(P_R)(v~ B - 
-v~)v~+ 

( Q - S ) ( v ~ -  v~)2+ 2R(v vB)-;+ S(v A -  vB) 2 (18) 

where 3~¢* has been defined in equation (3), and the 
parameters of heterogeneity are24: 

--~ --B } P = wawB(M;~,- M w) 

R = WAWB(21,Ti~ -- M ~) (1 9) 
S= WawB(wB~.~ + wA~. ~) 

W _ .  . alues of M,, (Table 1), R and S can be calculated readdy, 
but 114;~, and _JQ~ are separately unknown. The procedure 24 
of expressing Mobs as a quadratic function of 1/v is too 
sensitive to errors in Mobs, and gives unreasonable values 

Table 4 Properties of titanium oxide trimethylsilyloxides in various solvents at 25°C 

Specific refractive index 
increment, 546nm 
(cm3g -z) 

Mol H=O/mol Ti, nz 
h Solvent (546nm) ; voo 

Apparent 
specific 
volume, ;,oo 
(cm3g -z) 

Molecular weights x 10-4(g -1 mol-Z) 

Mw 
Mobs a(Mobs) (eqn. (16)) 

0.5 

1.5 

Cyclohexane 1.4265 0.122 0.156 0.996 1.18 0.02 0.796 
CCI4 1.4677 0.116 0.135 0.97 1.24 0.03 0.967 
Benzene 1.5056 0.083 0.125 0.83 1.71 0.28 0.860 
C h[o robenzene 1.5293 0.045 0. 077 0.97 8-14 0.12 2.55 
Bromobenzene 1.5641 0.022 O. 064 0.94 28.7 5.2 2.85 
Cycloh exane 1- 4265 0.138 0.156 0.996 2.08 0.03 1 • 71 
CCt4 1.4677 0.125 0.135 0.97 2.59 0.05 2.27 
Benzene 1 • 5056 0.103 0.125 0.83 3.07 0.38 2.20 
Chlorobenzene 1.5293 0.060 0.077 0.97 9.35 0.23 5.79 
Bro moben zene 1.5641 0.042 0.064 0.94 22.1 0.3 9.64 

P O L Y M E R ,  1972, Vo l  13, J u n e  271 



Titanium oxide trimethylsilyloxides : D. E. G. Jones and J. W. Lorimer 

300  % '  

"~ 200 

to_ 
x 

I >  

i> 8 

I >  

I 

0 

I0O 

I I / ~ ,  I c v 
2 3 8 9 

1~,:,o/~ ) 2 

Figure 7 Mobs-Kl~2-K~oo/~ 2 as a function of (~co~)2. ©, O, 
h=0"5 product; A, A,  h=1.5 product. Straight lines calculated 
from results in cyclohexane and equation (20). Open symbols: 
/(1=/(2=0 (i.e., ordinate gives Mobs). Solid symbols:/(1, Ks from 
Table 5 

for/ffw. An alternative procedure is to note that Mn and 
h~t~ are nearly equal (Table 1), and that the correction 
terms for heterogeneity in equation (18) will be negligible 
in solvents with refractive indices far from the refractive 
index of  the pure polymer 24. The value of v ~/v approaches 
unity for solvents with refractive indices far from that of  
the polymer, and the convergence of Mobs in Figure 7 (open 
symbols) to a limit at small values of  voo/v indicates thus 
that the values of /Qw in cyclohexane calculated using 
equation (16) and listed in Table 3 are approximately 
correct. The terms containing R and those containing S in 
equation (18) cancel roughly and we expect that 24 v A -  v B 
and a v B  vco - co are nearly independent of  the refractive index 
of the solvent. With these approximations, equation (18) 
becomes: 

;2(Mobs -- M,~) -- 7~ (]l~w - il4,~) = Kz + K~Y co (20) 

where Kz"~ Q(v~ - v~) 2, K2 ~ 2  P (v~ - v~). Least-square 
values for K1 and K2 are given in Table 5 for the products 
h=0.5  and h =  1.5. In Figure 7, the general agreement of  
values of  Mobs -- K1/; z -  K2v oo/v ~ (solid symbols) with the 
straight lines M,+(Mw--M, ) (vodv)  indicates that 

Table5 Parameters of heterogeneity 

Mol H20/mol Ti, h 

Parameter 0.5 1.5 

/(1, equation (20) (cmSg -1 tool -1) 215 519 
a(Kz) (cm 6 g-Z tool-X) 32 44 
/(2, equation (20) (cmamo1-1) -1430 -3310 
a(K~) (cm a mol -z) 270 380 
Molecular weights x 10-3: 

f~A 14 30 
~A~ - 4'0 8"4 

vB (cm a g-S) --0.30 --0'32 

equation (20) is a reasonable approximation. I f  Mw/Mw-a - 

and --B -- Mw/Mw are the same for both products, the ratio of  
the two values of either K1 or K2 should be equal to 2.3 
(the ratio of  the two values of/Qu,), since w~ is very nearly 
constant (see Table 1). The ratios from Table 5 are 2.3, 
cr = 0"2 for Kz and 2.4, ~ = 0.2 for K2. The ratio K1/K2 in 
cm3g -1 is 0.30, a=0 .02  for h=0.5  and 0.31, a=0.01 for 
h=1.5,  indicating that --A - B  Mw/M w is the same for each 
product. 

Since K~/4KI=p2/Q is independent of  v A and v B co co, 

values of  this ratio can be used with equation (19), the 
values of  wA from Table 1, and the equation 

- -  - - A  - -  B - - A  - -  B v A _ _  B Mw = wAMw + wBM w to calculate M w, M w and co vco. A 
quadratic equation is obtained for h~tA, and the solution 
is chosen that makes 3~¢ A'- ~tTB Values obtained by this 

w - -  " ' = w "  

method are given in Table 5. The uncertainties in the 
molecular weights are large, and difficult to estimate, but 
high weight-average molecular weights of one com- 
ponent seem to occur, possibly as a result ofintermolecular 
condensation processes during hydrolysis, as discussed 
above. The values of  v A -  v B are abnormally large, and 

co go 

difficult to reconcile with the evidence from uitracentri- 
fugation, where the refractive index increments for each 
component seem to be very similar. In addition, estimates 
of  v A -  v B based on the models in Figure 1 and on bond 

go go 

refractions give values about ten times smaller than those 
in Table 5. A recalculation of all the data for the h=0.5  
product, using a model consisting of a mixture of  
octamers with heterogeneous chains 9 containing both 
singly- and doubly-bridged octameric units, gave even 
more unreasonable values for v g v B However, light- 

c o - -  co. 

scattering molecular weights are not very precise in 
solvents in which the refractive index increment is very 
small, and we do not consider that the values in Table 5 
are more than order-of-magnitude estimates. 

The second virial coefficients given in Table 3 depend on 
molecular weight as A2Mw=2"O, a=0"3cmag  -1. We 
postulate that, for h = 0.1, interactions between Ti and O 
atoms on different molecules are large. As the degree of 
polymerization increases, these intermolecular inter- 
actions are decreased by removal of  OSiMea groups, and 
by the increase in intramolecular interactions, namely 
formation of titanoxane bonds and interactions between 
neighbouring octameric units. The virial coefficients 
therefore decrease rapidly with increasing molecular 
weight. 

The model on which the above discussion is based gives, 
on the whole, a self-consistent picture of  the properties of  
the titanium oxide trimethylsilyloxides in solution. A 
successful fractionation procedure would probably enable 
further progress to be made in the elucidation of the 
structure of  these polymers and others of  the same 
generic type. 
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Refractive index increments of 
polymers in solution: 
3. Dependence on concentration 
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The coefficient a2 in the empirical equation An/Cs= v+a2Cs for the refractive index 
increment of a polymer in solut ion is shown to be: 

a2 = (3nl e -  2) v2/2nl(n~ + 2) - (n~-  1 )(nle + 2)(OVs/OCs)/12n1 

where n l  is the refractive index of the solvent, v is the refractive index increment at 
infinite dilution, OVs/OCs is the change in partial specific volume with concentra- 
tion, and Lorenz-Lorentz refractivities have been used. Experimental values of a2 
may be used to obtain OVs/OCs, in favourable cases, and estimates of a2 itself can 
be made. The dependence of a2 on temperature and wavelength can also be 
found accurately from the above equation. 

INTRODUCTION 

The refractive index n of  a solution containing a polymer 
of  concentration Cs (in mass per unit volume) depends on 
concentration as: 

An/cs = (n - n 1)/cs = v + a 2 cs (1) 

where nx is the refractive index of the solvent, 
v=(On/Ocs)cs=o is the specific refractive index increment 
at infinite dilution,* and az depends on wavelength and 
temperature. Experimental evidence in support of  equa- 
tion (1) has been summarized by Huglinl, L The only 
deviations from equation (1) that occur appear to be con- 
nected with gross structural changes in the solution z, z 

The relation of the coefficient az to other optical and 
thermodynamic properties of  the solution has not been 
investigated. In Part 1 of  this series 4, a general equation 
for the derivative On/Ocs at any concentration was 
deduced, based on only two assumptions. The first 
assumption is that the specific refraction R~ of a com- 
ponent i in solution is given by: 

Ri = f ( ni )v~ = Kigt( ni, ui ) (2) 

where m, vt, u~ are the refractive index, specific volume 
and molecular parameter 4 for each of the q pure corn- 

* Partial derivatives without subscripts other than cs=O indicate 
differentiation at constant temperature T, pressure P and wave- 
length A. For derivatives such as an/ac,, T, P, A and all other con- 
centrations are held constant 

ponents of  the solution, K~ is assumed to be independent 
of  temperature and pressure, and f ( m )  and g~ are func- 
tions which may be empirical, but preferably are obtained 
from theories of  polarizability. The second assumption is 
that, for the solution (component 1 is the solvent): 

q 

f ( n )  = Y~ ¢~f(ni) (3) 
i = 1  

where ¢~= V~/V is the volume fraction of component i, 
defined as the ratio of the volume Vi of pure component i 
to the volume V of the solution. Additivity of volumes is 
not assumed. For the purposes of this paper, the Lorenz- 
Lorentz form o f f ( n 0 :  

f ( n i )  = (n~-- 1)/(n~ + 2) (4) 

with g~ = 1, is of sufficient accuracy, and the equation for 
On/Ocs is 4: 

Of (n)/Ocs = [Of (n)/On] [On~Oct] 

q 

= Y, f l~v~f(nO- ¢ lf~sf(n 1)/(1 -- csf~s) (5) 
i = 2  

where/3~ is the relative mass fraction of component i in the 
polydisperse solute, and Os is the partial specific of the 
polydisperse solute. 

Equation (5) contains information on the dependence 
of n on concentration. In this paper, we express this 
dependence in the form of equation (1), and calculate an 
explicit equation for az. 
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Figure 1 Terms t1=(an'~- 2)/2n~(n~+ 2), t~=(n~-1)(n~+ 2)/12nz in 
equation (12) and the ratio tl/t2 as a function of nh the refractive 
index of the solvent 

THEORY AND DISCUSSION 

Expansion of n as a function of e~ ( i=2  . . . .  q) about 

q 

Cs = Z Ci = 0  
i = 2  

in a Taylor series gives: 

q 

n = n 1 + >', (dn/OeOci=oci + 
i = 2  

q 

(1/2) Y, (OZn/Oc~OCj)c~=cj=oeie~ (6) 
i,j=2 

to terms in the square of the concentration, or, since 
fl~ = e~/c~ and 

q 

v = Z fl~(On/OcOci=o (7) 
i = 2  

then 

An/cs = (n - n O/Cs 

q 
= v+(1/2) 5", fliflj(O2n/Oc~Oej)ei=ej=oc, (8) 

i , j=2 

However, 

q 

02n/OcZ. = Z (02n/Oc~OeJ)(Oc~/Oc,)(Ocj/Oc,) 
i , j=2 

q 
= Z fl~flJ(O2n/Oc~Oej) 

i , j = 2  

so that equation (8) becomes: 

An/es = v + (1/2)(OZn/Oc~)c=ocs (9) 

The second derivative in equation (9) is evaluated by 
finding a2f/Oc~ from equation (5), and equating the result 
to the second derivative of f ( n ) = ( n 2 - 1 ) / ( n Z + 2 )  with 
respect to cs. Since the fl~ values are constants for a given 
polymer sample anda: 

0¢ 1/OCs = ¢ l fs/(1 -- Cses) (1 O) 

Refractive index increments (3) • J. W. Lorimer 

the results of the differentiations give: 

02f/Oe~ = 6n[O2n/OeZs + 

(2 - 3n2)(On/Oes)2/n(n + 2)]/(n 2 + 2) 2 

= -- ¢ l f ( n  1)(0f~s/0es)/(1 - esfs) 2 (11) 

In the limit cs ~ O, where ¢1 ~ 1, n ~ n~, we have: 

a2 = (l/2)(02n/Oc~)cs=o 

= (3n~- 2) v2/2n l(n~ + 2) - 

( n ~ -  1)(n~ + 2)(OOs/Ocs)/12nl (12) 

where the derivative of ~s is evaluated at infinite dilution. 
For a given mass of solvent, it is found readily that: 

O~,/Oes = (WlV2/fJ1)(O2fE/Ow~) (13) 

where t~ is the partial specific volume of the solvent, w~ 
the mass fraction of the solvent, and ~E the excess specific 
volume of the solution. In the limit wl ~ 1, 

O~s/Ocs = v~ 02VE/Ow~ (14) 

Thus, the derivative in equation (12) is a measure of the 
curvature of the excess volume-composition curve at 
cs=O. 

Several features of equation (12) should be noted. 
Equation (12) contains no unknown averages, and will 
depend on molecular weight through the dependence of v 
and O~s/Ocs on molecular weighP. The dependence of a2 
on nl, the refractive index of the solvent, is illustrated in 
Figure 1, where the coefficients h = ( 3 n ~ - 2 ) / 2 n l ( n 2 1 +  2) 
and t 2 = ( n ~ - 1 ) ( n ~ + 2 ) / 1 2 n l  from equation (12) and the 
ratio h / t2  are given as functions of nl. The ratio t~/t2 
becomes unity at nx = 1.628, while the coefficient t~ goes 
through a shallow maximum at na =2"076. For values of 
v z and OOs/Oes of the same magnitude, both terms in 
equation (12) are of importance at all practical values of 
n~. In many cases, Ofs/Oe8 is probably much smaller in 
magnitude than v 2, so that a2 will be positive. 

Differentiation of equation (12) with respect to tem- 
perature gives, at constant pressure P and wavelength ~, 

(Oaz/O T)p.  A = ( 3n2 - 2) v(a via T)p, a/rl l(n~ q- 2) - 

( n ~ -  l)(n~ + 2)[0(0tSs/0 T)/OCs]p. x / 1 2 n l -  

[(3nl - 12n~ - 4) vz/(n~ + 2)2 + (3nl + n2 + 2) × 

(Ofs/Ocs)/6](an 1/0 T)p. a/2n~ (15) 

The derivative (Oa2/OP)~,,a is of the same form as 
equation (15), with P replacing T. The derivative 
(0a2/0;~)1,, e is also of the form of equation (15), with A 
replacing P and 02fs/OcsOA=O. The temperature and 
pressure derivatives of az involve the temperature and 
pressure coefficients of ~s (the partial specific expansibility 
and partial specific compressibility, respectively). These 
coefficients are probably negligible in most polymer 
solutions compared to the terms involving the derivatives 
of v and of nl. 

Several illustrations of the use of equation (12) for a2 
follow. For egg albumin 6, a typical globular protein, 
n 1~ 1.33, v = 0.190 cm a g-l,  and the maximum concentra- 
tion investigated by Perlmann and Longsworth e was 
c s=0" lgcm -a. These values give a maximum 
a2cs=O.OO12cm a g-l,  if Of~s/Ocs=O, which is the s a m e  
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order as the maximum spread (0.0009) and the standard 
deviation (0.0004cmag -1) of the experimental results. 
Variations of v with composition are thus expected to be 
of the same order as the experimental error. 

For polystyrene and poly(methyl methacrylate) in 
various solvents, Of;s/acs=O. In toluene, with nl,~ 1.5, and 
a maximum cs=0.02 g cm -a, the maximum value of  a2c, 
is only 10 -4 for polystyrene and 10 -6 for poly(methyl 
methacrylate), compared to experimental errors s of about 
1 x 10-4cmZg -1 in v. No dependence of v on concentra- 
tion is predicted, in agreement with experiment s . 

For  polydimethylsiloxane (PDMS) in toluene, experi- 
ment a gives az = 0.104 cm 6 g-2 at 436 nm and at 15-35°C. 
The calculated value of a2 from the first term of equation 
(12) is 0.004 cm 6 g-2, giving Of)s/Ocs = -0 .339 cm 6 g-2. At 
546nm, a similar calculation gives O~s/Ocs=-0"325 
cm 6 g-2, in good agreement, No measurements of  ~s as a 
function of concentration seem to have been reported for 
PDMS. However, measurements of osmotic second virial 
coefficients 10 suggest that PDMS molecules associate in 
solution, and the large negative value for O~s/Oc8 probably 
reflects such association. In favourable cases, therefore, 
measurement of the concentration dependence of  the 
specific refractive index increment can lead to information 
concerning the concentration dependence of the partial 
specific volume ~s, just as measurements of  v lead to 
information about/~s 4' 11. On the other hand, ifOf;s/Ocs and 
v can be estimated, equation (12) may be used to predict if 
An/cs should vary measurably with concentration. 

For  a mean value af)s/Ocs = 0.33 cm 6 g-e in toluene, and 
O~f~s/OTOcs=O, Onl /OT=5.6x  lO-4K -1, equation (15) 
gives ( O a 2 / O T ) e , ~ = - l ' 1 5 x l O - 4 K  -1 for PDMS at 
436nm, which is outside the precision of  the measure- 
ments of  a2, in agreement with experiment a. The observed 
dependence of v on ~ is roughly linearg: 

(Ov/O;t)~, p =  1"0 x 103cm2g -1 

With (Onl/O)OT , p =  - 1.55 x 103cm -1, equation (15) gives 
(Oa2/O~)T, p = - 4 . 4 x  102cmSg -2. The observed value a is 
- 4-5 x 102 cm s g-2, in excellent agreement. We conclude 

that equation (12) gives a2 to sufficient accuracy under a 
wide variety of conditions. 

M~ichtle and Fisher 12 have used a form of equation (5) 
at infinite dilution to deduce the dependence of v on 
wavelength, and Heller 11 has used essentially the same 
equation 4 to discuss temperature coefficients of v and t~s. 
Dependence of v on molecular weight has also been 
considered2,5, 11. The equations given above for the 
dependence of An/cs on concentration, along with the 
rigorous formulation a of the basic equations, complete 
the theoretical basis for estimation of refractive index 
increments at any given temperature and wavelength 
from the properties of the solvent and polydisperse solute, 
or, conversely, for the estimation of properties of  the 
solute from measurements of dn/dcs. 

ACKNOWLEDGEMENTS 

The research for this paper was supported, in part, by 
grants from the National Research Council of Canada 
and the Defence Research Board of Canada (grant no. 
7583-04). 

REFERENCES 

1 Huglin, M. B. J. AppL Polym. Sci. 1965, 9, 3963 
2 Huglin, M. B. J. AppL Polym. ScL 1965, 9, 4003 
3 Matsumoto, M. and Ohyanagi, Y. J. Polym. Sci. 1958, 31,225 
4 Lorimer, J. W. Polymer 1972, 13, 46 
5 Lorimer, J. W. and Jones, D. E. G. Polymer 1972, 13, 52 
6 Perlmann, G. E. and Longsworth, L. G. J. Am. Chem. Soc. 1948, 

70, 2719 
7 Schulz, G. V. and Hoffmann, M. Makromol. Chem. 1957, 23, 220 
8 Bodmann, O. MakromoL Chem. 1969, 122, 196 
9 Nilsson, R. and Sundel6f, L.-O. MakromoL Chem. 1963, 66, 11 

10 Kuwahara, N. and Miyake, Y. Kobunshi Kagaku 1961, 18, 153; 
Chem. Abstr. 1961, 55, 22894g 

11 Heller, W. J. Polym. ScL (A-2) 1966, 4, 209 
12 M~chtle, W. and Fischer, H. Angew. MakromoL Chem. 1969, 7, 

147 

276 POLYMER, 1972, Vol 13, June 



Gel permeation chromatography: 
the behaviour of polystyrenes with 
long-chain branching 

d. Pannell 
Imperial Chemical Industries Limited, Plastics Division, Welwyn Garden City, Herts, UK 
(Received 18 November 1971) 

The gel permeation chromatography (g.p.c.) behaviour of a wide range of 
branched polystyrenes, in which the branching frequency and the branch length 
are varied, is described. It is found that, qualitatively, the separation of these 
branched polymers by g.p.c, does depend on size but contrary to other results 
reported in the literatu re, the hydrodynamic volume [fi lM of the polymer molecules 
is not the appropriate size parameter to use. That is, a single plot of Iog[T/]M 
against elution volume embracing all the branched polystyrenes prepared and 
linear polystyrenes is not obtained. Because the mean square radii of gyration of 
these branched polystyrenes could not be measured directly no positive evidence 
as to the nature of the correct size-separation parameter was obtained. It is 
pointed out that, even if the correct size-separation parameter were known, g.p.c. 
could not be used to characterize branched polymers unambiguously. 

INTRODUCTION 

Existing empirical evidence suggests that separation in 
gel permeation chromatography depends on the size of 
the polymer molecules, the most widely used measure of 
the size being the hydrodynamic volume [~]M, where [7] 
is the intrinsic viscosity and M the molecular weight. 
This was first shown to be the case by Benoit et al. a who 
obtained a single calibration curve of log [~]M against 
elution volume not only for a number of chemically dif- 
ferent linear polymers and copolymers in a common 
solvent, but for some star-shaped and comb-shaped 
branched polymers also. Since then single plots of 
log [~]M against elution volume have been obtained by 
Drott and Mendelson ~' and by Wild and Guliana 3 for 
fractions of linear and branched polyethylene, by 
Johnson and Adams 4 for some linear and tetra-chain star- 
branched polybutadienes and by Berry 5 for some linear, 
star-shaped and comb-shaped polystyrenes. Similarly, 
single universal calibration plots of logbT]M against 
elution volume have been obtained by Boni et al. 6 for 
fractions of linear polyethylene, polystyrene and poly- 
butadiene, and by Coll and Gilding v for fractions of 
polystyrene, poly(c~-methyl styrene) and polypropylene. 

The use of the hydrodynamic volume of a polymer 
molecule as the correct size parameter to use in gel 
permeation chromatography (g.p.c.) has, however, been 
questioned by Dawkins 8, who considers that separation 
depends on the mean square unperturbed radius of 
gyration, <So>, of the molecule. Support for this view 
was sought by examining linear polymers with appreci- 
ably different Mark-Houwink exponents in a common 
solvent, but it turns out that plots of log [~]M and log (S~ )  
against elution volume both give equally good correla- 
tions, i.e.g.p.c, elution data on linear polymers provides 

no basis for choosing between [~]M or ~S~) as the correct 
size parameter for universal calibration. 

The view has been expressed by Casassa and Tagami 9 
that only by studying the elution behaviour of branched 
polymers might it be possible to decide which of the 
several possible size parameters is appropriate to separa- 
tion in g.p.c. Although the results on star-shaped and 
comb-shaped branched polymers referred to earlier 
indicate that hydrodynamic volume is the correct size 
parameter, a much wider range of branched polymers 
needs to be studied to settle the issue. The aim of the work 
described in the present paper was to study the elution 
behaviour of a reasonably wide range of branched 
polystyrenes and to determine, if possible, which of the 
possible size parameters is appropriate to their separation 
by g.p.c. The difficulties of using g.p.c, to characterize 
branched polymers, even when the appropriate size 
parameter is known, are briefly discussed. 

EXPERIMENTAL 

The linear and branched polystyrenes used in the present 
study were prepared anionically, and some details of their 
syntheses and properties are given elsewhere 1°. As pre- 
pared, each of the branched polymers was associated 
with a certain amount of a linear homopolymer, this 
being the branch precursor. Since no attempt was made 
to separate the linear and branched components by classi- 
cal fractionation methods, information on the branched 
polymers was obtained by resolving the chromatograms of 
the mixtures into the two components. This resolution 
was readily achieved in all cases and was made possible 
by being able to obtain the chromatograms of the linear 
components separately (see Appendix). From the resolved 
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chromatograms the weight fraction of each component in 
the mixture was determined by area measurement (the 
composition of the mixtures were required in determining 
the intrinsic- and melt-viscosities of the branched 
polymers 1°) and the peak elution volumes of the branched 
polymers were measured. Typical chromatograms, show- 
ing the result of resolution, are reproduced in Figure 1, 
where it is seen that the component polymers have fairly 
narrow distributions. 

All samples were injected into a Waters Associates gel 
permeation chromatograph at 293K using toluene as 
the solvent and a flow rate of about 1 cm3min -1. The 
polymer samples, at 1/4% concentration (w/w), were 
injected for 1 min. Concentration effects were found to be 
small. Four columns (each 4ft  long and 3/8in. in dia- 
meter) containing Styragel were used in series and their 
characteristics are shown below: 

Pressure drop 
Waters Associates Plate count across column 
column designation per foot (Ib/in 2) 

107A 1190 28 
105A 1123 40 
104A 820 78 
250A 906 20 
Combination 1241 

The plate count of each column, and that of the combina- 
tion, was determined in the usual way by injecting a 
sample of tetrahydrofuran or o-dichlorobenzene. In the 
course of several months the calibration curve of log M 
against elution volume for the linear polymers did not 
shift appreciably showing that the column characteristics 
remained virtually unchanged over this period. 

,/ 
q 

29 
30 

28 

27 

29 

301f~ 9 28 27 

28 

/i\26 
29/ ! kJ 
1' ,,,"i""& ; i "  

Figure I Examples of the chromatograms obtained from the 
mixtures of branched and linear polystyrenes, prepared by 
reacting polystyryl potassium with chloromethylated polystyrene, 
and from the linear precursors (branches) 

Table 1 Intrinsic viscosities, molecular weights and peak elution 
volumes of linear polystyrenes 

Intrinsic viscosity 
at 298K Peak elution 

Sample [~/]ToL(dm 3 kg -1) Mn x 10 -5 volume/5 (cm! 3) 

U26 21'3" 0"36 29'8 
B114.L 28'2 0'465 29"5 
B111.L 29"7 0'496 29.5 
B112.L 28"8* 0"498 29'4 
B110.L 35"6 0'567 29'3 
B118.L 34'0 0'603 29'2 
B107.L 41"8 0'783 29'1 
B116.L 34'5 0"801 29'1 
U18 37'6* 0"824 28.9 
B105.L 48.4 0'946 28.6 
B121.L 54'1 1'11 28.2 
B123.L 52'0 1"14 28'25 
U14 54'4* 1'17 28'6 
U19 57'8* 1"18 28'2 
U29 48.1 1"22 28.4 
B108.L 63'0 1"36 28'0 
B137.L 57'2* 1"42 28"1 
U27 60'2* 1"55 27"9 
B120.L 66'3 1'57 27"8 
B130.L 69'4 1'75 27.7 
U34 68'6 1"81 27.7 
B131.L 69'8 1'96 27.7 
B103.L 78.4 2"06 27.3 
U33 72.8 2"12 27.5 
B124.L 81'6 2'13 27.6 
B122.L 104'7 2'42 27.0 
B115.L 93.8* 2"66 27.05 
B106.L 118 3'67 26.2 
U25 105.2" 3"82 26'5 
U28 105'2" 3'86 26"7 
U17 113" 4'03 26.4 
B104.L 117 4'18 26.3 
U23 120.6" 4'77 26.2 
U21 152" 6'59 25.4 
U31 190" 9"32 25.0 
U24 181" 8'91 25.1 

* Estimated from correlation plot of [r/]THF against [~/]TOZ,. Intrinsic 
viscosities in THF are given in Table 3, ref. 18 

RESULTS AND DISCUSSION 

The complete results for the linear and branched poly- 
styrenes examined in this work are given in Tables 1 and 2 
respectively. It may be seen from Table 2 that four series 
of branched polymers were studied, each series being 
characterized by a particular branching frequency. In 
each series the branch length was varied. The results for 
some calibration samples of linear polystyrenes supplied 
by Waters Associates are given in Table 3. Because the 
branched polymers were not separated from the linear 
branch-precursor polymers, no direct measurements on 
them could be carried out. The molecular weights, 
intrinsic viscosities and unperturbed radii of gyration 
given in Table 2 were therefore obtained indirectly 1°. 

Plots of log M and log [-q]M against elution volume for 
the linear polystyrenes are shown in Figures 2 and 3, 
respectively. The majority of these linear polymers have 
narrow molecular weight distributions (Mw/M~ < 1.2 in 
most cases is) so little error is introduced by assuming that 
the number-average molecular weight corresponds to the 
peak elution volume. Also shown in Figure 2 are the results 
obtained for the narrow distribution polystyrenes 
supplied by Waters Associates. The intrinsic viscosities of 
some of the linear polymers in the g.p.c, solvent, toluene, 
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Table 2 Results for branched polystyrenes 

G.p.c. behaviour of  branched polystyrenes : J. Pannel l  

Intrinsic viscosity1, of Molecular weight1" Unperturbed 
Backbone* Parent branched component at 298K radius of gyrationt Peak elution 
polymer mixture [~]m°L(dm3 kg-a) M ~ x l 0  5 M B x l 0  s <S~xb 2 volume/5(cm :~) 

U34 
~=2.55 
~=682 

Bl114 78 3.00 3.18 348 27.4 
Bl18 78 3.35 3.63 398 27-4 
Bl16.1 79 3.85 4.28 457 27-35 
B121 104 4.64 5.32 561 27.0 
B120 124 5.82 6.91 725 26.5 
B130 139 6.28 7.52 790 26.7 
B122 155 7.99 9.87 1040 25.8 
Bl15.1 151 8.59 10.7 1138 25.6 

U29 Bl10.4 91 4.50 4.91 369 26-8 
p=  5.78 Bl16.3 83 5.86 6.48 464 26.4 
A=202 B123 121 7.82 8.78 607 25-5 

B108.2 113 9.08 10.2 699 25.75 
B131 166 12.5 14.3 950 24.6 
B124.2 157 13.6 15.5 1030 25.0 
Bl15.2 191 16.6 19.0 1260 24.1 

U27 
~=8.87 
A= 168 

Bl10.1 90 6.58 7.01 475 26.1 
B107.1 100 8.49 9.12 549 26.1 
B105 129 9.94 10.7 641 25.2 
B108.1 143 13.6 14.8 844 25.1 
B103 191 19.8 21.7 1147 23.7 
B106 268 34.1 37.6 1882 23.0 
B104 282 38.6 42.6 1979 23.1 
B111 90 4.40 4.66 446 26.3 

U33 Bl12 104 11.4 12.1 521 25.3 
p=18.7 B107.5 116 16.8 17.4 647 25-0 
~= 109 B108.4 150 25.6 26.8 955 24.2 

Bl15.4 219 51.9 54-1 1530 23.0 

* See Table 1 for results on linear backbone polymers, p=average number of branches per backbone molecule 
1 Details of the determination of the intrinsic viscosities of the branched components and calculation of their molecular weights and 
theoretical unperturbed dimensions are given in ref. 10 

Table 3 Data for the polystyrene calibration samples supplied by 
Waters Associates 

Intrinsic viscosity 
at 298K N/n* Mn* Peak elution 1 

Sample ['q]'rHl," [7/]'ro~.:~ volume/5 (cm ~) 

25169 6.5 - -  4 600 5 000 32.0 
25171 9.1 - -  9 700 1u 300 31'1 

4190039 15.5 15.7 19 650 19 850 30'5 
25170 28.9 29.0 49 000 51 000 29.4 
41995 46.8 46.2 96 200 98 200 28.6 
41984 67.2 65.7 164 000 173 000 27.8 

4190037 127.6 124.2 392 000 411 000 26.2 
4190038 219 214 773 000 867 000 24.9 

61970 380 - -  1780 000 2 145 000 23'8 

* Molecular weights are those quoted by the Pressure Chemical 
Company, Pittsburgh, USA, who supply the polymers to Waters 
Associates 
t" This is the average of the figures obtained at the beginning and 
the end of the period in which the work on polystyrenes was 
carried out 

Estimated from correlation plot of ['q]THl," against [~]TOL (see 
Table 1) 

were not measured directly (see Table 1) but were esti- 
mated from a correlation plot of [~/]'rnF against [~]a'o[, in 
order to calculate the hydrodynamic volume [~]M in 
toluene. 

For the branched polystyrenes, plots of logM and 
log [~I]M against elution volume are shown in Figures 4 and 
5 respectively, where the molecular weight is given by 
M -  M • -~  ~tl~M~t/2 (This is a better approximation - -  t ) e ~ . K  - -  t l v , r  1¢' ~¢ ] • 

for these branched polymers, which have marginally wider 
distributions than the linear polymers because of the 
statistical spread in the number of branches.) Fi,~ure 4 
shows that at a given molecular weight a branched poly- 
mer elutes later than a linear polymer, and this agrees 
qualitatively with the results from other g.p.c, studies oll 
branched polymers ~ 7. Since a branched polymer mole- 
cule is smaller than a linear one or the same molecular 
weight, the result shows qualitatively that separation in 
g.p.c, depends on molecular size. 

The plot shown in Fi,q, ure 5 indicates lhat in the region 
where a comparison can be made with linear polymers, 
many of the branched polymers elute later than the cor- 
responding linear polymers with the same hydrodynamic 
volumes [,)]M, or, at a given elution volume most of the 
branched polystyrenes have larger hydrodynamic volumes 
in a good solvent (toluene) than the corresponding linear 
polymer. Thus if separation in g.p.c, depends on the size 
of the polymer molecules, then the hydrodynamic volume 
[~]M is not the appropriate size parameter for the 
branched polystyrenes considered here. 

Since this result conflicts with results already made 
known in the literaturd v, it is worth examining the use 
of hydrodynamic volume and olher possible size para- 
meters in g.p.c. 

The hydrodynamic volume of a polymer molecule is 
defined as the volume of an equivalent hydrodynamic 
sphere, impenetrable to solvent, which would exhibit the 
same frictional properties, or would enhance the viscosity 
by the same amount as the actual polymer molecule in 

P O L Y M E R ,  1972, V o l  13, J u n e  279 



G.p.c, behaviour of branched polystyrenes : J. Pannell 

6.0 

O~ 
o 

...I 

5.5 

5.0 

4'5 

o \  
"\. 

I I , I I I I I , I I 
24 25 26 27 28 

Elution volume/5 (cm 3) 

% 
\ 

I"1 

29 3O 

Figure 2 Plot of log Mn against elution volume for linear poly- 
styrenes. 0 ,  Polystyrenes prepared in this work (Table 1); [], poly- 
styrenes suppl ied by Waters  Assoc ia tes  (Table 3) 

solutionll; the concept of an equivalent hydrodynamic 
sphere is applicable to linear and branched polymers 
alike. Application of Stokes' Law and Einstein's viscosity 
relation to the equivalent sphere gives the result that its 
volume is proportional to the product [,7]M. Although 
this definition does not imply that the hydrodynamic 
volume will be proportional to the actual size of  the 
polymer molecule in solution, for linear polymer chains it 
is found to be so 12, i.e. 

[~/] M = qb<S 2>a/~ = (I)~s<s~)s/2 (1) 

where @ is a constant, 

(S  z) is the mean square radius of gyration of the 
polymer molecule in a good solvent, 

(S~,) is the mean square unperturbed radius of 
gyration, 

and ,~s is the expansion factor in the good solvent. 

Ptitsyn and Eizner is have shown that 4~ in equation (1) is 
not strictly a universal constant for all linear polymers, as 
assumed in the Fox-Flory theory, but depends on the 
Mark-Houwink exponent a: 

4) = @0( 1 - 2"63~ + 2"86~ 2) 

where 
, = ( 2 a -  1)/3 = (c~ 2 - 1)/(5~ 2 -  3) 

and 
4)o=2-86 x 1021 

Thus linear polymers with appreciably different Mark- 
Houwink exponents in a given solvent will have different 
values of ($2)  3/2 (and (S02) 3/z) for a particular value of the 
hydrodynamic volume, and vice versa. This suggests that 
in order to decide which of the size parameters [~7]M, 
<$2) a/~ or (S~) a/2 is the one most appropriate to separa- 
tion in g.p.c., a study of linear polymers with markedly 
different Mark-Houwink exponents in a given solvent is 
required. This was first pointed out by Dawkins 14 but his 
studies on polystyrene and polydimethylsiloxane in 
o-dichlorobenzene at 411K show that the g.p:c, results 
cannot discriminate between the different size parameters 
in spite of the difference in the Mark-Houwink exponents 
for these two polymers in this solvent (a=0.70 and 0.57 
respectively). At present, therefore, the results obtained 
on linear polymers do not provide a basis for deciding 
which of the size parameters is appropriate to their 
separation in g.p.c. 

For branched polymers there is no fundamental reason 
to suppose that their separation in g.p.c, should depend 
on the volumes of their equivalent hydrodynamic spheres. 
Unlike linear polymers, a direct proportionality between 
hydrodynamic volume and the actual molecular size in 
solution has not yet been demonstrated for all branched 
polymers. It is more natural to assume that the appro- 
priate size-separation parameter for branched polymers is 
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(SZ) 3/z rather than [-o]M, although for some the two 
parameters may be interchangeable. Whether separation 
of the branched polystyrenes considered here depends on 
($2) 3m could not be checked because it was not possible 
to make direct measurements of their mean square radii 
of gyration. It was possible, however, to calculate the 
mean square unperturbed radii of gyration, (So), of  
these branched polystyrenes from the equation given by 
Orofino 15, and the result of  plotting log(So)  against 
elution volume is shown in Figure 6. Although Figure 6 
shows that the elution behaviour of these branched poly- 
styrenes does not correlate with their theoretical un- 
perturbed dimensions, it is not known at present how 
close the theoretical values of  (S{3) are to the actual 
0-point dimensions of these polymer molecules. Further 
studies of a wide range of branched polymers of known 
structures will be necessary before the question of the 
correct size parameter to use in g.p.c, is settled. 

The empirical universal calibration plot of I o g M M  
against elution volume obtained for linear polymers 
enables g.p.c, to be used to characterize these polymers, 
provided the Mark-Houwink equations for the polymers 
concerned are known. The question which of the size 
parameters is appropriate to separation of linear polymers 
is therefore largely academic. For branched polymers, 
even if the correct size-separation parameter were known, 
full characterization of an unknown branched polymer 
from the size-elution volume correlation will not be pos- 
sible until the size parameter concerned can be related 
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unambiguously to structure as well as molecular weight. 
This will not be easy because of the wide range of 
branched polymers possible, a good many of them, of 
different structure and molecular weight, will have the 
same size and therefore the same elution volume. The sort 
of  assumptions involved at present in using g.p.c, to 
characterize branched polymers, in particular to deter- 
mine the degree of long-chain branching in low-density 
polyethylene, are to be found in papers by Drott  and 
Mendelson 2, 16,17. 
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APPENDIX 

Resolution of  the chromatograms of  the mixtures of  linear 
and branched polystyrenes 

Provided there is no irreversible adsorption of polymer 
in the g.p.c, columns, the area under the chromatogram is 
proportional to the total weight of  polymer introduced 
and the ordinate hi at any value of elution volume Vi is 
proportional to the concentration C~ of polymer eluting 
at V~ 

Total area=f;; h~dV 

The area under a portion of the chromatogram between 
elution volumes V1 and V2 is therefore a measure of  the 
weight fraction WE2 of polymer eluting between V1 and 
V2, i.e. 

Wl,2=f:i:h,dV/f:: h,dV (m,) 

In resolving the chromatograms of the mixtures it is 
assumed that the total ordinate h~ .~x at a given elution 
volume F~ for the mixture is given by the sum of  the 
contributions hi" and hf  from the linear and branched 
polymers, respectively, i.e. 

hMi ---- hBi + h zi (A2) 

Considering the known component (linear polymer) only 

f~', h~dV/(V~/Jv, h['dV (A3) 

where H~ is the ordinate at elution volume V~ in the 
chromatogram of the linear polymer alone. When V1 and 
V~ are sufficiently close together, 

fee' ̀ H['dV=It[~dV and f~ i  h [ 'dV=h~dV 

where H~ and hi" are now averages in the range AV of 
elution volume. Equation (A3) may now be re-written 

f~] hI'dV/(r°~/jVo n i zdV=h[ ' /n~  (A4) 

For a given mixture the ratio on the left hand side of  
equation (A4) is fixed since the numerator is the area 
contributed by the linear component to the total area 
under the chromatogram of the mixture and the denomi- 
nator is the area under the chromatogram of the linear 
component alone. The ratio hiZ/H~ is therefore indepen- 
dent of  the elution volume but can be determined only in 
that region of the chromatogram of the mixture where the 
linear component is not affected by overlap from the 
branched component. Such a region was found to exist in 
the chromatograms of all the mixtures examined here. 
Once the ratio h~/H{" is known the height hi" at any elution 
volume may be computed knowing the corresponding 
values of  H~. Resolution of the chromatogram of the 
mixture into its two parts is then completed by making 
use of  equation (A2). 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. 

In this treatment the precise concentration of polymer 
in solution need not be known, but it does assume that 
the elution behaviour is independent of  polymer con- 
centration, i.e. no overloading occurs. Examples of this 
analysis of chromatograms of mixtures containing 
branched and linear polystyrenes are shown in Figure 1 
and the peak elution volumes obtained for the branched 
polymers after resolution are given in Table 2. Results 
obtained on mixtures of  linear polymers show that the 
compositions determined from the chromatograms by 
this method agree to better than 7 ~ with those given by 
direct weighing. The major part of this discrepancy is 
thought to arise from uncertainties introduced by an 
unsteady baseline, a characteristic defect of  the (un- 
modified) instrument used. 

Note added in proof 

Professor M. Nagasawa of Nagoya University, Japan 
has made it known in a personal communication to the 
author that he too has found that branched and linear 
polystyrenes in toluene do not give a universal calibration 
of log [~?]M against elution volume. His results, which 
will be published in full in due course, show that ($2) a/2 
is the correct size parameter to use, as suggested here. 
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Influence of hydrogen bonding on crazing 
and cracking of amorphous thermoplastics 
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The stress crazing and cracking of poly(methyl methacrylate), poly(vinyl chloride) 
and polysulphone in the presence of liquid environments have been examined. 
The results are found to be inexplicable solely in terms of the solubility para- 
meters of the liquids. Hydrogen bonding is shown to be an important factor. 
A more effective representation of solution, crazing and cracking behaviour is 
obtained by considering the capacity of each liquid to hydrogen bond as well as 
its solubility parameter. This two-parameter representation is applied with 
success to the three polymers. 

INTRODUCTION 

The phenomena of stress-crazing and stress-cracking of 
polymers in the presence of liquid environments have been 
extensively discussed in the literature 1. They occur in both 
crystalline and amorphous materials. Recently, Bernier 
and Kambour 2 have attempted to rationalize the role of 
organic agents in the environmental stress failure of a 
non-crystalline (but crystallizable) polymer by studying 
the action of a range of liquids on poly(2,6-dimethyl-l,4- 
phenylene oxide) (PPO). They found a useful correlation 
between the solubility parameter of each liquid and its 
effectiveness in dissolving, crazing or cracking the polymer 
and proposed that the phenomena were determined by the 
closeness of the solubility parameter of the liquid to that 
of the polymer. A liquid would act as a solvent when its 
solubility parameter was identical to that of the polymer. 
When the difference between the two solubility para- 
meters was small the liquid would promote cracking. 
When the difference was large, liquids would be crazing 
agents. Others have endeavoured to relate environmental 
stress-cracking to the molecular volume and surface 
tension properties of a liquid 3 but these relationships are 
not successful when extended to a wider range of polymers 
such as the polymers discussed below. As Bernier and 
Kambour have pointed out, such relationships are not in 
any case mutually exclusive since both surface tension 
and solubility parameter are dependent on the inter- 
molecular forces present in the liquid. 

Bernier and Kambour took care to exclude those 
liquids which were thought to interact via hydrogen 
bonding, it was of interest to us to extend their study to a 
range of polymers and to include liquids which could 
participate in hydrogen bonding. 

SAMPLES 

Specimens of approximate length 90 mm and width 10 mm 
were cut from approximately 3mm thick sheets of 
PMMA, PVC and polysulphone. The cut edges were milled 
to give a smooth machine finish. Crazing or cracking in 

the subsequent tests was never initiated solely from these 
machined edges and additional polishing of the surfaces 
was felt to be unnecessary. 

The samples of poly(methyl methacrylate) (PMMA) 
were from 'Perspex' and those of poly(vinyl chloride) 
(PVC) were from 'Darvic' 024, an unplasticized PVC. 
('Perspex' and 'Darvic' are ICI trade marks.) The poly- 
sulphone samples were cut from l l 4 m m  diameter 
injection moulded discs of Bakelite Polysulfone P1700. 
The discs were edge-gated and the specimens were cut so 
that their axes were perpendicular to the diameter through 
the gate. 

EXPERIMENTAL 

The experimental technique was to subject a 90ram by 
10 mm strip of material to flexural deformation across a 
span length of 75mm in the three-point bending jig 
shown in Figure 1, followed by immediate immersion of 
the sample in one of the test liquids. After immersion for 
one hour the sample was examined for evidence of  
crazing, cracking or dissolution. All experiments were at 
room temperature. 

The jig consisted of a central spring loaded screw of 
pitch 1 mm attached to an anvil acting as a fulcrum. A 
graduated drum fixed to the end of the screw enabled 
measurement of the movement of the fulcrum to within 
0.1 mm. 

If the centre of the specimen of thickness tram is 
deflected through a distance 8 mm over a span length of 
lmm (Figure 1) the maximum strain in the specimen 
E m a x  i s 4 :  

emax = 63t/l 2 (I) 

For strains of the order of 1 ~o or less, the strain at a 
distance atom from the fulcrum is: 

, = (1- 2a),m,,×/l (2) 

When crazing occurred, the density of crazes decreased as 
distance from the fulcrum increased. In accordance with 
equation (2) the critical strain for crazing E,. could be 
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Figure 1 Three-point bending apparatus 

determined by measuring the separation of the craze 
boundaries on either side of the fulcrum. If this is b mm 
then from equation (2): 

, c=( l -b)Emax/ l  (3) 

The use of equation (3) is limited from its derivation to 
strains such that ~ is not larger than t; that is, 1 -2~  
strain for the sample thickness and experimental arrange- 
ment described. It is limited also by the presence of any 
stress concentrators or variations in specimen thickness. 
For these reasons it is important that, when determining 
Ec, emax should be as close to ~e as possible. In practice Ec 
was estimated from an initial experiment. A strain close to 
Ee was then applied to a fresh specimen and the experi- 
ment was repeated until this condition was satisfied. In 
determining the craze boundaries, care was taken to 
exclude crazes at the edges of the specimen initiating 
from defects attributable to the milling process during 
sample preparation. Where cracking occurred, additional 
tests were performed in which successively lower strains 
were applied until cracking ceased. ~e does depend on the 
time under strain, particularly at short times, but the 
arbitrarily chosen time of one hour is sufficiently long so 
that the rate of change is unimportant. 

RESULTS 

Solvents, cracking and crazing agents are listed in Table 1. 
The crazing agents have been classed into low-strain and 
high-strain crazing agents. Although the classification is 
arbitrary, there appeared to be a reasonable demarcation 
at a critical strain for crazing of about 0.6 ~ for all three 
polymers. Liquids which did not cause crazing below this 
strain required considerably higher strains of 1 ~ or greater 
before crazing occurred. 

Solubility parameters of the liquids are from the data of 

Hansen 5 and Crowley et aLL Hydrogen bonding para- 
meters are from the data of Crowley 6 and Nelson et aL 7. 
The parameter is based on the work of Gordy and 
Stanford s, who measured the displacement of the OD 
infra-red absorption band in the 4/~m range when dif- 
ferent liquids were added to a solution of deuterated 
methanol (CHaOD) in benzene. The magnitude of this 
displacement, in wave numbers divided by ten, was 
defined as the hydrogen bonding parameter. Nelson's 
more recent data take into account the small hydrogen 
bonding capacity of benzene and use cyclohexane as a 
base of zero. Since the data are claimed to be more 
accurate than those of Gordy they have been used in 
preference to Gordy's or Crowley's wherever possible. 

From Table 1 it is evident that correlation between 
crazing, cracking and solubility parameter is not good. 
Solvents for PMMA may have a solubility parameter 
between 8-5 and 13.3 (cal/cma) 1/z whilst cracking agents 
lie between 8.2 and 10.4. For the eight liquids of zero 
hydrogen-bonding parameter a plot of ~c against solu- 
bility parameter is similar to that of Bernier and Kambour 2 
with a pronounced minimum in Ee close to the solubility 
parameter of the polymer. There are several indications 
that the behaviour of a more general range of liquids may 
be understood by considering specific interactions 
between the liquid and the polymer, particularly hydrogen 
bonding. 

Solution theory is based on the thermodynamics of 
mixing of the components a. For intermolecular forces 
such as dispersion forces or polar forces in certain 
instances the assumptions of the theory remain approxi- 
mately true and the theory may be applied with reason- 
able accuracy a. The complexity of type and strength of 
hydrogen bonding forces precludes rigorous analysis 
where such bonding occurs. Nevertheless, various 
attempts have been made to accommodate hydrogen 
bonding within a more general albeit empirical theory 5-7. 

Of these theories, that of Crowley et al. 6 appeared to 
offer most promise. They presented a three-parameter 
model incorporating solubility parameter, hydrogen 
bonding parameter and dipole moment to predict the 
solubility of cellulosic polymers in organic solvents. 
Solvents were found to be contained within a reasonably 
well defined volume of the three-dimensional plot. 

The results on PMMA are plotted in Figure 2 as a 
function of solubility parameter and hydrogen bonding 
parameter using different symbols to distinguish solvents, 
cracking and crazing agents. Solvents for PMMA 
describe a definable region of the plot. This region of 
solubility is surrounded by cracking agents, low-strain 
crazing agents and, more remote from the region, high- 
strain crazing agents. The same is true for PVC and 
polysulphone (see Figures 3 and 4). For PVC it has been 
necessary to plot swelling agents since there are only a few 
good solvents with a listed hydrogen bonding parameter. 
Published hydrogen bonding parameters were not avail- 
able for the cracking agents. 

There is a large discrepancy in the hydrogen bonding 
parameter of dimethyl formamide (DMF) as determined 
by Gordy 8 and Nelson 7. Gordy's figure of 11.7 puts DMF 
within the solvent region for PMMA, PVC and poly- 
sulphone whereas Nelson's result of 18.9 makes DMF 
anomalous for all three polymers. Significant differences 
between Hansen's data ~ for solubility parameters and 
Crowley's 6 occur for two of the liquids, 2-butoxyethanol 
and ),-butyrolactone. Crowley's value of 8.9 for the 
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Table 1 Propert ies of l iquids and their  ef fects on stressed polymers 

Crit ical strain for  crazing and other  comments  
Solubi l i ty parameter Hydrogen bonding 

Liquid (cal/cm3) 1/2 parameter  P M M A  PVC P1700 

n-Pentane 7"0 0 0.90 1.23 High 
Di-n-butyl  ether 7.1 11.0 0'56 0.57 High 
n-Hexane 7.3 0 0.79 - -  - -  
n-Heptane 7.4 0 0.86 1.18 High 
Diethyl ether 7.6 13.0 0- 28 0.23 0.42 
Methyl cyc lohexane 7.8 0 0.92 0.73 High 
Dioctyl  phthalate 7.9 3.6 1.44 0.70 - -  
Cyclohexane 8"2 0 1 "10 0"87 High 
Ethyl benzoate 8.2 6.3 Crack - -  Crack 
Methyl isobutyl  ketone 8.4 10.5 S Sw - -  
Isoamyl formate 8 '5  - -  Crack - -  - -  
n-Butyl acetate 8.5 8.0 S - -  - -  
Carbon te t rachlor ide 8.7 0 0.31 0.69 Crack 
1-Bromobutane 8" 7 1' 5 Crack 0- 07 - -  
Tr ibutyl  amine 8"7 21 "8 0.96 0-79 High 
Ethyl benzene 8"8 4"2 Crack 0.19 Crack 
Toluene 8"9 4.2 Crack 0.15 (Sw) Crack 
Butyl digol 8-9 13-0 0"19 0"21 Crack 
2-Butoxyethanol  8.9 13.0 0.07 0.30 Crack 
1,2-Dichloropropane 9.0 1.5 S 0.07 S 
Ethyl acetate 9.1 8.4 S - -  Crack 
Benzene 9-2 0 Crack 0.08 (Sw) S 
Ch loro form 9.2 1.5 S - -  S 
Mesityl oxide 9.2 12.0 S S - -  
Dibutyl phthalate 9.3 - -  0-89 Crack - -  
Methyl ethyl ketone 9-3 10.5 S S or Sw Crack 
n-Butyl lactate 9.4 7.0 S - -  Crack 
Tet rahydrofuran 9" 5 12.0 S - -  - -  
Dimethyl  ani l ine 9"5 14.3 Crack - -  - -  
1,1,2-Trichloroethane 9.6 1.5 - -  - -  S 
Chlorobenzene 9" 6 2.7 S Sw S 
Ace tophenone  9.7 - -  S - -  - -  
Cyc lohexanone 9- 7 13.7 S S Crack 
1,4-Dioxane 9"7 14.6 S S - -  
n-Octanol  9-7 18.7 0"48 > 0"60 - -  
Ethylene dichlor ide 9.8 1-5 - -  - -  S 
Ace tone  9.8 12"5 S - -  Crack 
Methylene chlor ide 9 '9  1 "5 S Sw S 
Dimethyl  carbonate 9' 9 4.9 - -  - -  Crack 
2-Ethyl hexanol 9 '9  18.7 0'37 - -  0-81 
o-Dichtorobenzene 10.0 - -  S 0' 26 - -  
Diethyl phthalate 10.0 - -  0.39 Crack - -  
Carbon disulphide 10.0 0 0.39 - -  Crack 
2-N itro pro pane 10.0 4.0 S - -  S 
Ethyl lactate 10.0 7.0 S - -  Crack 
Butyroni t r i le 10.0 7.7 S - -  - -  
n-Heptanol  10.3 18.7 0.46 - -  - -  
Ace t i c  acid 10-4 - -  0.12 0.31 - -  
1 ,2-Dibromoethane 10.4 - -  Crack - -  - -  
Cyc lopentanone 10.4 8" 4 - -  - -  S 
Ni t robenzene 10-6 2.8 S S S 
Diethyl fo rmamide  10.6 11.7 - -  - -  S 
Pyridine 10.6 18.1 S S (whi tened) S 
Dimethyl  phthalate 10-7 - -  0.37 - -  - -  
n-Hexanol  10.7 18.7 0.34 >0 .60  High 
Acety l  acetone 10.8 8.4 - -  - -  S 
An i l ine  11.0 18-1 S S S 
Ni t roethane 11.1 2"5 S - -  - -  
n-Butanol  11 "3 18"0 0"30 0.68 - -  
Isopropanol  11.5 16.7 0.26 0.79 - -  
n-Propanol  11 "9 18.7 - -  - -  High 
Dimethyl  ani l ine 12.0 14.3 - -  Sw S 
Dimethyl  fo rmamide  12-1 11.7 S Sw (whi tened) S 
Ni t romethane 12- 7 2"5 S 0" 05 Crack 
~,-Butyrolactone 12.8 9.7 S Sw S 
Dimethyl  su lphoxide 12-9 7.7 S 0.35 S 
Ethanol 12-9 17.7 0.30 0.72 High 
Propylene carbonate 13-3 4-9 S - -  Crack 
Ethylene glycol 14-2 20.6 0.94 1.16 - -  
Methanol  14.3 19.8 0.31 0.68 - -  
Methyl fo rmamide  16.1 12.0 0.04 0.19 0-50 
Glycerol 21 • 1 - -  1 • 40 1 • 36 - -  
Water  23.5 39.0 1.76 1.90 - -  

S =  solvent;  S w =  swel l ing agent ;  - - =  not known 
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Figure 2 Solvents (0 ) ,  cracking agents ( x ) ,  low strain crazing 
agents (V), and high strain crazing agents (A_) for PMMA 

solubility parameter of 2-butoxyethanol was more con- 
sistent with the bulk of the data on the three polymers 
than was Hansen's value of 10.3. In contrast, Crowley's 
value of 15.5 for 7-butyrolactone would be anomalous for 
these polymers and others that were tested whilst Hansen's 
value of 12.8 appears to be appropriate. In these three 
instances we have chosen the values which correlate most 
sensibly with the bulk of the results. 

DISCUSSION 

It is evident from the results that a model considering 
solely the solubility parameter of liquids is inadequate to 
explain solution, crazing and cracking behaviour of a 
polymer in a general series of liquids. It is necessary to 
take account of other properties of the liquid. One such 
property appears to be the strength of hydrogen bonds 
between the liquid molecules themselves and between the 
molecules of the liquid and the polymer. Small ~0 has 
shown the contribution to the heat of mixing that occurs 
due to the proton donating and attracting capabilities of 
the components of the mixture and has discussed how this 
affects solution. 

A two-parameter model incorporating solubility para- 
meter and hydrogen bonding parameter produces a more 
useful representation of solution, stress-cracking and 
crazing behaviour. The existence of a definite solvent 
region in Figures 2-4 with cracking agents adjacent to 
and crazing agents more remote from the region suggests 
that hydrogen bonding is indeed playing a part in these 
phenomena. 

The distinction between solution or swelling and 
cracking is often diffuse, the predominating behaviour 
being determined by the applied strain and the time of 
immersion in the liquid. Thus, at lower strains and longer 
times an apparent cracking agent may evidently be a poor 
solvent or a swelling agent. In the light of this it appears 

that the strain concentration at the crack tip permits more 
rapid local plasticization thus creating an instability 
favouring crack growth. Whether solution or cracking 
dominates will be determined by the rate of crack 
initiation and local plasticization which, in turn, will be a 
function of the applied strain. 

PMMA, PVC and polysulphone each have sites 
capable of taking part in hydrogen bonding. The carbonyl 
oxygen of PMMA and the ether oxygen and sulphone 
group of polysulphone would be expected to be proton 
acceptors. The hydrogen atoms adjacent to the chlorine 
atoms in PVC could act as proton donors. Whether inter- 
action will occur between these polymers and a particular 
liquid will depend on whether the liquid contains com- 
plementary proton donating or accepting ability. 

It is interesting that, with the exception of tributyl 
amine and toluene, liquids which are solely proton donors 
or acceptors 11 are all solvents, swelling agents or cracking 
agents for the three polymers. Liquids which have a 
combination of donating and accepting ability or no 
hydrogen bonding properties at all tend to be crazing 
agents. The only exception to this was the polysulphone 
where carbon disulphide and carbon tetrachloride were 
cracking agents and benzene was a solvent. 

This adds weight to our belief that hydrogen bonding is as 
crucial as solubility parameter in determining the solvent 
cracking or crazing properties of a liquid. The possibility 
of forming hydrogen bonds between liquid and polymer 
would energetically favour solution. As discussed above, 
cracking is closely allied to solution. In contrast, liquids 
which combine proton donating and accepting abilities 
have the alternative capacity to form intermolecular or 
intramolecular hydrogen bonds. In the former case, the 
breakdown of liquid-liquid bonds will disfavour solution. 
In the latter case the liquid will behave as if it had no 
hydrogen bonding property. 

The solvent region for PMMA, PVC and polysulphone 
is bounded at a hydrogen bonding parameter of about 18 
by points corresponding to the alcohols. Nelson et al. 7 
have pointed out that the dilution of alcohols will cause 
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hydrogen bonds to be broken. The energy required to do 
this may outweigh the energy of bonds formed between 
the alcohol and the polymer thus producing a condition 
disfavouring solution. For the particular case of the 
alcohols the values for the hydrogen bonding parameters 
may also be unrepresentative since the measurements were 
made using an alcohol, deuterated methyl alcohol, as the 
common liquid participating in hydrogen bonding with 
the liquids under test. Such a model liquid may be far 
removed from the complex situations present in polymers. 
More appropriate values might be obtained by using a 
better analogue of each polymer as the base liquid; for 
example, 2,4-dichloropentane for PVC. 

Only proton accepting sites exist in PMMA and poly- 
sulphone and only a proton donating s;te in PVC. Since 
both proton accepting and donating liquids were effective 
as solvents for the three materials, factors other than 
hydrogen bonding parameter must be playing a contri- 
butory part. Each of the liquids is polar, as are the three 
polymers. It seems likely that dipolar interactions could 
be adding to the conditions favouring solution. Crowley 
successfully incorporated a third parameter accom- 
modating the dipole moment of the liquids to explain the 
solution of cellulosic polymers. The same approach 
added no extra information to our results, possibly 
because the range of liquids we have used was not as 
extensive as Crowley's. 

Other attempts at accounting for hydrogen bonding and 
dipole moment such as the data of Hay lz and Hansen '~ 
were found to be unsuccessful when applied to the results 
on the polymers tested. In each case a scatter of apparently 
unrelated points was obtained. 

For PMMA and PVC, weakly hydrogen bonded liquids 
of bonding parameter less than 1-5 are not solvents. For 
moderately hydrogen bonded liquids solubility extends 
over about four units of solubility parameter. As hydrogen 
bonding parameter increases further the solvent region 
narrows and terminates. 

For the polysulphone the solvent region is more 
restricted than for PMMA and PVC. The shape of it is 
such as to suggest that for moderately hydrogen bonded 
liquids (up to a parameter of about 9) the apparent solu- 
bility parameter of the polymer increases. This is further 
illustrated by measurements by Nield (personal com- 
munication) to determine the solubility parameter of the 
polymer by the intrinsic viscosity method 13. The intrinsic 
viscosity of solutions from solvents of different solubility 
parameters is measured. The maximum in the plot of 
intrinsic viscosity versus solubility parameter is taken as 
the solubility parameter of the solute. Using mixtures of 
two moderately hydrogen bonded liquids, chlorobenzene 
and propylene carbonate, Nield obtained a value of 10.3 
for the solubility parameter of the polymer; a higher value 
than the figure of 9.2 for non-bonded liquids suggested by 
the data of Figure 4. Substituting a more strongly 
hydrogen bonded liquid, DMF, in place of propylene 
carbonate, the maximum viscosity moved to an even 
higher solubility parameter of 11.4. 

CONCLUSIONS 

Solution, environmental stress crazing and cracking 
cannot be adequately explained solely by the solubility 
parameters of the liquids. There is considerable evidence 
that the hydrogen bonding properties of the liquids are 
playing a crucial role. A two-parameter model incorporat- 
ing solubility parameter and hydrogen bonding parameter 
appears to be an effective means of representing the 
solubility, cracking and crazing properties of a polymer 
capable of participating in hydrogen bonding. The 
success in applying this model to the polymers discussed 
suggests that determination of the 'solvent region' for 
other amorphous polymers would be a rapid way of 
examining their likely behaviour in the presence of liquid 
environments. 
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Polymerization of vinyl chloride by 
the AI Et3/benzoyl-peroxide/Lewis- 
base system and the role of the 
Lewis base in initiation 
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V. M. Denisov and A. I. Koltsov 
Institute of High Molecular Compounds, Bolshoi 31, Leningrad, USSR 
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Kinetics of polymerization of vinyl chloride under the influence of the AIEts/ 
benzoyl-peroxide initiation system in the presence of the complex[ng agents allyl 
acetate, dibutyl ether and pyridine have been studied. It follows from the kinetic 
dependences established (which were confirmed by infra-red and nuclear mag- 
netic resonance spectroscopies) that the role of polar agents, irrespective of their 
complexing ability, is to reduce the initial concentration of aluminium alkyl. Free- 
radical formation proper occurs by the interaction of the uncomplexed form of 
AIEt3 with peroxide. The process as a whole has SN1 kinetics. When the polar 
monomer vinyl acetate is used as a complexing agent, the complexed form of 
AIEts participates in the initiation. A suggestion is put forward concerning the 
possibility of the occurrence of a quite different mechanism of interaction 
between the components of the initiation system in the presence of polar 
monomers. 

INTRODUCTION 

In recent years systems based on aluminium alkyls and 
acyl peroxides have been used to initiate the polymeriza- 
tion of the vinyl monomers--vinyl acetate (VA)~, 2, 
methyl methacrylate (MMA) 3, acrylonitrile (AN) 4 and 
vinyl chloride (VC) 5, 6. The process involves free-radical 
polymerization and can be carried out at much lower 
temperatures than the thermal decomposition of peroxide. 
The efficiency of these systems lies in the separation of the 
initiating system components by the polar agent or the 
monomer since direct reaction between A1Ra and peroxide 
is explosive 7, s. The electron-donating ability of such 
monomers as VA, AN and MMA proves to be sufficient 
for the development of polymerization. For all the 
systems investigated the same expression has been 
derived for the dependence of the overall rate of the 
process on the concentrations of the monomer and of the 
initiator components: 

V= k[M]l'o-z'2[A1Rz]O'5[P]O'5 (1) 

where M is AN, MMA and VA, A1R3 is A1Et3 and 
Al(iBu)3, P is benzoyl peroxide (BP) and dicyclohexyl 
peroxidicarbonate (PC). 

On the basis of the kinetic results and the fact that the 
monomer should participate in the initiation, the forma- 
tion of free radicals has been represented as a series of 
reactions 5: 

fast BP 
AIRs+M > A1Rs"M • (AIR3M.BP) > 

kl  k2 

A1R2COOPh + R" + PhCOO" + (M) (2) 

Under the condition that kl <ks 

//in = kin[AIR a] [BP] (1 a) 

The effective polymerization of the monomer with low 
polarity (VC)* could be carried out in the presence of the 
complexing agent (CA)--ester, ether and nitrile 5, 6 t. To 
establish the mechanism of free-radical formation and the 
role of CA in VC polymerization, detailed kinetic investi- 
gations were made using the A1Eta-BP system in the 
absence and the presence of CA-ethyl acetate (EA) 6. It 
was found that the expression for the dependence of the 

* In  this case, the  term polarity means  the electron-donat ing ability. 
t Polymerizat ion o f  VC in the absence of  CA can be carried out  
only over a very nar row range of  concentra t ions  of  m o n o m e r  (not  
lower than  7 mol/l)  and  initiator componen t s  (3 x 10-3-5 × i0-2 tool/ 
1), bu t  even under  these condit ions conversion does not  exceed 
5-7  ~o ~ 
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overall rate of the process in the presence of catalytic 
amounts of  EA on the concentrations of the monomer, 
EA, and the initiator components has the form: 

{[A1Et3]'~ °'5 
V=k~[VC] 1"21 [E~]-/! [BP] °'25 (3) 

A similar dependence on the concentration of  monomer 
and initiator components was shown for the case of  VC 
polymerization without CA. 

The mechanism for the initiation reactions is: 
Keq 

A1Etz + E A .  • AIEta. EA (4) 

KI KII 
2AIEt3 + BP ~ "  [(A1Et3)eBP] -, " 

k5 
2(AIEtzCOOPh)" ~ 2A1Et2COOPh+2Et" (5) 

If the equilibria with K~ and Ku shifts to the left, the 
equilibrium of reaction (4) shifts to the right and the 
overall rate of interaction (5) is determined by ks, the 
expression for the initiation reaction rate in the system 
with EA can be written: 

[A1Et3]rBP10.5 Via = kin ~X-]-  ~ ~ (3a) 

From the results obtained, it follows that the role of EA 
is to reduce the initial concentration of aluminium alkyl 
by complex formation (equation 4); free-radical forma- 
tion occurs by reaction of uncomplexed aluminium alkyl 
with peroxide (i.e., it occurs in the same manner as under 
model conditions7-9). 

Comparison of the kinetic dependence for the poly- 
merization of polar' monomers (equation 1) with that 
found for VC polymerization in the presence of EA 
(equation 3), and comparison of reactions responsible for 
the initiation (reactions 2 and 4-5) both showed that EA 
did not simulate the polar monomer function in the 
initiation. 

Further investigations were carried out to determine 
the true role of the polar monomer in initiation. It is 
clear that this problem cannot be solved under the 
conditions of the polymerization of the polar monomer; 
therefore, an artificial device was used, namely VC 
polymerization was studied in the presence of catalytic 
amounts of a polar monomer (VA). 

On the other hand. it was interesting to establish to 
what extent the reactions for the EA system are valid for 
different classes of CA. 

Our results allowed us to obtain general ideas about the 
mechanism of free-radical formation in the A1Rz/acyl 
peroxide systems in the presence of electron-donors, 
including polar monomers. 

EXPERIMENTAL 

Experiments were conducted in the absence of moisture 
and air. The solvents benzene and octane were purified in 
the usual way and then dried with calcium hydride and 
concentrated butyl lithium. The complexing agents were 
purified according to the methods 1° previously described 
and then dried with calcium hydride and distilled under 
vacuum. 

VA was pre-polymerized with the AI(iBu)a-BP system. 
At low concentrations these compounds were used in 
octane solution. Commercial A1Eta was used without 
additional purification in octane solution. Its concentra- 
tion was determined according to the method of Razuvaev 
and Graevsky 11. The concentration of the solution of the 
complexing compound was determined from the AIEt3 
solution of a known concentration. Al(iBu)3 was distilled 
under vacuum and the fraction boiling at 41 °C (1 mmHg) 
was used. Benzoyl peroxide was purified from its chloro- 
form solution, the active oxygen content being 98.5-99 ~ .  
The BP-benzene solution was added. VC was carefully 
degassed, dried at - 3 0 ° C  over the concentrated butyl 
lithium, the polymerization being allowed to go to 3-5 ~o 
conversion. VC was then pre-polymerized using the 
A1Et~-Bu20-BP system. The purity of the monomer was 
checked chromatographically. 

Polymerization was carried out in a single-cell dilato- 
meter (with a magnetic stirrer) having a capacity of about 
15 ml and with a capillary calibrated to 0.01 ml. The 
dilatometer, previously heated under vacuum, was filled 
with argon and the AIEtz and CA solutions and octane 
were introduced from Schlenk vessels supplied with a 
needle. The monomer was added in weighed amounts 
from the balloon through the needle. The order in which 
the components were added was always the same: CA, 
A1Eta, solvent, monomer. The temperature of the reac- 
tion mixture was thermostatically controlled to within 
+ 0" 1 °C, and the BP solution was injected with a syringe. 
In the kinetic experiments the polymerization rate was 
calculated for a 3 - 5 ~  conversion, this being estimated 
from contraction. The contraction coefficient was found 
as a mean value from several experiments on the basis of 
gravimetric measurements of the polymer yield. 

Infra-red spectra were taken using a UR-10 spectro- 
meter. Sealed cells of potassium bromide were used to 
protect the organo-aluminium compounds from moisture 
and air. The cell was carefully dried under vacuum and 
filled with the previously prepared solutions of the 
analysed components in octane. 

The equilibrium c o n s t a n t  ( K o q )  of reaction (4) was 
calculated from : 

Keq = [AlEtz.__ EA] (6) 
[EA][AIEta] 

The following expression was used to calculate the 
concentration of free EA [EX] from the 1752cm -1 band 
intensity: 

_ Ex[EA]0 
[E-A] - E 0  (7 )  

where [EA] 0 is the initial EA concentration; 
E0 is the molar extinction coefficient of the absorp- 
tion band of the EA carbonyl oxygen, equal to 
(562_+ 14) 1 mol -x cm-l;  
Ex is the extinction coefficient of the 1752cm t 
band in the spectra of the complex. 

The concentration of the A1Et3.EA complex was 
determined as the difference between [EA]0 and [EA], 
and the concentration of [AIEt3] from {[AIEt3]0- 
[AIEta. EA]}. 

The preparation of samples for proton magnetic 
resonance (p.m.r.) and ZTAl nuclear magnetic resonance 
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Table 1 VC polymerization with the AIEt3-BP system in the 
absence and presence of CA. [VC]=8mol/ I ;  solvents: octane, 
benzene; temperature= 0°C 

Concentration x 102 
(mol/I) Conversion (%) 

Exp. No. CA* AIEt3 CA BP lh  2h 4h 

1 VA 1 "0 16'0 1-0 11 "8 15-6 18'1 
2 EA 5"0 25'0 5"0 30"0 45-5 56'6 
3 - -  5.0 - -  5.0 2.2 2"9 3'3 

* CA = complexing agent 

(n.m.r.) study was carried out as follows: 10~o benzene 
solutions of Al(iBu)3 with a certain amount of added CA 
were placed into the sample tubes--5 mm and 18 mm 
outside diameter for p.m.r, and 27Al-n.m.r., respectively 
--which had been dried at high temperature in vacuum. 
All operations including sealing the tubes were performed 
under vacuum. The samples were stored in liquid nitrogen 
and n.m.r, spectra were recorded (4-5 times) just after the 
samples had reached room temperature. 

High resolution p.m.r, spectra were recorded with a 
YEOL YNM-3 spectrometer (40 MHz). No changes were 
observed in the spectra for one hour. Weak 27Al-n.m.r. 
signals were observed with a RYa-2301 spectrometer 
(8 MHz) using phase detection techniques. The peak-to- 
peak line widths were measured allowing for over- 
modulation 12. Modulation amplitude and frequency were 
equal to 1.5 gauss and 35 Hz, respectively. The speed of  
field sweep was equal to 50mg/sec and response time was 
20 sec. 
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Figure I Dependence of the polymerization rate on the VA 
concentration with the system AIEta-VA-BP in the solvents octane 
and benzene at 0°C. [VC]=4mol/I; [AIEta]=lxl0-2mol/ I ;  
[ B P ] = 5 x  10-3 mol/I 
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x 

[AIEt3]  °'s [ B p ] ° ' S x  iO 3 

Figure 2 Dependence of the polymerization rate on the concen- 
tration of the initiator components in the system AIEt3-VA-BP in 
the solvents octane and benzene at 0°C. [VC]=4mol/I; [VA]=  
5x 10-2 mol/I 

RESULTS AND DISCUSSION 

AIEt3/vinyl-acetate/benzoyl-peroxide system 
In the presence of catalytic amounts of VA the AIEt3- 

BP system can be successfully used for VC polymeriza- 
tion. Table 1 shows the data obtained and gives the results 
for the system without CA and in the presence of EA. The 
reaction kinetics were studied at 0°C. 

The rate was estimated gravimetrically from the 
polymer yield. When the ratio [VA]/[A1Et3] is equal to or 
greater than one, the rate practically coincides with the 
value calculated from the contraction. Figure 1 shows the 
rate dependence of the VA concentration, from which one 
can conclude that under the experimental conditions the 
composition of the complex resulting from the reaction 
between AIEt3 and VA is 1 : 1 

Keq 
AIEta + V A .  • AIEta. VA (8) 

With the same concentration ratio of VA and AIEt3 the 
rate is fixed by the initial concentration of A1Et3, from 
which it follows that the free-radical formation under 
given conditions is a result of  the interaction between 
benzoyl peroxide and the A1Eta.VA complex. When the 
concentrations of VA are lower than those of AIEt3 
two processes occur simultaneously (with comparable 
rates): they result from the reaction of BP with free 
aluminium alkyl and with aluminium alkyl complexed 
with VA. The dependence in Figure 1 for the region of 
[VA]/[A1Et3] < 1 can be explained by the fact that the rate 
was estimated from the polymer yield and the interaction 

of large amounts of free AIEta with BP was followed by 
the formation of considerable amounts of oligomers 6. In 
order to avoid the superposition of two effects, a further 
study of the kinetics was made in the concentration range 
10> [VA]/[AIEta] > 1. (As noted, the region of low con- 
centration ratios is characterized by appreciable oligo- 
merization, whereas at large values one should take into 
account the copolymerization processes.) 

Figure 2 demonstrates the rate dependence of the pro- 
cess on the concentration of the components of the initia- 
tion system. From these data, under conditions of 
bimolecular termination of growing chains, the expression 
for the initiation reaction rate may be written as follows: 

Vin = ka[AlEta] [BP] (9) 

Figure 3 gives the dependence of the overall rate constant 
of the process on the inverse temperature from which E o 
is estimated to be 9.7 + 1.2 kcal/mol, Ein being 16"5 kcal/ 
tool. In the calculation of Ein we used the value 
(Ep - l e t )  = 1.5 kcal/mol for VC 13, 14 

The kinetic results obtained enable the initiation in the 
AIEtz-VA-BP system to be represented as a sequence of 
reactions expressed by reaction (2). The similarity of 
the kinetic results (equations la and 9) and the Ein value 
for the A1Eta-VA-BP system with the corresponding 
parameters, as established in the polymerization proper 
of VA 1, is evidence that in both cases the free radicals are 
formed by the same mechanism. Thus, this work suggests 
that in the presence of a polar monomer (VA) the free 
radicals are formed as a result of reaction between the 
complexed form of aluminium alkyl with peroxide, 
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free-radical formation in the systems with the participa- 
tion of these CA is the result of the same reactions (4 and 
5). As mentioned above, a similar mechanism of the inter- 
action of the initiator components is also realized without 
CA. This permits one to calculate, from the kinetic data, 
the thermodynamic parameters for the complexing 
reaction of AA with A1Et3 (reaction of type 4), the 
equilibrium constant (Keq) and the enthalpy (AH). 

/% = (2f)1/2 k~, kl t ~ . klii'~ 2 in the absence of CA 

and 
/ t  \ [ ,~) /,p l . i .  ~ - 

ki'=(2f)l"~ k] '~ ' \K, ,~ in the presence of CA 

Using the k 0 values without CA equal to 1.41 x 10 ..2 
(I tool 1)0.75 sec-1 (corrected as compared with the value 
given in reference 6), and k o with AA as given above, the 
value of Keq is obtained as 1.4 × 1041 mol I-1 at 0°C. (The 
assumption about the equality of f efficiencies of the 
initiation in the absence and presence of CA makes this 
calculation somewhat tentative.) 

The value for the heat of complexing reaction is derived 
from: 

Ein (without CA) = Ein (with AA) + AH (11) 

Taking Ein (without CA) = 1"8 kcal/mol (ref. 6) the value 
of AH is - 9.8 kcal/mol. 

Figure 4 Dependence of the polymerization rate on the AA con- 
centration with the system AIEt3-AA-BP in the solvents octane 
and benzene at 0°C. [VC]=4 mol/I; [AIEt3]= [BP]= 5 x 10 -3 mol/I 3"0 

whereas for EA this process is described by the reactions 
of the SNI type. 

AIEtz/allyl-acetate/benzoyl-peroxide system 
The reason for the sharp difference in behaviour of 

compounds of similar structure was investigated. The 
complexing agent used was allyl acetate (AA), a com- 
pound combining all the structural features of EA and 
VA. AA itself is not polymerized under the influence of 
the AIEt3-BP system, but its presence in catalytic 
amounts ensures the effective polymerization of VC. 
Thus, under conditions similar to those in Table 1 
(experiment 2) the polymer yield is 25.3, 38.3 and 46.4 ~o. 
The kinetics of VC polymerization with the A1Et 3-AA-BP 
system was studied at 0°C. Figure 4 shows the dependence 
of the rate of the process on the AA concentration; 
Figure 5 shows the same dependence on the concentration 
of the initiator components. On the basis of the above 
data the expression for the initiation reaction rate in this 
system can be written as: 

[AIEt3]rnp]0.5 Vin~-~-/~.10 [/&x/~k] L ~ - - ,  (10) 

The overall constant of the process is 1.18x 10 -4 
(1 mol 1)0.2s sec 1 at 0°C. The overall activation 
energy for the VC polymerization is estimated to be 
7.3 _+ 1.0 kcal/mol (Figure 6), hence Ein is 11"6 kcal/mol. 

From the equality of the expressions obtained for EA 
(equation 3a) and for AA (equation 10) it follows that the 

x 
2 x  

2"0 

I .O 

r " "  

• f 

I I I I I 

I.I 1.3 1"5 1.7 1.9 2"1 

0 . 5  

[ AIEt3 ] [ B P ] ° 2 S x  IO 
[EA] 

Figure 5 Dependence of the polymerization rate on the concen- 
tration of the initiator components in the system AIEt3-AA-BP in 
the solvents octane and benzene at 0°C. [VC]-- 4 mol/I; molar ratio 
AA/AIEt3= constant= 4 
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Figure 6 Dependence of the rate constant on the inverse tem- 
perature for the system AIEt3-AA-BP 
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The values of the heat effect and the equilibrium con- 
stant of  the complexing reaction of A1Et3 with AA 
practically coincide with the corresponding parameters 
established for EA (AH= -9 .2kcal /mol ;  Keq= 1.5 × 104 
lmo1-1 *), which suggests a rather similar electron- 
donating ability for these compounds. 

Infra-red spectra of  CA complexes with AIEtz were 
studied to check the conclusions, obtained from kinetic 
data, about reversibility and the stoichiometric relations 
of  the complexing reaction of EA and AA with AIEta and 
also to find which oxygen atom of the ester group takes 
part in this interaction. Figures 7 and 8 compare the 
spectra of A1Eta/EA and A1Et3/AA complexes with those 
of  the corresponding free CA. From the data obtained it 
follows that in the presence of  AIEta the carbonyl-oxygen 
absorption band is split into two bands, one of which 
corresponds to the carbonyl oxygen of  the free CA 
(1752 cm-1), the other one corresponding to the carbonyl 
oxygen of the CA in the complex with A1Et3 (1678 cm-Z). 
The absorption band of the ether oxygen (1230cm -1) is 
shifted towards higher frequencies (1320cm-1), suggest- 
ing the absence of complexing between this group and 
A1Et3, since such interaction would cause the reverse 
effect. The results obtained lead to the conclusion that the 
complexing between AIEta and the ester investigated 
occurs only with the carbonyl oxygen, and the shift in the 
absorption band of the ether oxygen is caused by this 
interaction. These facts agree with the information 
obtained from the study of the i.r. spectra of  benzoic and 
caprylic esters complexes with AIEt3 15 

A quantitative study of the complexing reaction with 
i.r. spectroscopy was conducted with EA. The presence of  
the absorption band in the 1752cm -1 region with 
[EA]/[A1Eta] ~< 1 (Figures 9A and B)indicates the existence 
of non-complexed EA, i.e. the reversibility of the com- 
plexing reaction. The band intensity is low, which sug- 
gests a large value of Keq. At [EA]/[AIEta] > 1 a sharp 
increase in the intensity of this band occurs (Figure 9C). 
On this basis we can state that stoichiometry of the 
formation of the AIEt3/EA complex corresponds to I : 1. 
We have estimated Keq from the intensity of  the free EA 
band using equation (6). The value of the constant 
obtained is 7x  1031mol -1 at 25°C. To compare the Keq 
value obtained under model conditions (at 25°C) and in 
the kinetic experiments (at 0°C), it was calculated for 
25°C. From the usual equations - RTlnKeq = A H -  TAS 
(using AH= - 9.2 kcal/mol and AS= -- 14.8 e.u.) Keq(25oc) 
was estimated to be 2 x l0 a lmol -z. 

Sufficiently good agreement of the equilibrium constant 
obtained for the reaction of  EA with AIEta by two 
independent methods confirms both the validity of the 
proposed kinetic scheme and shows that the kinetic data 
obtained can be used for the calculation of  this value. 

As may be expected, one of  the reasons for different 
behaviour of EA and VA in the initiation is connected 
with a much larger stability of  the A1Eta complex with the 
polar monomer• This, in turn, could be due to chelate 
formation (with the participation of double bond). It is 
clear that such a possibility is also valid for the case of 
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Figure 7 Infra-red spectra of EA complexed with AIEta ( ) and 
of free EA ( . . . . . . .  ) in octane at 25°C 
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Figure8 Infra-red spectra of A A  complexed with AIEta ( ~ )  and 
of free A A  ( . . . . . . .  ) in octane at 25°C 

A 

* For the calculation of Keq the value ko = 1.41 × 10 -2 
(I mol-Z) °'75 sec -z was used, i.e. the same value as in the calculation 
of Keq for AA. This led to a change in Kea for EA compared to 
that given by Kopp  and Milovskaya s 

Figure 9 Infra-red spectra of the complex AIEta-EA (100mol/I) in 
octane at 25°C. (A) Molar ratio [EA]/ [AIEta]=0.9;  EA=7.4mol / I  
( ). (B) Molar ratio [EA] / [AIEta]=I  '0; EA=8-0mol / I  ( . . . . . .  )• 
(C) Molar ratio [EAI/EAIEt3]=1.1; EA=8-8mol / I  ( . . . . . . . .  ) 
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Figure 10 Dependence of the polymerizat ion rate on the Bu~O 
concentrat ion with the system AIEt3-Bu20-BP in the solvents 
octane and benzene at 0°C. [VC] = 8 mol/I ; [AIEta]= [BP] = 1 x 10 -3 
mol/I 
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Figure 11 Dependence of the polymerizat ion rate on the Py 
concentration with the system AIEt3-Py-BP in the solvents octane 
and benzene at 20°C. [VC]=8mol/I; [AIEt3]=[BP]=5× 10-~mol/I 

AA, but the kinetic studies showed that the initiation 
process is similar for EA and AA, which suggests that the 
chelate reaction cannot be responsible for the observed 
effect. 

AlEtz/pyridine/benzoyl-peroxide and AlEta/ether/benzoyl- 
peroxide systems 

In a further study, the complexing agents used were 
selected on the basis of the stability of the complexes 
formed. Pyridine (py)16, whose complexes with A1R3 a r e  

among the most stable* and dibutyl ether (Bu20), whose 
complexes are much less stable, were chosen. A study of 
kinetics using these complexing agents was restricted to 
evaluating the dependence on the CA concentration. The 
process with Bu20 participation was investigated at 0°C. 
The appreciable complexing ability of  Py, as compared 
with other complexing agents, was shown by the fact that 
polymerization had a noticeable rate only at higher con- 

centrations of the initiator components and of the mono- 
mer and at 20°C. (At 0°C, polymerization also occurs but, 
because of extremely low rates, the process cannot be 
studied over a sufficiently large range of pyridine con- 
centrations.) It  follows from the dependence of poly- 
merization rates on the BuzO and Py concentrations 
(Figures 10 and 11) that the order for CA is -0"5,  i.e. it 
corresponds to the same dependence as in the case of EA 
and AA. Hence we can affirm that for all the cases 
investigated the function of non-polymerized CA is 
uniform. Hence free-radical formation, i.e. the reaction 
proper between A1Et3 and BP, can be described by 
equation (5). On this basis and using equation (3), a 
calculation can be made of the overall rate constants 
(k~) of the processes with Bu20 and Py. These are 
5'03 x 10 -6 (1 mol-1) °'~5 sec -1 and 2.54 x 10- 4 (1 mol-a) °~5 
sec -1 at 0°C for Py and BuzO, respectively. 

The data necessary for the calculation of the overall 
activation energy of the VC polymerization with the 
A1Et3-Py-BP and AIEt3-Bu20-BP systems are given in 
Figures 12a and b. The calculated values were 
8-9 + 0.8 kcal/mol (Bu20) and 12-1 + 1 kcal/mol (Py). 
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* Py unlike RaN does not form a low temperature initiating system 
with BP 17 

Figure 12 Dependence of the rate constant on the inverse tem- 
perature. (a) AIEt3-Bu~O-BP; (b) AIEta-Py-BP 
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Table 2 Characteristics of the complexing reaction of EA, AA 
Bu20 and Py with AIEt8 

Keqx 10 -a at 0°C --AH -AS 
CA (mol -z) (kcal/mol) (e.u.) 

EA 15 9"2 14'8 
A A  14 9"8 17'0 
Bu20 3 13-0 32'7 
Py 5000 19"4 40' 6 

Table3 The line width (3H) in the AI(iBu)a. CA complexes 
8H of Al(iBu)a=4.8 gauss 

CA 3H (gauss) 

Bu20 6'5+0'4 
EA 4.8+0'2 
A A  5.2+0.2 
VA 4.1_+0.3 

Bu20+EA 4'8_+0"4 
Bu20+AA 4.8_+0"3 
E A + A A  5.3_+0.2 
Bu20+VA 4.9_+0.2 
E A + V A  4.6_+0.3 
A A + V A  5.2_+0.2 

The Keq and AH values of the complexing reaction for 
these complexing agents were calculated from kinetic 
parameters (k 0 and Ein) in the same manner as for the 
AA system. The thermodynamic values obtained are 
given in Table 2 which also presents, for comparison, the 
information about EA and AA. 

Values for AH of the reaction with Bu20 and Py as 
estimated from kinetic data are in a good agreement with 
those obtained from calorimetric measurements under 
model conditions 16, is. Thus the AH values of the com- 
plexing reaction of A1Etz with EA and AA calculated in 
the same manner can be considered as valid; published 
data for these CA are unavailable. The Keq values in 
Table 2 enable the electron donors studied to be arranged 
in the following series, according to the stability of their 
complexes: 

P y ~ E A ~ A A > B u 2 0  (12) 

To confirm the correctness of these suggestions we have 
studied the n.m.r, spectra on 27A1 nuclei of A1Rz com- 
plexes with different Lewis bases. Al(iBu)z was used as the 
organo-aluminium compoundt.  In n.m.r, spectroscopy 
on 27A1 the complex formation leads to a change in the 
27A1 nuclear quadrupolar relaxation time and to the 
corresponding change in the line width 19, 2o. 

In Table 3 peak-to-peak 27A1 n.m.r, line widths (3H) are 
presented for free Al(iBu)a and for Al(iBu)a with two 
moles of ligand added. (The line width depends only 
slightly on CA concentrations in the range 1-4mol/mol 
Al(iBu)a 19.) In the same cases 3H values are quite dif- 
ferent and it is possible to compare the abilities of the two 
ligands, CA1 and CA2, to compete for a place in the 
complex. In this case one can measure 3H for the 

t It is possible to extend the data obtained with Al(iBu)3 to the 
reactions of CA with A1Eta, since it has been shown that aluminium 
alkyls behave in the same manner both in the polymerization 
process a, 5 and under model conditions 7, a 

AI(iBu)z+CAI+CAz system. If a fast exchange takes 
place, the preference of the AI(iBu)z.CA1 complex will 
be shown by the closeness of the 8H values for the 
Al(iBu)z+ CA1 + CA2 and AI(iBu)z.CA1 systems 
(Table 3). 

The complexing agents studied can be arranged accord- 
ing to their complexing ability: 

E A ~ A A > B u 2 0  (13) 

The established regularity agrees with that obtained in the 
polymerization process. 

The kinetic investigation (the results of which are inde- 
pendently confirmed) showed that the mechanism of 
initiation by the AIEtz-CA-BP systems, where CA is a 
non-polymerized polar compound, is always the same and 
does not depend on the complexing ability of the electron 
donor used. The function of the electron donor is to 
reduce the concentration of free aluminium alkyl: this 
prevents the polymerization from being instantaneous 
since the free-radical formation is a result of  the interaction 
of the uncomplexed form of A1Rz with peroxide. 

Role of polar monomers in the initiation 
The reason for the different behaviour of non- 

polymerizable electron donors and the polar monomer 
(VA) remained unsolved. The difference in the kinetic 
schemes in the A1Et3-BP and A1Etz-VA-BP systems 
prevents estimation of Keq of reaction (8) from kinetic 
data. The independence of the rate of VC polymerization 
initiated by the A1Et3-VA-BP system (at [VA]> 
[AIEt3]) on the VA concentration (Figure 1) suggests 
a relatively high value for Keq of reaction (8). An attempt 
to estimate this value by the i.r. method did not yield 
the desired data since under experimental conditions, 
T=25°C,  [VA]= [A1Etz], a comparatively rapid irrever- 
sible consumption of [VA] is observed. To find 
where VA comes in the established series of basicity of 
CA we have estimated the stability of its complex with 
Al(iBu)z by 27Al-n.m.r. and by p.m.r, methods. The data 
from 27Al-n.m.r. (Table 3) showed that, by its complexing 
ability, VA is situated in the middle of the series (eqn. 13). 

Additional data on the Al(iBu)z behaviour in the 
presence of polar agents were obtained from p.m.r. High 
resolution p.m.r, spectroscopy shows complex formation 
from the shielding of Al(iBu)z methylene protons, caused 
by electron donation to the aluminium atom from the 
ligand hetero-atom. 

Figure 13 shows the dependence of the internal chemical 
shift of Al(iBu)3 (A = ~-erI 2 -  ~'eHa) on the VA concentra- 
tion. Almost identical plots were obtained for all the 
ligands studied: CA (EA, Bu20, AA) and the polar 
monomers (VA, MMA, AN). The data presented suggest 
the formation of a 1 : 1 type labile complex with a short 
life time (<  0.1 sec). This is proved by the coalescence of 
the free and coupled Al(iBu)a p.m.r, signals into one 
common signal with the averaged A value. The same 
pattern was maintained for different ether-AIRa com- 
plexesZl-2a. 

Another pattern is observed for Py. Here the p.m.r. 
signal coalescence does not take place owing to a more 
rigid complex formation with life time exceeding one 
second. 

This information is consistent with published data on 
the behaviour of the complex of AIEt3-Py 21. The data 
suggest that the reason for the unusual behaviour of  VA 

294 POLYMER,  1972, Vol 13, June 



Polymerization of VC by AIEt3/benzoyl-peroxide/Lewis-base system : E. B. Milovskaya et al. 

1,0 

I 

0.9 

0.8 / 

X / 
× 

0.7 i i I 

o l 2 3 

[ V A ] /  [A I ( iBu)  31 

Figure 13 Dependence of the internal chemical shift forAl(iBu)8 
(A=rcH ~ -rCHs) on the molar ratio of the VA and Al(iBu)3 con- 
centrations. The concentration of Al(iBu)3 is 10% by wt. in benzene 
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Figure 14 Infra-red spectra of MMA complexed with AIEt3 and of 
free MMA in octane at 25°C. Molar ratio [MMA]/[AIEt3]=I ( - - ) ;  
MMA=8x  10-2mol/I; free MMA ( . . . . . . .  ) 

in the initiation process is not connected with the stability 
of  the complex. 

The experimental data available indicate another pos- 
sibility--a fundamentally different mechanism of inter- 
action between AIEtz and BP in the presence of a polar 
monomerL 

Both the information obtained under simulated condi- 
tions 7, 8 and the kinetic results (obtained in an earlier 
investigation and in the present research) show that 
stoichiometry of the BP reaction corresponds to 1 : 2, i.e. 
the interaction with both carbonyl oxygens is necessary for 
the rupture of  the peroxide bond. 

As already stated, the same expression was obtained for 
the initiation for all the polar monomers (equation la). 
This enables us to pass from a particular case of  VA to the 
general analysis of the phenomenon*. It  is natural to 

* It is not possible to use other polar monomers (AN and MMA) in 
catalytic amounts in the VC polymerization with these systems 
because of a rather unfavourable ratio between the copolymeriza- 
tion constants of VC-AN and VC-MMA. Using the catalytic 
system with MMA a simultaneous occurrence of the initiation and 
inhibition was established 

suppose that in the formation of the complex between 
A1Ra and the polar monomer a certain polarization of its 
double bond occurs followed by the electron cloud shift 
towards the electron acceptor, aluminium alkyl. This 
process is obviously feasible for the monomers having a 
direct conjugation between the double bond and the 
hetero-atom, i.e. for AN and MMA. In the VA molecule 
the movement of the double bond electron cloud can, 
obviously, occur through the uncoupled electron pair of 
the other oxygen (as an inductive effect). 

The decrease in the electron density on the monomer 
double bond in the complex is shown by the example of 
MMA.A1Et3 using i.r. spectroscopy. Figure 14 gives a 
comparison of the i.r. spectral regions of MMA and the 
complex A1Et~. MMA. It  is established that the vibration 
band of the C = C  double bond normally at 1632cm -1 is 
shifted to lower frequencies (1624 cm -1) in the complex. 
The distortion of the double-bond symmetry leads to a 
sharp increase in the intensity of  the corresponding band. 
(With i.r. spectroscopy we failed to find a similar shift in 
the VA molecule: this might be connected with the differ- 
ence in the structure of  these monomers.) 

Hence the complex A1Et3. M is a kind of bifunctional 
compound in which the electron-deficient centres are 
represented by aluminium alkyl and the double bond of 
the complexing monomer. We may assume that in the 
subsequent reaction with BP (a bi-functional electron 
donor) this complex acts as a single bi-accepting com- 
pound. The transition state of  the interaction can be 
schematically shown as follows: 

R 3 

, , c  

! where X= - C  = iq 

O + C H  2 _ O _ C  ~ 0  

/ "" , ~ z ~  ~ 'CH 3 

. -  o o o') 
L J ~ c  ~ - -c  ~° 

I \ OCH 3 
C6Hs 

Stoichiometry of this interaction corresponds to the 
experimentally established ratio A1Eta : BP equal to 1 : 1 
(see equations la  and 9). 

In accordance with the proposed interaction scheme not 
only the alkyl radicals (the only radicals obtained under 
the experimental conditions 8) but also benzoate radicals 
are formed. Occurrence of the latter was shown with 
PMMA a for which the chain transfer reaction to BP is 
known to be absent 24, therefore the presence of terminal 
benzoate groups in the polymer must be entirely due to 
the initiation reaction. 

The fact that the rate constant of  the initiation reaction 
is strongly dependent on the nature of the medium pro- 
vides a certain confirmation of the conception of the free- 
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radical formation resulting from the interaction between 
the highly polarized particles. Thus with a complete 
agreement of  the kinetic orders for the initiator com- 
ponents (equations la  and 9) and for the Ein values, the 
kin values with the AIEta-BP system in the VC medium 
in the presence of  catalytic amount of  VA, and in the VA 
medium are 7 .25x10-a lmo l - l s ec  -1 and 7.2x10-51 
mo1-1 sec -1 (ref. 1), respectively. 

Since the systems studied are efficient as initiators for 
the low temperature polymerization, analogous systems 
based on other organometallic compounds might also be 
effective. 

As was shown recently in similar experiments, the 
replacement of  M - C  bonds (where M is B, AI etc.) by 
M - O  bonds is energetically favourable ~5,~6. The 
energetic gain must be still greater in the interaction 
between metal alkyls and acyl peroxide. In particular, in 
the interaction between aluminium alkyls and BP the 
driving force of  the free radical's formation is the trans- 
formation of  the covalent AI-C bond into the partly 
ionic bond AI-OCO -5. It  is quite evident that the 
advantages of  this process will be principally determined 
by the metallicity of  the central atom. Thus it has been 
established that a trialkyl boron with BP does not yield a 
system of  high activity 27. No data exist about the use of  
organic compounds of Zn and Cd in this combination but 
we may assume that they will be less active than organo- 
aluminium compounds for the same reason. 

Conversely, organic compounds of alkaline and 
alkaline earth metals can hardly be used with acyl 
peroxide as initiating systems. In this case the ionic 
contribution to the M - C  bond is too great. For instance, 
this causes the interaction with BP to develop as a 
heterolytic process rather than a homolytic one 2s. Besides, 
we have found that the reaction of MgR2 with BP, even in 
the presence of a considerable excess of  an electron 
donating compound (dioxan), occurs practically instan- 
taneously. Thus this interaction cannot be a source of  
continuous formation of free radicals. 
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Characterization of a cyclic oligomer 
of poly(pentamethylene terephthalamide) 

H. K. Livingston* and R. L. Gregoryt 
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Poly(pentamethylene terephthalamide) made by interfacial polycondensation 
contained 20% of a fraction that was more soluble in concentrated aqueous 
H2SO4 solutions. The more soluble fraction was sublimable. It had the correct 
elemental analysis for (C18H1604)n but the endotherm pattern on differential 
thermal analysis was quite different from that for the major fraction. The crystals 
formed on sublimation of the more soluble fraction were elongated lamella in 
which the polyamide units were probably hydrogen bonded parallel to the long 
crystal axis. Mass spectrometry of the crystals indicated a molecular weight of 
464. This fact, combined with the evidence of the elemental analysis, indicates 
that the sublimable crystals are (C1sH1604)2, the cyclic dimer of pentamethylene 
terephthalamide. 

The simultaneous occurrence of linear polymerization 
and oligomeric cyclization was recognized in 1930 by 
Carothers et al. 1 in their studies of polyesters. In poly- 
amide synthesis it was first reported by Hoshino 2, who 
observed the cyclic dimer of caprolactam in nylon-6. For 
nylon-n,n, the earliest report of cyclic oligomers was 
made simultaneously by Hermans 3 and by Brown et al. a 
working with nylon-6,6. Von Dietrich et aI. 5 proved the 
structure of the cyclic dimer of nylon-6,6 by X-ray dif- 
fraction of a single crystal. Even earlier the presence of 
cyclic oligomers in aliphatic-aromatic polyesters was 
noted and the structure of the cyclic trimer of poly- 
(ethylene terephthalate) was identified by Ross et al.% 

The particular property of the cyclic oligomers that 
makes them easy to recognize is their volatility. As has been 
discussed elsewhere 7, one of the most characteristic 
properties of a high polymer is that it has zero volatility. 
In contrast, the cyclic oligomers sublime out of the high 
polymers when they are heated, as was noted by Hoshino 2 
for caprolactam dimer and Berr s for ethylene isophthalate 
dimer. 

No reports of cyclic dimers in the aliphatic-aromatic 
polyamides have come to our attention. In our research 
with the aliphatic terephthalamides 9 it was noted that 
preparations of poly(pentamethylene terephthalamide), 
which is coded nylon-5T, could be separated into two 
distinct fractions. The sublimability of one fraction 
prompted some further investigation into its chemical 
composition and structure. 

The nylon-5T was synthesized by a variation Of the 
interfacial polycondensation method of Shashoua and 
Eareckson TM. Freshly distilled pentamethylenediamine 
was dissolved in 0.1 M aqueous KOH and the mixture 
was diluted so that the final aqueous phase for the inter- 
facial polycondensation was 0.012M in diamine and 
0-023 M in KOH. Terephthaloyl chloride was dissolved in 
CH2C12, the hydrolysed acid impurity was filtered out, and 
the filtered solution was further diluted to give a 0-036 M 

* Now deceased. 
t Present address: Ford Motor Company, PO Box 128, Mt. Clemens, 
Michigan 48043, USA. 

CHzClz solution. A 4 1Waring Blendor was charged with 
55ml of the organic phase and 500ml of the aqueous 
phase, blended for a few minutes, and filtered on a 
medium-porosity sintered-glass filter, The precipitate was 
boiled in distilled water, filtered, boiled again, filtered, 
and dried in air for one hour at 100°C. 

The nyton-5T was dissolved in concentrated H2SOa. 
On addition of a small amount of water, a high polymer, 
coded 5T1, precipitated out. Addition of more water led 
to the precipitation of a fraction coded 5T2. The peculiar 
behaviour of 5T2 on heating was first suggested when an 
attempt was made to determine the melting point of 
unfractionated nylon-5T on a Kofler microscope hot 
stage. At about 330°C the nylon-5T appeared to begin to 
melt and needles of crystalline material formed out of the 
melt. The needles were birefringent and apparently single 
crystals. It was noticed that the crystals tended to form on 
the surface of the cover slip as if by condensation. 
Experiments in which the crystalline material was trans- 
ferred from one surface to another by evaporation and 
condensation confirmed the crystals' tendency to sublime. 

Terephthalic acid is known to sublime at about 300°C. 
Contamination by terephthalic acid from the hydrolysis 
of terephthaloyl chloride was immediately suspected and 
attempts were made to reproduce the same type of crystals 
with terephthalic acid and with partly hydrolysed tere- 
phthaloyl chloride. The attempts were not successful. 
Elemental analysis of 5T1 and 5T2 showed that both 
were similar to the expected condensation product and 
ruled out the possibility that the crystals were tere- 
phthalic acid (Table 1). The similarity of the infra-red 
spectra also indicated a similarity in chemical functionality. 

Table I C : N ratios from elemental analysis 

Sample C : N found 

5T1 5"60 : 1 
5T1 5"56 : 1 
5Tz 5.55 : 1 
5T2 5'48 : 1 

Theoretical C : N ratio for nylon-5T=5.55 : 1 
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Cyclic oligomer of poly(pentamethylene terephthalamide) : H. K. Livingston and R. L. Gregory 

The differential thermal analysis of the two fractions 
showed the 5T2 melted at 407°C, compared with 322°C 
for 5T1. It was evident at this point that the 5T2 was 
probably an oligomer but the physical properties indicat- 
ed an unusual structure. The melting points of  a series of 
fractions of a polymer would be expected to increase as 
the molecular weight increased and the solubility should 
decrease. The 5Tz was the more soluble fraction and 
should then be expected to be lower in molecular weight 
and to have a lower melting point. This anomalous 
behaviour suggested the 5T9 might be the cyclic oligomer. 
To test this hypothesis a purified sample of 5T2 was pre- 
pared by condensing the sublimate in vacuo. The vacuum 
was necessary to avoid oxidation of the organic com- 
pound. The condensate was a white microcrystalline 
powder without visible signs of degradation. 

This purified 5Tz was run in a low resolution mass 
spectrograph at 200 and 260°C with an accelerating 
potential of 8 kV. The 200°C scan had peaks which gradu- 
ally tapered off above mass 200. The 260°C scan had a 
well defined parent peak at mass 464. This would be the 
molecular weight of a cyclic dimer of nylon-5T: 

%C / NH(CH;)~NH "~C//" 0 

~ C ~  NH(CH2),NH/C~o 

The higher melting point of the dimer is consistent with 
the observations of Goodman and Nesbitt 11, who studied 
the 2T polyester. They found the cyclic dimer of poly- 
(ethylene terephthalate) to have a melting point of 
314-316°C, compared to 267°C for the polymer. 

The observation that there was 20 % cyclic dimer in the 
polyamide was in line with Morgan's report 12 of  11% 
cyclic diamide in nylon-6,6 prepared by interfacial poly- 
condensation. As Morgan points out, no truly systematic 
study has been made of the factors affecting cyclic oligo- 
mer formation in interfacial polycondensation. Where 
investigators have looked for such oligomers, they have 
usually found them. 

Figure 2 Electron photomicrograph of crystals formed by sub- 
limation from the nylon-5T cyclic oligomer coded 5T2 

The similarity under the optical microscope of the 5T2 
crystals to the nylon-3T single crystals that we have 
described previously 9 (Figure 1) led us to examine the 5T2 
crystals by electron microscope. Figure 2 shows some of 
the 5T2 crystals. They are elongated lamellae, sometimes 
rolled laterally and tending to have ends which are 
fibrous. The larger crystals are on the order of 1/~m by 
20tzm. The crystals differ from the nylon-3T crystals in 
their obvious lamellar habit, but are similar in that the 
ends are fibrous. Fractures in the crystals were observed 
to be parallel to the long axes. By analogy to fracture 
behaviour in other polyamides this would lead to the 
conclusion that the hydrogen bonding is parallel to the 
long crystal axes. 
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Note to the Editor 

Absence of free radical activity during reaction of 
organotin stabilizers with chlorohydrocarbons 

G. Ayrey, R. C, Poller and I. H. Siddiqui  

Queen Elizabeth College (University of London), Campden Hill Road, London W8 7AH, UK 
(Received 21 February 1972) 

In a recent communication 1 it was observed that the most 
plausible mechanism for reaction of organotin stabilizers 
of  the type R2SnY2 (Y=mercapt ide,  thioglycollate or 
carboxylate) with tertiary or allylic chlorohydrocarbons 
was via ionic intermediates. A similar conclusion was 
reached for the reaction between cadmium carboxylates 
and allylic chloridesL The precise details of  the mechan- 
isms require further definition, but the low Lewis acidity 
of  tin in compounds of the types R2Sn(SR1)2 and 
R2Sn(OCOR1)2 3 make the 6-coordinate intermediate 
proposed earlier 4 seem very unlikely. Though activation 
to nucleophilic attack of carbon bound to chlorine by 
weak coordination of the chlorine atom to the stronger 
Lewis acid Bu2SnClz probably explains the catalytic 
effect 1,5 of  the latter in promoting replacement of  
reactive chlorine atoms, an alternative view, that free 
radical intermediates are involved when cadmium or zinc 
carboxylates react with reactive chlorine atoms in PVC 6 
has recently been supported in a study of thermal stabiliza- 
tion of PVC by Group II  metal laurates 7. 

It is most important to clearly differentiate two modes of 
stabilization. The first involves prior reaction of a 
stabilizer with PVC to produce a thermally more stable 
polymer, whereas in the second mode a stabilizer inter- 
venes in the degradation process and causes inhibition or 
retardation. Work with model compounds1,2, 5 has 
largely been directed at investigation of the first mode of 
stabilization and has proved that replacement of  reactive 
chlorine atoms is of  importance. However, there is an 
increasing body of evidence which, in various ways, 
implicates free radicals in the chain degradation of pure 
PVC and PVC copolymers 8-12, and it may be that 
effective stabilizers should have free radical reactivity as 
well as the ability to replace reactive chlorine atoms. 
Indeed, a preliminary study has shown that some of the 
most effective organotin stabilizers do have some 
reactivity toward free radicals in methyl methacrylate 
polymerizations lz. 

So far as stabilization by replacement of  reactive 
chlorines is concerned, we still favour ionic mechanisms 
and have now shown that neither a free radical acceptor 
(diphenyl disulphide) nor an effective inhibitor (2,5-di-t- 
butylhydroquinone) have any effect on the rates of  
reactions between organotin stabilizers and chlorohydro- 

Table 1 Reaction of RCl (0.05mol) with Bu~SnY2 (0.005mol) in 
the presence and absence of radical acceptors (0.0004mol) at 
180°C 

Extent of reaction (~/o) in the 
presence of 

2,4-Di-t- 
Reaction butyl 
time No Diphenyl hydro- 

RCI Y (min) additive disulphide quinone 

3-Chloro- -SCH3 37.5 72 68 70 
but-l-ene 
3-Chloro- -OCOCHa 180 40 48 44 
but-l-ene 
t-Butyl -SCH~ 30 88 90 90 
chloride 
t.Butyl -OCOCH~ 52.5 80 74 78 
chloride 

carbons. Reactions were carried out in sealed tubes at 
180°C as described previously 1, and the results recorded 
in Table 1 show no evidence of retardation or inhibition. 
Thus, there is no evidence that free radical chains are 
involved in these reactions. 
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Book Reviews 

Plastic deformation of polymers 
Edited by A. Peter~in 
Marcel Dekker, New York, 1971, 299 pp, $17.50 

This  book consists  o f  selected papers presented at the American 
Chemical  Society Symposium on Plastic Deformat ion  of  Polymers 
held at New York in September  1969. It is essentially a hard back 
book consist ing of  the contents  of  the Journal ~fMacromolecular 
Science (Physics) 1970, 134, No. 3. 

The  papers cover many aspects of  the plastic deformat ion  of 
polymers  from structural  studies by X-ray diffraction techniques,  
i n f r a - r ed  s p e c t r o s c o p y  and  e l ec t ron  spin  r e s o n a n c e  to 
phenomenolog ica l  studies of  linear and non- l inear  viscoelasticity 
and yield. This  volume reflects the diversification of  research in 
this area and provides an excellent cross-section of  the different 
approaches.  It has been edited by Dr Anton  Peterlin, who has also 
contr ibuted with his co-workers  several articles of  part icular  in- 
terest. 

The book will be of  value to research workers  and postgraduate  
s tudents  in polymer  science. Al though it requires considerable  
knowledge of  the subject if the reader is to gain full benefit, most 
of  the papers are self conta ined and some of  them such as that on 
the mechanical  propert ies  of  isotactic polyprop_ylene by R. J. 
Samuels, are comprehens ive  reviews of  part icular  areas o f  the sub- 
ject. 

The book is well produced with a high s tandard of  i l lustration, 
and appears  to be reasonably priced. As will have been gathered 
from this review it conta ins  much interesting material  and can be 
r ecommended  as initial reading in a complex  and diverting sub- 
ject. 

I. M. Ward 

Biomedical polymers 
Edited by A. Rembaum and M. Shen 
Marcel Dekker, New York, 1971, 292 pp, $17.50 

This book is a valuable work. There  is surpris ingly up-to-date 
informat ion about  the areas covered and tile papers are very com- 
prehensive. The problem with this, as so often happens  in books 
which are compiled as a collection of  papers  presented at a sym- 
posium, is a dual one. Firstly, there are differences in style in 
paper to paper. This  means  that the reader may enjoy one style in 
one paper and find that the next jars. But what is more  important  
is that the contents  have all the shor tcomings  of  papers presented 
at a scientific meeting. They start off written in English and in- 
telligible, and then lax a lmost  immediately into scientific jargon,  
into mathemat ics  and physical chemistry.  This  is both an advan-  
tage and disadvantage.  It means  that whatever  level the reader is 
interested in, whether  he wants a superficial review of the subject 
or whether  he wants to know the latest details about  the growing 
edge of the subject, it is there. However,  o ther  types of  infor- 
mation retrieval systems may be necessary in the future, to allow 
people access to material  according to the level at which their 
research is conducted.  The cri t icisms which apply to this publ ished 
sympos ium are c o m m o n  to all published symposia  and apply less 
than usual to this one, which is well compi led and well produced.  
No self respecting bioengineer  should be without it and it is im- 
portant  to remember  that b ioengineer ing by definit ion is 
engineering applied to biological problems,  a fact which is 
frequently forgotten by cont r ibutors  to this kind o f  symposium.  
What  I would like to have seen would be lor the two editors to 
have added a review chapter  to the end of  this book, cross 
referencing the reader to the papers within; then its readership 
would be so much wider it could be used by cardiac surgeons,  by 
or thopaedic  surgeons  and in fact anyone  consider ing implant ing 
material using prosthesis  or taking an interest in the subject. The 
tragedy is that books like this widen the gap between the general  
physician and the sophist icated bioengineer ing research projects, 
upon which their future practices will be based. 

D. B. Longmore  

Physical chemistry of adhesion 
D.H. Kaelble 
Wiley - -  Interscience, New York, 1971, 507 pp, 
£13.00 

Most  adhesives  in use today are polymers.  Consequen t ly  a book 
on the physical chemist ry  of  adhesion is, to a large extent,  a book 
on polymeric  materials.  Now in general  the theoretical deter- 
minat ion of  the propert ies  of  polymers ,  whether  in solut ion,  or 
existing as pure l iquids or solids, involves considerable  dif- 
ficulties. Because o f  this, a t tempts  to relate the surface chemistry,  
bonding,  rheology or fracture of  polymers  to their molecular  
s t ructures  are either plausible extensions  of similar  relations 
derived E)r monomer i c  materials,  or they are, in the last analysis, 
empirical  relations for which some qualitative molecular  inter- 
pretat ion is sought.  Examples  of  both approaches  are to be found 
here, and the modern  physical chemist  is unl ikely to find them 
very satisfying. 

The book is divided into three sect ions : surface chemistry (186 
pages), rheology (130 pages), bond ing  and fracture (171 pages). In 
every sectioH there are large quant i t ies  o f  exper imenta l  material  
requir ing in terpre ta t ion,  and the range of subjects covered,  from 
solubil i ty parameters  to the shear  s t rengths  of  adhesive joints ,  is 
certainly very impressive.  The character  of  the work can be judged 
from the section on surface chemistry,  Here,  in 55 pages devoted 
mainly  to surface tension,  Fowler 's  molecular  theory,  and 
numer ica l  results obta ined  from it, are not  ment ioned .  Indeed,  the 
existence of  a general  molecular  theory o f  fluids is only referred 
to once,  and modern  deve lopments  not  at all. But the reason for 
these omiss ions  is clear. Except perhaps  in the field of  s o l i d - s o l i d  
adhesion,  fundamen ta l  ideas in chemist ry  and physics have had as 
yet, little impact  on adhesion technology.  It is better to bond 
muscovi te  mica with an ~-cyanoalkylacrylate  adhesive than to 
rely on the many-body  dispersion forces between the adherends.  

T. B. Grimley 

Calendering of plastics 
RI E. E/den and A. D. Swan 
Iliffe Books, London, 1971, 106 pp, £2.40 

Books on calenders  and calendering processes for polymers  are 
almost  non-existent ,  the subject usually receiving only brief  men- 
tion in most  polymer  reference works. This  monograph  com- 
missioned by the Plastics Institute fills a very obvious gap and is 
most  t imely in appearance being essentially a practical work of- 
fering a wealth of  sound advice concern ing  the calender ing of  
thermoplas t ic  materials  in general  and PVC in particular. 

After a historical in t roduct ion to calender ing by G. T. L. Grif-  
fin, the principles of  PVC compound ing  for the calendering 
process are discussed in detail together with the pre-mixing and 
gelation processes necessary prior to feeding thermoplast ic  com- 
pounds  to calenders.  Subsequent  chapters  are devoted to calender  
design, ancil l iary equipment ,  post-calender  processing operat ions,  
all i l lustrated clearly by simple line diagrams.  Separate chapters  
cover processing faults and remedies,  control  testing of  raw 
materials  and finished sheet, all technical  terms being explained 
by a separate glossary. An especially useful feature are frequent 
references throughout  the text to product ion cum economic  fac- 
tors which dictate product  sheet tolerances and machine design 
parameters.  All chapters  are supported by literature references 
which make detailed background reading possible. 

This  book is r ecommended  reading for all engaged in polymer 
technology processes whether in the plastics or rubber  fields but 
especially it should be useful to polymer technologists ,  product ion 
engineers  and managers.  It is of  good quality, readable and 
produced at a modest  price, thus being r ecommended  as an essen- 
tial addi t ion to all po lymer  technology libraries. Further,  s tudents  
preparing for professional  examina t ions  will likely find this 
monograph  an essential part of  their reading lists. 

C. Hepburn 

Printed in Offset by Kingpr in t  Limited 
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Ziegler-Natta catalysis: 
1. A general kinetic scheme 

D. R. Burfield, I. D. McKenzie and P. J. T. Tait 
Department of Chemistry, University of Manchester Institute of Science and 
Technology, Manchester M60 1QD, UK 
(Received 6 December 1971 ; revised 11 February 1972) 

A kinetic scheme is postulated for Ziegler-Natta polymerization where propaga- 
tion is considered to occur between adsorbed monomer and an active centre 
which has been formed by interaction of the metal alkyl with the transition metal 
halide. Chain transfer is considered to occur with adsorbed metal alkyl and also 
with adsorbed monomer. Rate. molecular weight and active centre dependencies 
are derived which are in qualitative agreement with the results of previous studies 
in Ziegler-Natta polymerization. 

INTRODUCTION 

In recent years extensive kinetic studies of a wide 
spectrum of Ziegler-Natta systems have appeared in the 
literature, and a number of attempts have been made 
to derive kinetic schemes which have general applica- 
tion1, 2 as well as those which are restricted to individual 
systems 8, 4. 

It is now some time since Eirich and Mark 5 pointed 
out that, since most Ziegler-Natta catalyst systems were 
of a heterogeneous nature, it was most likely that 
adsorption processes were involved in the reaction 
mechanism. These concepts were used by Saltman 1 in 
an attempt to derive a general kinetic scheme for the 
polymerization reaction. He thus proposed that monomer 
and metal alkyl were reversibly adsorbed onto the 
crystal surface of the transition metal halide and that 
propagation occurred between the adsorbed metal 
alkyl and monomer, either adsorbed or in solution. 

At high metal alkyl concentrations the derived expres- 
sion for the rate of propagation, assuming that propaga- 
tion is with unadsorbed monomer, is given by: 

R~ =k~[M][S] (1) 

where [S] is the concentration of surface sites, [M] is 
the monomer concentration and kp is the rate constant 
for propagation. This equation is similar to the expres- 
sions derived by Kern et al. 6 and Keii et al. 7, for the 
polymerization of propylene by TiCIa/A1Et3. 

These expressions do not have, however, general 
application for although they are consistent with the 
first order dependence of the overall rate of polymeriza- 
tion on monomer and consistent with the independence 
of rate at high metal alkyl concentrations 6-s, they do 
not explain the maxima in rate observed by some authors 
as the metal alkyl concentration is increased. A maxima 
in rate has been observed in systems 3, 9-1~ where it 
cannot be attributed to deactivation by reduction of the 
active species as has been suggested by Kern et al. 6, 

although this latter explanation is probably important 
for catalysts based on higher valence state transition 
metal halides, e.g., TIC14. 

Vesely et al. 4 on the other hand have proposed a 
kinetic scheme where propagation was considered to 
occur between adsorbed metal alkyl and adsorbed 
rather than unadsorbed monomer. In this case the rate 
of polymerization is of the form: 

Rp  = k~OMOAS (2) 

where 0M and 0A are the fraction of surface covered by 
adsorbed monomer and metal alkyl respectively. This 
equation predicts a fall off in rate at high metal alkyl 
concentrations. 

Reich and Stivala 2 set out to derive a comprehensive 
scheme which would resolve these apparent incon- 
sistencies. They suggested that adsorbed metal alkyl 
constituted the active site, and that propagation occurred 
between adsorbed metal alkyl and neighbouring adsorbed 
or unadsorbed monomer. The subsequent derivations 
allowed qualitative agreement, a maxima in rate being 
observed if propagation were considered to occur with 
adsorbed monomer, whilst an independence of rate 
upon metal alkyl concentration was predicted if propaga- 
tion occurred with unadsorbed monomer. However, it 
seems inconsistent to assume propagation with adsorbed 
monomer in one system and with unadsorbed monomer 
in another similar system merely in order to rationalize 
the experimental results. It might be possible to argue 
that in the case of ethylene which is the most reactive 
~-olefin that this monomer reacts directly from solution 
without prior complexation whereas propylene and higher 
olefins undergo preliminary adsorption, but even this 
seems unlikely. 

The above reaction schemes are based on the assump- 
tion that the active centre is an adsorbed metal alkyl 
species. On the other hand, Otto and Parravano 3 have 
proposed a scheme where propagation occurs between 
adsorbed monomer and an alkylated transition metal 
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entity, the concentration of which is proportional to the 
fraction of the surface covered by adsorbed metal 
alkyl. However, their derivations do not appear to 
have general application outside their own kinetic 
results. 

Thus at the present time no kinetic scheme has been 
derived which fully explains all the kinetic results re- 
ported in the literature. A scheme is now proposed 
which adequately describes the extensive kinetic, mole- 
cular weight: and active centre data obtained for the 
system VCl3/A1R3/4-methylpentene-1 and which appears 
to have fairly general application to a variety of systems. 
The scheme will be presented, and expressions derived 
for use and verification in subsequent papers. 

PROPOSED KINETIC SCHEME 

Propagation 
In the proposed scheme propagation is considered 

to occur with an active centre formed by interaction of 
the metal alkyl with the transition metal halide, rather 
than with a metal alkyl molecule merely adsorbed onto 
the surface. The reason for this is that if propagation 
were to occur with adsorbed metal alkyl, then the active 
centre concentration (Co) would be proportional to the 
fraction of the surface covered by adsorbed monomeric 
metal alkyl (OA). It has, however, been found that this 
relationship does not hold for the system under study 
(Table 1). This is also supported by other kinetic data 
which shows that Co can vary under conditions of 
constant OA. 

These observations indicate that the propagation 
reaction does not occur with aluminium alkyl merely 
adsorbed onto the surface of the vanadium trichloride. 
It may be similarly shown that propagation does not 
occur with adsorbed monomer and metal alkyl pairs 
as the polymerization rate is not proportional to the 
product of 0A and 0M. 

The kinetic data are most adequately interpreted if 
propagation is considered to occur between an active 
centre and adsorbed monomer. The rate expression thus 
becomes: 

Rp=k~OraCo (3) 

where kp is the propagation rate constant with respect 
to adsorbed monomer, and 0~t is the fraction of the 
surface covered by adsorbed monomer. The adsorption 
of monomer and metal alkyl onto the catalyst surface 
are considered to be described by the Langmuir-Hinshel- 
wood isotherms, thus: 

KM[M] 
0M = 1 + KM[M] + KA[A] (4) 

Table I Variation in the active centre concentration with 0a 
[AIR3]=37.0mmol/I; [4-MP-1]=2.0mol/I; [VCI3]=18.5mmol/I; 
solvent= benzene; temperature=30°C 

Cox 10 4 
Metal alkyl (mol/mol VCla) 0A CO/8AX 103 

Al(iBu)3 3.78 0.125 3.00 
AIEt3 6.10 0.445 1.37 
Al(nBu)3 3.30 0.090 3"65 
Al(nHex)a 2.30 0.110 2.10 

Ziegler-Natta catalysis (1): D. R. BurfieM et al. 

Table 2 Some metal alkyl concentrations 
Natta systems 

System 

employed in Ziegler- 

Range of [A] 
Effect of increasing employed 
[A] (mmol/I) Ref. 

TiCI3/AIEt3 for Maximum produced 10-200 4 
propylene Independent 29-45 8 

Independent 5-30 7 
Independent 2-35 6 

and 

0h = KA[A] 
1 + K.~t[M] + KA[A] (5) 

where [M] and [A] are the concentrations of monomer 
and metal alkyl, and KM and KA are the equilibrium 
constants for the respective adsorption equilibria. 

It should be noted that where the metal alkyl is 
known to be dimeric K1/2[A2]l/2 should be substituted 
for [A], where [A2] is the concentration of metal alkyl 
dimer and K is the dissociation constant. 

Thus the rate of propagation will be dependent upon 
the number of active centres and the value of 0M. 
Initially, as the metal alkyl concentration is raised the 
rate of polymerization will increase due to the formation 
of a greater number of active centres. The number of 
active centres should increase to a limiting value after 
which the polymerization rate would be expected to 
decrease, as the value of 0M is diminished by com- 
petitive adsorption of metal alkyl with monomer. 

These predictions apparently do not fit the observa- 
tions by some workers that the polymerization rate 
becomes independent of metal alkyl concentration at 
high concentrations. This discrepancy may, however, 
be simply explained. The authors who failed to observe 
a maximum in rate, although using similar ranges of 
catalyst component ratios, used much lower overall 
catalyst concentrations than those authors who do 
observe a rate maxima. This is significant since 0,~ 
depends on the actual concentration of the metal alkyl 
and not on the ratio of catalyst components. Clearly 
when the metal alkyl concentration is very low the 
term KA[A] becomes insignificant, and 0M is more or 
less independent of the metal alkyl concentration. The 
results of different workers for the system TiC13/A1Et3/ 
propylene are summarized in Table 2. 

When one notes that Vesely et al. 4 observed the 
maximum in rate at a concentration of 50mmol/l of 
A1Et3, it is not surprising that other workers did not 
detect this effect. 

Thus the proposed theory is consistent with the 
results of those workers who do not observe a rate 
maxima but who use low catalyst concentrations, as 
well as those authors who observe a rate maxima when 
using higher catalyst concentrations. The kinetic scheme 
is also in accord with the findings of the majority of 
workers a, s, 10, 11 who observe that the polymerization 
rate is proportional to the metal halide concentration 
at a constant ratio of catalyst components. Hence from 
equation (3), Rv~Co, and Co in turn is a function of 
the metal halide concentration. 

However, this scheme predicts a fall off in rate at 
very high catalyst concentrations, for as the metal 
alkyl concentration is increased, so as to maintain a 
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constant ratio of catalyst components, the value of 
0M, and thus the rate, will decrease. This effect has in 
fact been observed in the present study above VCI3 
concentrations of about 30mmol/l, which is outside 
the range of concentrations employed by most previous 
workers. The scheme also predicts that the polymeriza- 
tion rate should be first order with respect to monomer, 
although at very high monomer concentrations the 
rate should become independent of the monomer 
concentration. Only the first of these effects has been 
observed, the latter effect occurring at monomer con- 
centrations which cannot be realized experimentally. 

Initiation 
Most authors ~2, 13 consider that the initiation and 

propagation of chain growth occur by the same type 
of mechanism, although the two steps are characterized 
by different activation energies 14. Indeed there is a 
considerable amount of evidence that the rates of these 
two processes are very different, the rate of chain initia- 
tion being much lower than that of chain propagation 14. 
Thus two types of active site may be envisaged as existing 
in these polymerization systems, viz., propagating sites 
of concentration, Co, and potential sites of concentration, 
C~. Potential sites are considered to be sites prior to 
initiation by monomer or sites arising from transfer 
reactions by either monomer or metal alkyl. Hence the 
following steps are distinguishable: 

ki 
Cat+R ' + CH2 = C H - - ~ C a t + C H z - C H - R '  

I I 
R R 

(potential site) (active site) 

kp 
Cat+C H2-CH,-~ P + CH2 = C H - - ~  

I I 
R R 

Cat+(~ Hz-CH-CHz-CH ~ P 
I I 

R R 

For a given concentration of metal halide there will 
be a maximum concentration of active sites, Ct, and if 
this is assumed to be constant then: 

Ct = Co + C~ (6) 

The rates of initiation and propagation in a system 
where initiation and propagation are considered to occur 
with adsorbed rather than unadsorbed monomer and 
metal alkyl, are given by, 

R~ =k~ClOM (7) 

and 

R v = kvCoOM (8) 

Similarly, if chain transfer with adsorbed monomer 
and adsorbed alkyl are the major transfer steps then: 

Rt = k mCoO~i + kaCoO a (9) 

Under stationary state conditions: R~=Rt and thus, on 
elimination of C~: 

k~CtOM 
Co kiO~t+kmO.~[+kaOa (10) 

Substitution for Co in equation (8) gives the relationship: 

kvk~CtO~ 
(11) Rv = kiOM + kmOM + kaOA 

At low monomer concentrations of metal alkyl and 
monomer, 0A=KA[A] and 0M=KM[M], 

kvk~CtK2[M]Z (12) 
• ". R~-k~KM[M]+kmKM[M]+kaKA[A ] 

and hence: 

[M] 1 (1 +km'~ 1 [kaKA[A]'~ 1 (13) 
Rp -kvCtKM k~ ] -I kvCtKM k k ~  ] ~]] 

This derivation is somewhat analogous to that of 
Chirkov et al. 15. Natta et al. 16 and Schindler 17 have also 
derived similar relationships but using different models. 

A plot of [M]/Rv against 1/[M] should therefore be 
linear with: 

. . . . .  kaKA[A] 
slope/Intercept = ( k ~ M  (14) 

Such a plot may thus be used for the evaluation of 
k~ provided that only low concentrations of monomer 
are used. 

Chain transfer 
The predominant chain transfer reactions for the 

system VCI3/AIR3/4-MP-1 are considered to be: (a) 
transfer with adsorbed monomer; (b) transfer with 
adsorbed metal alkyl. Spontaneous termination is 
considered to be unimportant at 30--40°C, the tem- 
perature range employed in this study. 

When transfer is with adsorbed metal alkyl, the rate 
of transfer is given by: 

Rta = kaO A Co (15) 

where ka is the rate constant for chain transfer with 
metal alkyl. Similarly, for transfer with adsorbed mono- 
mer the rate of transfer is given by: 

Rtra = kmOMCo (16) 

where km is the rate constant for transfer with adsorbed 
monomer. 

The rate of spontaneous termination is given simply 
by: 

Rts=ksCo (17) 

where ks is the rate constant for spontaneous termina- 
tion. This reaction is unimportant except at higher 
temperatures, and therefore will be omitted from the 
subsequent expressions for the number-average degree of 
polymerization. 

Molecular weight relationships 
Where propagation occurs with adsorbed monomer, 

and chain transfer with adsorbed monomer and adsorbed 
metal alkyl then the number-average degree of poly- 
merization, after time t is given by: 

t 
f okvOMCo dt 

' t  0 t /3n= Co+ fokm MC0dt+ fokaOAfodt (18) 
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Inverting, integrating and removing Co gives: 

1 1 +kmOMt+kaOM 
= kvOM t (19) 

Substituting for 0A, 0M and simplifying yields: 

1 kaKA[A] 1 KA[A] , (km+l/t)  
Pn k~KM[M] +kpKM[M]t -t k p K ~ - t  -~ (20) k p  

This equation predicts that the number-average 
degree of  polymerization will be: (a) initially dependent 
on the duration of polymerization, but becoming inde- 
pendent at a later stage of the polymerization, i.e., when 
t is large; (b) reduced by increasing the metal alkyl 
concentration; (c) dependent on the monomer con- 
centration; (d) altered by the nature of the metal alkyl 
compound; and (e) independent of the metal halide 
concentration. 

These predictions are in general accord with the 
dependencies observed in other Ziegler-Natta catalyst 
systems and are in excellent agreement with those 
found in the present study, and which will be presented 
in subsequent papers. 

Active centre concentration relationships 
In a later paper the effect of various parameters on 

the concentration of metal-polymer bonds (MPB) in 
the system VC13/A1Eta/4-MP-1 will be presented, and 
it is useful at this stage to derive expressions for later 
interpretation. 

Variation of metal-polymer bond concentration with 
metal alkyl concentration. The radioactive quench 
method enables measurement of the total concentration 
of MPB in the reaction mixture, i.e., both growing 
polymer chains bound to the active sites, and transferred 
polymer chains bound to the metal of the metal alkyl. 
Thus the MPB concentration at time t is given by: 

[MPB]t = Co + f'oRt~dt (21) 

The rate of transfer with metal alkyl can thus be measured 
in addition to Co. If transfer is with adsorbed metal 
alkyl then: 

Rta = kaO A Co (15) 

Substitution for OA and rearranging gives: 

Co I+KM[M]  1 (22) 
Rta-  kaKa[A] t-ka 

Thus a plot of Co/Rta against I/[A], or l[Az] 1/z for 
dimeric metal alkyls should be linear with: 

] + KM[M] (23) slope = kaKA 

o r  

and 

_ 1 +KM[M] for dimeric metal alkyls 
kaK1/2KA 

intercept=l/ka (24) 

Thus ka may be evaluated. 

Ziegler-Natta catalysis (1): D. R. BurfieM et al. 

Variation of metal-polymer bond concentrations with 
monomer concentration. The number-average degree 
of polymerization by tritium end group analysis (Pn)T is 
given by: 

= .  Monomer polymerized at time t 
(t"n)T = Num-bel: o f f a l - p o l y m e r  bonds (25) 

f' • (/~n)T = 0R~ dt (26) 

Co+ f ;  Rtadt 

Substitution for Rp and Rta yields: 

fto kpOMCo dt 
(Pn)~ . . . . . .  (27) 

t 0 Co+ foka aC0dt 

It should be noted that 0A is independent of time 
under the polymerization conditions employed, and 
although 0.u varies with time, the polymerization runs 
for which these derivations were made were terminated 
at similar conversions, and hence would have similar 
values for the term J'0M dt. Thus equation (27) becomes: 

kpOMt (28) 
(Pn)T=B x l ~-kaOAt 

where B is a constant. 
The specific radioactivity of the polymer is propor- 

tional to 1/(Pn)T 

• specific activity = C x (1 + kaOat) (29) 
• " kpOMt 

where C is constant. On substitution for OA and OM the 
following equation is obtained: 

D _I 1 + KM[M]KM[M] + (1 + kat )KA[A]]j (30) specific activity 

where D is the constant required after removing kp and 
t from the denominator. 

Hence a plot of activity versus 1/[M] should be linear 
with: 

intercept = D (31) 

and 

[1 +(1 +kat)KA[A]] (32) 
slope = D L . . . .  KM - ] 

The use of equation (30) affords a convenient method 
of checking the validity of the proposed scheme. 

Equations (23) and (32) when used together enable 
values of KM and KA to be calculated. 

Variation of metal-polymer bond concentration with 
metal halide concentration. It is generally accepted that 
Cooc[VCla]. Now in this particular study the ratio 
[A]/[VCla] was kept constant, whilst the VC13 concen- 
tration was varied. Therefore for this particular series 
under these conditions: 

Cooc[A] or Co=P[A]  (33) 

where P is a constant. Substitution for Co and 0A in 
equation (21) gives: 

PkatKa[A] ~ 
[MPBlt = P [A] + 1 + KA[A]+ KM[M] (34) 

POLYMER. 1972. Vol 13, July 305 



Ziegler-Natta catalysis (1): D. R. Burfield et al. 

However, KA[A]<I+KM[M]  under the conditions 
employed, and thus the denominator may be assumed 
constant. Hence a plot of  [MPB] versus ( [A]+ Q[A] 2) 
should be linear and of slope P, where Q is a constant 
given by: 

katKA 
Q = 1 + KA[A] + KM[M] (35) 

and may be evaluated. 
Co may now be calculated from equation (33) and com- 

pared with the value determined by extrapolation of the 
MPB versus conversion plot. 

The experimental data shortly to be presented are 
found to conform to these derived expressions and 
confirm the validity of  the proposed kinetic scheme 
for the polymerization system VC13/A1Ra/4-MP-1. 

CONCLUSIONS 

The postulated kinetic scheme, where propagation is 
considered to occur between adsorbed monomer  and an 
active centre, formed by interaction of metal alkyl 
with the transition metal halide, has been shown to be 
in qualitative agreement with the kinetic results observed 
for Ziegler-Natta polymerization. Quantitative cot- 

relation with kinetic, molecular weight, and active 
centre data will be demonstrated in subsequent papers 
for the polymerization system VC13/A1Ra/4-MP-1. 
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Ziegler-Natta catalysis: 
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The kinetics of the polymerization of 4-methylpentene-1 by the Ziegler-Natta 
system VCI3/AIR3 have been examined at 30°C and 40°C. The dependence of the 
overall rate of polymerization on the concentration of metal halide, aluminium 
alkyl concentration, monomer concentration, temperature, and nature of the 
aluminium alkyl has been established. The energy of activation of the overall 
polymerization process has been found to be 16.6kcal/mol in benzene and 
13.7kcal/mol in heptane. The results have been examined in relation to a pre- 
viously described kinetic scheme, 

INTRODUCTION 

Although the recent literature contains several excellent 
studies of the physical properties of poly(4-methyl- 
pentene-1), very little has been published on the details 
of the kinetics of polymerization using Ziegler-Natta 
catalyst systems. A number of papers discuss in detail the 
solid and solution properties of this polymed -4 and 
various catalyst systems have been used for the prepara- 
tion of these samples. Thus, Natta 5 described the pre- 
paration of a highly crystalline polymer using ~-TiCI3 and 
AIEt3. Campbell 6 reported on the preparation of polymer 
using a catalyst derived from TiCI4 and LiAI(C10H2D4, 
whilst others 1, 2 have used ~- or 7-TiCla with AIEt~C1. 
Descriptions of the polymerization processes have usually 
been limited to such details as the effect of catalyst com- 
position on the polymer yields and characteristics 7. In 
only two instances have any substantial kinetic data been 
reported for the polymerization of 4-methylpentene-1 by 
lower valence transition metal compounds s,9. Burnett 
and Anderson s studied the polymerization of this 
monomer by the catalyst system ~-TiCI3/A1Et3 in 
heptane, using a dilatometric technique. Ehrig et al. 9 have 
used the catalyst system ~-TiC13/A1EtzC1. Similarly, 
relatively few kinetic investigations have been carried out 
using vanadium trichloride as the transition metal halide 
component of the catalyst, as the attention of research 
workers has been almost entirely directed towards 
catalysts based on titanium compounds. 

The aim of this study has been to investigate the 
kinetics of the polymerization of 4-methylpentene-1 by 
the catalyst system VCI3/A1R3, and in particular the 
system using tri-isobutylaluminium as the alkyl- 
aluminium component of the catalyst. 4-Methylpentene-1 
is a particularly convenient monomer for the laboratory 
study of Ziegler-Natta catalysts, for as a liquid, it offers 

advantages in ease of handling and experimental con- 
venience over gaseous monomers. The results of these 
experiments are discussed in terms of the kinetic scheme 
proposed in an earlier paped 0. In this scheme chain 
propagation is considered to occur between adsorbed 
monomer molecules and active centres formed on the 
surface of the transition metal halide by its interaction 
with an aluminium alkyl. 

EXPERIMENTAL 

Reagents 
4-Methylpentene-1 (4-MP-1). The monomer was kindly 

supplied by ICI Plastics Division, Welwyn Garden City, 
in a 99 ~o pure state. Before each series of kinetic runs the 
monomer was dried over sodium wire and fractionally 
distilled. The middle fraction, boiling at 54°C at I atmo- 
sphere (--101.325 kN/m 2) pressure, was collected and 
stored over clean sodium wire until required. 

Benzene. The Analar solvent was dried by heating 
under reflux with sodium wire for several hours. The 
solvent was then purified by fractional distillation. The 
middle fraction was then stored over sodium wire in a dry 
box. 

n-Heptane. The Analar solvent was shaken with two 
portions of concentrated sulphuric acid and then with 
two portions of 5 N sodium hydroxide solution. This was 
followed by washing with distilled water until the wash- 
ings were neutral to litmus. After drying over calcium 
chloride for 24h, the solvent was refluxed over sodium 
wire and then fractionally distilled. The middle fraction 
was collected and  stored over sodium wire in a dry box. 

Vanadium trichloride. This compound was kindly 
supplied by Magnesium Elektron Ltd., Clifton Junction, 
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in a 99 % pure state and was stored in an inert atmosphere 
in a dry box. The batch was analysed before delivery and 
the following results were quoted: V a+, 31.8%; CI-, 
67.2%; O ~-, 0.00I %. 

Tri-isobutylaluminium. The alkyl was kindly supplied 
by the Shell Chemical Co. Ltd, Carrington, and stored in 
an inert atmosphere in a dry box. Analysis, before delivery, 
yielded the following results: Al(iBu)a, 91.2 %; AI(iBu)~H, 
4.1%; Al(iBu)2OBu, 4.7 %. 

Diethylaluminium chloride. This aluminium alkyl was 
also supplied by the Shell Chemical Co. Ltd, Carrington, 
and was reported to be 95.2 % pure. 

Triethylaluminium. Koch Light Limited supplied the 
alkyl and claimed a purity of better than 90%. 

Trimethylaluminium and tri-n-decylaluminium. These 
were purchased from K & K Laboratories Inc., New 
York, who claimed their purity to be 95-99 %. 

Tri-n-butylaluminium and tri-n-hexylaluminium. Both 
these alkyls were obtained from Pfaltz and Bauer Inc., 
and were stated to be 95 % pure. 

Polymerization procedure 
Polymerizations were carried out in special dilato- 

meters as described previously n.  All glassware used in 
polymerization experiments was thoroughly cleaned, 
dried at 150°C and finally flamed out under vacuum. 

In order to obtain reproducible results it was con- 
sidered essential to prepare polymerization mixtures in an 
identical manner; all components were made up in a 
similar manner and mixed in the same order. Quantities 
of vanadium trichloride were introduced into weighed 
stoppered tubes in a dry box. The filled tubes were then 
removed from the dry box and weighed, so that the 
accurate weight of vanadium trichloride was determined. 
A tube containing the required amount of vanadium 
trichloride was unstoppered in the dry box and dropped 
into the bulb of the dilatometer filler. Required amounts 
of benzene and aluminium alkyl solution were then 
added, in that order, by means of graduated syringes. The 
dilatometer filler was then quickly stoppered, removed 
from the dry box, attached to the high vacuum line, and 
degassed. The desired quantity of degassed monomer was 
then distilled in from a graduated tube. Finally, the dilato- 
meter was sealed off and placed in a thermostat bath and 
allowed to warm up to the required temperature. The 
polymerization reaction was usually followed for 1.5-4h 
using a cathetometer reading to + 0.01 mm. 

Reproducibility 
It was found that all rates could be reproduced using 

the above procedure within _+ 4 %. 

RESULTS AND DISCUSSION 

The polymerization reaction is characterized by an initial 
'settling' period during which the rate increases followed 
by a much longer period in which the rate gradually 
decreases due to depletion in monomer concentration. 
Results for a typical polymerization are shown in Figure 1. 
After the initial 'settling' period the polymerization rate, 
corrected for decrease in monomer concentration, remains 
constant up to at least 55 % conversion. This is confirmed 
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Figure 1 Plot of conversion versus time. [4-MP-1]=2.00mol/I; 
[VCla]=18-5mmol/I; [Al(iBu)a]=37.0mmol/I; temperature=30°C 
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Figure 2 Plot of Ioglo(100-% conversion) versus time. [4-MP-1]= 
2.00 mol/I ; [VCI~]= 18.5 mmol/I ; [Al(i Bu)a]= 37.0 mmol/I ; tempera- 
ture=30°C 

in Figure 2 which also shows that the rate within a given 
polymerization run is first order with respect to monomer 
concentration. The settling period is found by extrapola- 
tion of the linear portion of the first order plot to zero 
conversion, as illustrated in Figure 2. 

During polymerization the vanadium trichloride 
particles, which are initially finely dispersed, aggregate to 
form large clusters. As the polymerization proceeds these 
aggregates break up until the characteristic purple colour 
is present throughout the whole system. Finally the 
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polymerization mixture consists of a uniform dispersion 
of polymer coated catalyst particles, many times larger 
than their initial size. 

Dependence of  rate on catalyst concentration 

The effect of  increasing the catalyst concentration on 
the rate of  polymerization was investigated at 30°C and 
40°C. Whilst the monomer concentration and tri- 
isobutylaluminium to vanadium trichloride molar ratio 
were kept constant, the vanadium halide concentration 
was varied over a range of 6.0 × 10 -3 to 2.6 x 10 -1 mol/l at 
30°C, and 3.9 x 10 -3 to 18-5 x 10 -3 mol/l at 40°C. The 
experimental results are given in Tables 1 and 2 respec- 
tively. 

Table la and Table 2 show that the steady state rate, 
(Rp), i.e., the rate after the 'settling' period is finished, 
varies linearly with the concentration of vanadium tri- 
chloride when the catalyst concentration is low, i.e., when 
the ratio [4-MP-1 ]/[Al(iBu)3] is high. Logarithmic plots of 
the catalyst concentrations versus steady state rates yield 
straight line plots of  slope unity, indicating a first-order 
reaction with respect to catalyst concentration. These 
results indicate that, as is usual in Ziegler-Natta systems, 
the number of active centres is directly proportional to 
the concentration of the transition metal halide, i.e. 

C0oc [VCIb] (1) 

and are in accordance with the kinetic scheme proposed 
earlier a0. 

However, under conditions where the ratio [4-MP-1]/ 
[Al(iBu)3] is much lower, the steady state rate divided by 
the vanadium concentration decreases with increase in 
vanadium trichloride concentration, i.e., with increase in 
the ratio [AI(iBu)3].[4-MP-I]. This is evident from an 

Table la Effect of catalyst concentrat ion on rate 

[4-Methylpentene-1]=2-00mol/ I ;  AI( iBu)~:VCIa=2.0 : 1; so lvent= 
benzene; polymerization temperature=30°C 

[VCIb] x 103 [4-MP-1] Steady state ratex 103 Rate 
(mol/I) [VCIb] (mol/I min) [VCla] 

Table lb Effect of catalyst concentrat ion on rate 

[4-Methylpentene-1]= 2.00 mol/I; Al(iBu)3 : VCI3=2.0 : 1 ;so lvent= 
benzene ; polymerization temperature= 30°C 

c 
0 u 

[VCIb]x 102 [4-MP-1] Steady state ratex 103 Rate 
(reel/I) [VCIb] (mol/I min) [VCIb] 

4 .8  42 : 1 9 .16  0 .190 
5 .8  35 : 1 9 .48  0.164 

10.3  19 : 1 10.84 0 .106  
11.0  18 : 1 13.30 0 .122 
12.6 16 : 1 12.12 0.096 
17.6 11 : 1 14.76 0.684 
25.5  8 : 1 18.86 0.074 

Ziegler-Natta catalysis (2) : I, D. McKenz ie  et al. 

Table 2 Effect of catalyst concentrat ion on rate 

[4-Methylpentene-1]= 2.00 mol/I ; Al(iBu)3 : VCI:~= 2.0:1 ;so lvent= 
benzene; polymerization temperature=40 C 

i 

[VCIb] x 103 [4-MP-1] Steady state rate × 10 a Rate 
(mol/l) [VCi3] (mol/l min) [VCla] 

3.9 519 : 1 2.34 0.606 
4.8 414 : 1 3.38 0.698 
7.4  272 : 1 4 .72  0.642 
7.4 270 : 1 4.80 0- 648 
7' 5 268 : 1 4.70 0- 632 
8' 7 229 : 1 5.64 0- 646 

11'2 178 : 1 7.04 0-628 
14.7 137 : 1 8.90 0.608 
18.4 109 : 1 12.30 0.668 

examination of Table lb and its significance will be 
discussed in the next section. 

In experiments 1, 2, 4 and 5 in Table la a batch of 
vanadium trichloride was used which had been ball- 
milled for 2.5 h in an atmosphere of nitrogen. The surface 
area of  this sample, as determined by the Brunauer- 
Emmett-Teller (B.E.T.) method using nitrogen, was 
found to be 5.3m2/g, as opposed to 2.3m2/g for the 
unground sample. As can be seen from Table la the steady 
state rate of polymerization was unaffected by the 
increased surface area of the vanadium trichloride. The 
duration of the settling period was, however, reduced as 
is shown in Figure 3. These effects have already been 
reported by Natta 12 for the polymerization of propylene 
using the catalyst system ~-TiClb/AIEta. 

Dependence of  rate on tri-isobutylaluminium concentration 

The concentration of monomer and vanadium tri- 
chloride were kept constant, whilst the tri-isobutyl- 
aluminium concentration was varied over the range 
9.22 x 10 -a to 5.58 × 10 -1 mol/I at 30°C, and 4-42 × I0:3 to 
2.82 x 10 -1 mol/l at 40°C. 

In Figure 4 the steady state rate per unit catalyst 
concentration has been plotted as a function of the 
aluminium to vanadium ratio. A distinct maximum in the 
rate of  polymerization occurs at a molar ratio of catalyst 
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4 0  8 0  120 160 2 0 0  

6-0 333 : 1 1 .88 0 .314 
8 .8  226 : 1 2 .58  0 .292 

10.2  196 : 1 2 .70  0.264 
13-7 145 : 1 3 .84  0 .286 
15.2  131 : 1 4 .18  0.274 
15.7  127 : 1 3 .94  0 .252 
16.8  119 : 1 4 .60  0 .274 
17.5  115 : 1 4 .44  0.254 
18.9  106 : 1 5 .56  0.294 
21.5  93 : 1 6 .12  0.284 
22 .6  89 : 1 5 .54  0 .246 

Time(rain) 

Figure 3 Effect of using ground (Q) and unground (Q) vanadium 
t r ichlor ide at 30°C. Using ground VCI3: [4-MP-1]=2-0Omol/ I ;  
[VCI3]=15-2mmol / I ;  [A l ( iBu)3]=30.4mmol / l .  Using unground 
VCI3:  [ 4 - M P - 1 ] = 2 . 0 0 m o l / I ;  [ V C I 3 ] = 1 6 . 8 m m o l / I ;  [ A l ( i B u ) 3 ] =  
33.6mmo1/I 
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Figure 4 Rate of polymerization as a function of AI to V ratio at 
constant monomer and constant vanadium trichloride concentra- 
tion. [4-MP-1]=2-00mol/I; [VCI3]~lT.5mmol/ I  at 30°C; [VCI3]~ 
8.75mmol/I at 40°C. Q, 30°C; ©, 40°C 

components of  approximately 2 : 1 at each of the two 
temperatures. However, the actual number of moles of  
alkyl which combine with the vanadium trichloride in 
the formation of the active site does not necessarily cor- 
respond to the initial A1 • V ratio, since the alkyl may 
assume several roles in the catalyst system 10. The decline 
in the rate above this maximum may be attributed to 
the excess alkyl competing with the monomer molecules 
for active sites. 

In order to determine the exact dependence of the rate 
of  polymerization on the aluminium alkyl concentration, 
logarithmic plots of the steady state rates versus tri- 
isobutylaluminium concentrations were drawn for each of 
the two series of polymerizations. A typical plot is shown 
in Figure 5, and consists of two distinct linear parts (on 
either side of the maximum shown in Figure 4). At low 
aluminium alkyl concentrations the gradients of lines were 
1-07 +0.17 and 0.92+0.08 at 30°C and 40°C, respec- 
tively. For higher aluminium concentrations (above the 
maximum) the gradients had values of -0 .33  +0-02 and 
-0-27_+0-02 respectively. The intercept of  the two lines 
of these logarithmic plots provides a convenient method 
for determining the optimum catalyst ratio. This was 
calculated to be 2.32 • 1 at 30°C and 2.26 : 1 at 40°C. 

A second series of  polymerizations were carried out in 
which the concentration of vanadium trichloride was 
varied, whilst the amount of  tri-isobutylaluminium was 
kept constant. This effectively changes the ratio of the 
catalyst components, but at the same time maintains a 
constant concentration of aluminium alkyl. It may be 
seen from Figure 6 that, under these experimental condi- 
tions, the steady rate (per unit catalyst concentration) 
increases to a limiting value as the concentration of 
vanadium trichloride is decreased, i.e., as the catalyst ratio 
AI : V is increased. Hence the fall off in rate described 
previously must be attributed to the increasing tri-iso- 
butylaluminium concentration, and is not a consequence 
of the ratio of the catalyst components. Similar results 
were found for several other aluminium alkyls and are 
depicted in Figure 7. 

If the active centre for the polymerization is an 
alkylated entity on the surface of the vanadium tri- 
chloride, such as VC12R, then the increase in the rate of 
polymerization at constant vanadium trichloride con- 

centration with increasing tri-isobutylaluminium con- 
centration in the region to AI : V = 2  : 1 can readily be 
explained by considering the following sequence of 
reactions: 

VC13 + A1R3--*VCIeR. AIR2CI (fast) 

VCI zR. AIR ~C1 + AIR3 ~-VCI2R + A12R 5C1 (slow) 

VCI2R + M--*VCI2MR (initiation) 

(equivalent to Co) 

0.6 

0.4  

Q?" o.2 
O ~  
o 

._1 

I I I I I | I I I 

O O.8 1.2 1.6 2.0 

- Log io IAIiBu3] 

Figure 5 P l o t  o f  I o g l o  ( r a t e )  versus I o g l o [ A l ( i B u ) 3 ] .  [ 4 - M P - 1 ] =  
2.00 mol/I ; [VCI3] = 8' 7 m mol/I ; tem peratu re= 40°C 
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Figure 6 Rate of polymerization as a function of AI to V ratio at 
constant monomer and constant aluminium tri-isobutyl concen- 
tration. [4-MP-1]--2.0mol/I; [Al(iBu)3]=37.0mmol/l. +,  50°C; 
~ ,  30°C; ~ ,  30°C (aged catalyst) 
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Figure 7 Rate of polymerization as a function of AI : V ratio at 
constant monomer and constant aluminium alkyl concentration 
for different aluminium alkyls at 30°C. [4-MP-1]=2.00mol/I; 
[AIR3]=37.0mmol/l. +,  Al(nBu)3; A, AIEt~; O, Al(nHex)3; 
CJ, Al(nDec)3 
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[4-Methylpcnten¢-I] (moll[) 

The concentration of growing polymer chains is then 
given by the equation: "~ 

0-6 
[VCI2MR] = K [VCI3][A1Ra]Z[M ] u 

[AI~RsCI] (2) --.> 

It would have been more accurate to use 0~r and 0A Q:~" 
instead of [M] and [AIRz] in equation (2). Nevertheless 
equation (2) will give a good approximation for the 0-2 
concentration of growing polymer chains at the low 
concentrations under consideration in this section. Further 

K1 O 
AI ~ R.~C] ~ A I R 3  + A1R2CI 

Subst i tut ion for  [A12RsCI] in equat ion (2) gives the 
relation' 

[VCI2MR] - Kz[VCI3] [AIR3] [M] 
[A1R2CI] (3) 

i.e., the concentration of growing polymer chains, Co is 
given by: 

0 4  
Co~  [VCI3][A1R3][M] 

[AIR2CI] (4) 
O-3 

Under the present experimental conditions the con- 
centration of vanadium trichloride, and consequently the u > 
concentration of aluminium chloroalkyl is constant, and "-- 0 2  
thus, @ 

C0oc [A1Ra][M] (5) 04 

Hence the initial increase in rate with increase in con- 
centration of aluminium alkyl should be almost directly 
proportional to the concentration of aluminium alkyl O 
since at these low concentrations, 0aoc[AIR3]. This is 
found to be the case (Figure 5). 

It should be noted that Co has a maximum value when 
the whole of  the potential active centres have become 
growing chains. Consequently at higher concentrations 
when the formation of active centres is almost complete, 
the steady state rate will begin to fall because of the lower 
values of 0~. Above an AI • V ratio of 2 • 1 the rate of  
polymerization is given by the expressions derived in an 
earlier paper 1° viz. 

R~ = k pO.~Co (6) 

where 

0m = Km[M] 
1 + K m [ M ]  + KA[A] (7) 

i.e., 

kvKM[M]Co 
R~0 = 1 + Km[M] + KA[A] (8) 

Without a prior knowledge of KA and Km it is not pos- 
sible to predict exactly how R~) will vary with increase in 
aluminium alkyl concentration. From equation (8) the 
rate of  polymerization would nevertheless be expected to 
decrease with increase in aluminium alkyl concentration 
above a ratio of AI : V > 2, as has been observed experi- 
mentally (Figure 4). A comparison between observed and 
predicted rates of polymerization will be detailed laterl:L 

Ziegler-Nat ta  catalysis (2) : I. D. McKenz ie  et al. 

Summing these equations and simplifying gives the overall 
reaction sequence as: 

K 
VCI3 + 2A1Ra + M~-VCI2MR + AlzRsCI 

Figure 8 Variation in rate of polymerization with monomer 
concentration at 40°C. [VCI3] = 8 8 m mol/I ; [Al(i Bu)a] = 17-6 m mol/I 

I-O 2-0 3"0 4.0 
[4-Met hylpenten¢-I](mol/[) 

Figure 9 Variation in rate of polymerization with monomer 
concentration at 30°C. [VCla]=17.8mmol/I; [Al(iBu)a]=35.6 
mmol/I 

Del?emlence o/'rate on 4-methylpe, tene-I concentratio, 
In this series of polymerizations the catalyst concentra- 

tion and aluminium to vanadium ratio were kept constant 
whilst the monomer concentration was varied from 0.25 
to 4-0 mol/I at 30'~C, and from 0.5 to 3.0 mol/I at 40 C. 

Polymerizations at 40°C gave a lineal" plot of steady 
state rate of polymerization as a function of monomer 
concentration (Figure 8). The order with respect to 
monomer concentration was shown to be 1.04 _+ 0.03, and 
is thus in agreement with the results shown in F(gure 2. 

At 30"C, however, although the points above 1.0 mol/I 
lie on a straight line passing through the origin, points 
below this concentration deviate considerably from a first- 
order dependence (Figure 9). A logarithmic plot of the 
variation of steady state rate with monomer concentra- 
tion is shown in Figure 10, and consists of two distinct 
linear parts. At low monomer concentrations the gradient 
is equal to 1.78 ± 0.04, whereas at concentrations above 
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Figure 10 Plot of Ioglo (rate) versus Ioglo[4-MP-l] at 30°C. 
[VCI3]= 17.8mmol/I; [Al(iBu)3]=35.6 mmol/I 

1.0mol/l the gradient changes to 0.87 +_0.03. Thus, on 
reducing the monomer concentration the rate apparently 
changes from nearly first to nearly second order with 
respect to monomer concentration. This change of order 
of rate dependence on monomer concentration has also 
been observed in other Ziegler-Natta systems. Bier 14 has 
suggested that the slowly decreasing rates of propylene 
polymerization with the catalyst system ~-TiClz/AIEt2CI 
under polymer precipitating conditions were caused by 
diffusion control. Similar explanations were advanced by 
Burnett and Tait 15 for the depressed rates of styrene 
polymerization in heptane below styrene concentrations 
of 3.5 mol/1. 

Another possible explanation of these depressed rates of 
polymerization at low concentrations emerges if the 
sequence proposed in an earlier paper is considered 1°. 
Two types of active site were envisaged as existing in these 
polymerization systems, viz., propagating sites of con- 
centration Co, and potential sites of concentration C~. 
Potential sites were consideredtb be sites prior to initia- 
tion by monomer or sites arising from transfer reactions 
by either monomer or metal alkyl; under these conditions 
and when the concentration of monomer was low the 
following expression was shown to hold: 

[M] 1 (1 +km~ 1 (_kaKA[A]~ 1 
Rp -k~CtKM kt ] q k~CtKM I k~KM ] [M] (9) 

If equation (9) applies to this system a plot of [M]/R~ 
should be linear. Such a plot is shown in Figure 11, and is 
indeed linear, indicating that the proposed sequence 
could be applicable in this instance. It should be noted 
that only values of [M] < 1 have been used. 

The fact that the depression in rate at low monomer 
concentrations is not observed at 40°C in the concentra- 
tion range studies (0.5-3.0mol/!) is explicable if it is 
assumed that the activation energy for chain initiation is 
greater than that for chain propagation. In the case of the 
polymerization of propylene by the catalyst system 
VCIz/AI(iBu)3 values of 21.O and 12.9 kcal/mol have been 
reported for the activation energies of initiation and 
propagation respectively 16. 

Although explanations of this kind fit the observed 
depression of the rate of polymerization at low monomer 
concentrations reasonably well, the possibility of some 
diffusion control in these regions cannot be ruled out 
completely. 

The apparent contradiction arising from the observa- 
tions that while the rate of polymerization at 30°C is first 
order with respect to monomer concentration within a 
given polymerization (fixed initial monomer concentra- 
tion, Figure 2) yet it has a variable order with respect to 
monomer concentration when the initial monomer con- 
centration is varied, is believed to arise from the non- 
equilibrium nature of the slow initiation process which 
has been formulated as: 

VC12R + M~VC12MR 

When chain initiation .is slow (i.e., low monomer con- 
centration at 30°C) the maximum value of Co has not 
been reached by the time the steady state rate has been 
recorded. During this period Co is a function of the 
monomer concentration and hence: 

Ra oc [M]Z 

Within a given polymerization (i.e., under the condi- 
tions and concentrations depicted in Figure 2) the value of 
Co will be constant for any given initial concentration of 
monomer, and hence the rate of polymerization, deter- 
mined as the polymerization reaction proceeds varies with 
remaining monomer concentration, and, Rpoc [M]. 

Dependence of rate on temperature 
Plots of log (rate) versus 1/T for the polymerization in 

benzene solution consisted of two distinct linear parts. A 
typical plot is shown in Figure 12. The slope of the line up 
to 47°C gives an overall activation energy of 16.6+ 1.0 
kcal/mol, This value compares favourably with the value 
of 15 kcal/mol found by Ehrig et al. a for the polymeriza- 
tion of 4-MP-1 by the catalyst system of ~-TiCI3/A1EteCI 
in heptane. 

Above 47°C the rate decreases with further increase in 
temperature. This decrease in rate could be caused by 
either a reduction in the number of active centres or by 
viscous effects due to the dissolution of polymer at higher 
temperatures. 

Figure 13, howdver, shows an Arrhenius plot for the 
polymerization in heptane, a much poorer solvent which 
does not swell the polymer as does benzene. The plot is 

- -  2O 

=, 

' ,:o ' ' 3'o 4'.0 

I / [4 -M P-II 

Figure 11 Plot of [4-MP-1]/rate versus 1/[4-MP-1] at 30°C. [VCI3]= 
17"8mmol/I; [Al(iBu)a] = 35-6 m mol/I 
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Figure 12 Plot of Ioglo (rate) versus 1/T for polymerization in 
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Figure 13 Plot of Ioglo (rate) versus 1/T for polymerizations in 
n-heptane. [4-MP-1]=2-00mol/I ;  [Al(iBu)3] : [VCI3]=2-0 : 1 

similar to that in benzene in that it is composed of two 
distinct linear parts. The slope of the line up to 50°C gives 
an overall activation energy of 13.7 + 0.5 kcal/mol. In this 
case, however, the reaction rate does not decrease with 
further increaCe in temperature above 50 °C, but continues 
to increase, though at a somewhat reduced rate. Also, the 
polymerization mixture was not found to be particularly 
viscous even at 70°C. 

Furthermore, in Figure 14 are shown plots at 30°C and 
50°C of log ( 100 -  ~o conversion) against time using tri- 
isobutyaluminium as the metal alkyl. It will be observed 
that at 50°C the plot starts to deviate from linearity at a 
lower conversion than at 30°C. 

These observations when taken together suggest that 
the catalyst system becomes less active above 50°C, 
possibly due to the reduction of the vanadium trichloride 
by the tri-isobutylaluminium compound to give the 
catalytically inactive vanadium dichloride 17. 

Dependence of the rate on different aluminium alkyl 
compounds 

The results of using a series of aluminium alkyl com- 
pounds are summarized in Table 3. In this Table the rates  
quoted are the averages obtained at each of the two 
temperatures. 

Tab/e 3 Variation in rate with nature of 
aluminium alkyl 

Rp/[VCl3] 
(mol/I min per mol VCl3) 

Aluminium 
alkyl 30°C 40°C 

Trimethyl 0.288 0.286 
Tri-isobutyl 0 280 0 660 
Triethyl 0.253 0. 700 
Tri-n-butyl 0.221 - -  
Diethylchloride 0169 0110 
Tri-n-hexyl 0.149 - -  
T r i - n - d e c y l  0.107 0.240 

0 
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Time (rain) 
2 0 0  4 0 0  6 0 0  

I I I I J I " I  
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C)  I J l  * L I 

2"-O 25 50  75 IOO 
Time (rain) 

Figure 14 Plot of Iog~o (100-% conversion) versus time at two 
different temperatures. 0 ,  30"C; C), 50'C. [4-MP-1]=2.00mol/ I ;  
[Al(iBu)3] : [VCI3]=2.0 : 1 
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It may be seen that at 30°C the aluminium alkyl com- 
pounds may be placed in the following order of decreasing 
catalytic activity: A1Mea/> Al(iBu)a > AlEta > Al(nBu)s > 
A1Et2C1 >Al(nHex)3>Al(nDec)a. However, the results 
at 40°C are somewhat different: AlEta~>Al(iBu)3> 
AIMe3 > Al(ndecyl)a > A1Et~CI. 

When trimethylaluminium is used as the aluminium 
alkyl component of the catalyst system, the vanadium 
trichloride particles remain as a fine dispersion through- 
out the polymerization, so that when the reaction mixture 
is precipitated, the polymer is obtained as a very fine white 
powder. During the polymerization small bubbles of gas 
are evolved probably due to reduction of the vanadium 
trichloride by the trimethylaluminium thus accounting 
for the low rate at 40°C. 

When diethylaluminium chloride or tri-n-decyl- 
aluminium is used the vanadium trichloride particles are 
found to coagulate instantly into a few loosely held 
aggregates. As the polymerizations proceed these aggre- 
gates expand in size and slowly break up to give a fairly 
uniform dispersion of catalyst particles coated with 
polymer, but of a coarser nature than with trimethyl- 
aluminium. Triethylaluminium tends to behave in much 
the same way as trimethylaluminium in that the vanadium 
trichloride remains finely dispersed throughout the poly- 
merization. Tri-isobutylaluminium, on the other hand, 
gives a fairly coarse dispersion of catalyst particles, 
though the particles do not coalesce as rapidly as they do 
with tri-n-decylaluminium and diethylaluminium chloride. 

The catalyst systems based on AIMea, AIEta and 
Al(ndecyl)a all exhibit the same type of kinetic behaviour 
as that using Al(iBu)a in that there is an initial 'settling' 
period, followed by a steady state period. The rate of 
polymerization, after the 'settling' period can be shown to 
be first order with respect to monomer concentration. 

The kinetic behaviour of the catalyst system VCIa/ 
AIEteC1 is different from the other systems investigated, 
as the rate is found to increase rapidly to a maximum and 
then decrease after a short steady state period. This is best 
illustrated in Figure 15 in which log10 (100-  ~ conver- 
sion) is plotted as a function of time. Although the 
reaction initially appears to follow a first-order kinetic 
plot, the plot deviates from linearity after a short reaction 
time. This type of behaviour has also been reported for 
the polymerization of propylene by the catalyst system 
TiC13/AIEt2C1 is. Also, on increasing the reaction tem- 
perature from 30°C to 40°C the rate of polymerization is 
found to decrease slightly. 

CONCLUSIONS 

(1) The rate of polymerization is proportional to the 
catalyst concentration. 
(2) The rate of polymerization is proportional to the 
tri-isobutylaluminium concentration up to an A1 : V ratio 
of 2 : 1 .  Above this ratio the rate of polymerization 
decreases with further increase in the aluminium con- 
centration at constant monomer concentration. 
(3) The rate of polymerization is proportional to 
the monomer concentration at 40°C and 30°C above a 
4-MP-1 concentration of 1.0mol/l. For monomer con- 
centrations below 1.0mol/l at 30°C the rate of poly- 
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~ o  
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Figure 15 Plot of Iogzo (100-% conversion) versus time using 
aluminium diethylchloride. [4-MP-1]=2.00mol/I; [VCI3]=9.00 
mmol/I; [Al(iBu)a]= 18'00 mmol/I; temperature=40°C 

merization is approximately second order with respect to 
the monomer concentration. 
(4) The rate of polymerization is slower in n-heptane 
solution than in benzene. The activation energies are 13.7 
and 16.6 kcal/mol respectively. 
(5) Catalyst systems based on A1Mea, A1Et3 and 
Al(ndecyl)a in conjunction with vanadium trichloride all 
exhibit the same type of kinetic behaviour as does the 
system using Al(iBu)3. The catalyst system VCI3/A1Et2C1 
differs from the others in that it exhibits a decay type of 
polymerization. 
(6) These general kinetic relationships are consistent 
with a polymerization scheme in which chain propagation 
proceeds between adsorbed monomer molecules and 
active centres formed on the surface of the solid vanadium 
trichloride by its interaction with aluminium alkyl. 

REFERENCES 

1 Hewett, W. A. and Weir, F. E. J. Polym. Sci. (A) 1963, 1, 1239 
2 Hoffman, A. S., Fries, B. A. and Condit, P. C. J. Polym. Sci. (C) 

1963, 4, 109 
3 Inone, M. J. Polym. Sci. (B) 1963, 1,217 
4 Litt, M. J. Polym. Sci. (A) 1963, 1, 2219 
5 Natta, G. Atti Acead. Naz. Lincei, Rend. Classe Sci. Fis. Mat. 

Nat. 1955, 29, 397 
6 Campbell, T. W. J. AppL Polym. Sei. 1961, 5, 184 
7 Watt, W. R. J. Polym. Sci. 1960, 45, 509 
8 Burnett, G. M. 54th A. Meet. A1ChemE, New York 1961, 

Preprint 12; Anderson, I. H. PhD Thesis, Aberdeen University, 
1961 

9 Ehrig, R. J., Godfrey, J. J. and Krishnamurthy, G. S. 'Elastomer 
Stereospecifi¢ Polymerisation', Am. Chem. Soe. Symp. New 
Aspects of Elastomer Stereospecific Polymerization, Chicago, 
1964, p 105 

10 Burfield, D. R., McKenzie, I. D. and Tait, P. J. T. Polymer 
1972, 13, 302 

11 Anderson, I. H., Burnett, G. M. and Tait, P. J. T. J. Polym. SeL 
1962, 56, 391 

12 Natta, G. J. Polym. Sci. 1959, 34, 21 
13 Burfield, D. R., TaR, P. J. T. and McKenzie, I. D. Polymer 

1972, 13, 321 
14 Bier, G. Kunstoffe 1958, 48, 35 
15 Burnett, G. M. and Tait, P. J. T. Polymer 1960, l, 151 
16 Novokshonova, L. A., Berseneva, G. P., Tsvetkova, V. I. and 

Chirkov, N. M. Vysokomol. Soedin (,4) 1967, 9 (3), 562 
! 7 Natta, G., Mazzanti, G., De Luca, D., Giannini, V. and Bandini, 

F. MakromoL Chem. 1964, 76, 54 
18 Caunt, A. D. J. Polym. Sei. (C) 1964, 4, 49 

314 POLYMER, 1972, Vol 13, July 
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The number of active centres in the polymerization system VCI~/AIR3/4-MP-1 
has been shown to lie in the range 2.3-6.1 x 10-4mol/mol VCI~ for a series of 
aluminium alkyls, and to vary with the nature of the aluminium alkyl used. Chain 
transfer with aluminium alkyl has been demonstrated. The propagation rate 
constant has been evaluated and found to be independent of the nature of the 
metal alkyl. The location of, and nature of, the active centre is discussed. The 
validity of the tritium labelling procedure is tested by comparison of calculated 
and experimentally determined molecular weights. 

INTRODUCTION 

In the area of Ziegler-Natta polymerization the actual 
value of the active centre concentration has been the 
focus of scientific investigation since shortly after the 
discovery of these systems. So far four distinct methods 
have been reported in the literature for these determina- 
tions: 

(i) Kinetic methods. The active centre concentration is 
evaluated from rate and molecular weight data 1- v. 

(ii) Catalyst labelling. The number of radioactive 
endgroups introduced into the polymer chains is deter- 
mined by using 14C-labelled catalyst components, and 
related to the number of active centres in the catalyst 
system s, 9 

(iii) Quenching methods. The polymerization reaction 
is terminated by the addition of compounds which react 
quantitatively with the catalyst-polymer bonds, thus 
labelling the polymer molecules which were attached to 
the catalyst. The active centre concentration may then 
be evaluated from the number of labelled macro- 
molecules10-25. 

(iv) Electron microscopy. The number of active sites is 
estimated from observation of growing polymer chains ''G. 

In a recent review of methods for active centre determi- 
nations Kern et al. TM concluded that quenching techniques 
involving tritium labelling were probably the most 
reliable provided that care was taken in the application 
and interpretation of the results (see also Appendix). This 
latter method was used in this present study where the 
polymerization reaction mixture was quenched by the 
addition of excess tritium-labelled methanol. 

EXPERIMENTAL 

Materials 
Details of catalysts have already been published 27. 
Tritium-labelled water. This was purchased from 

UKAEA, Radiochemical Centre, Amersham, at an 
activity of 5 Ci/cm 3 and was used as received. 

Tritium-labelled methanol. This was prepared by 
exchanging small quantities of tritium-labelled water with 
dried inactive methanol in the presence of excess freshly 
prepared sodium methoxide. The labelled methanol was 
further purified by fractionation and used at a specific 
activity of about 0.7 Ci/mol. 

Tritium-labelled standards. 1,2-3H-n-hexadecane was 
purchased from the Radiochemical Centre and had a 
certified specific activity of 2.27 Ci/g. 

Scintillation solutions. The NE 221 scintillation gel was 
supplied by Nuclear Enterprises (G.B.) Ltd, Edinburgh, 
and was used for assaying the labelled polymer. A scintil- 
lation solution of 4 g/1 PPO, 0.4 g/I POPOP in toluene was 
used for measuring the activity of the methanol. 

Procedure 
Polymerizations were carried out under high vacuum zT. 

For the majority of these polymerizations the VCI3 
addition was followed by the required quantities of 
monomer, benzene and aluminium alkyl in benzene in 
that order. This order of addition was found to give 
better reproducibility. Quench runs were performed in 
an all glass reaction vessel with an ampoule containing 
the labelled methanol sealed in a side-arm (Figure 1). The 
rate of polymerization was checked by comparison of the 
gravimetric yield at the quench time with that obtained 
by a dilatometric run under identical conditions. Rates 
of polymerization as checked by this method always 
agreed within + 4 %. 

To ensure completeness of the quench reaction a 30 M 
excess of MeOH to AIR~ was used, under which condi- 
tions the violet coloured reaction mixture rapidly turned 
light-green probably due to the formation of the complex 
[VCI2(MeOH)4] C1-28. Addition of active methanol to 
the reaction mixture, after quenching with inactive 
methanol whilst still under high vacuum, gave rise to only 
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Values of between 1 and 3.7 for this factor have been 
reported by different authors 1°, 14, is, 17, 20 for a variety of 
systems. Kern et al. 1° have shown that the value is 
dependent on the concentration of MeOH used in 
quenching, and on the nature of the monomer. They 
concluded that determination of the correction factor was 
mandatory for individual systems. In the present study 
the correction factor has been determined by comparison 
of the 3H content of polymer quenched rapidly with an 
excess of tritiated methanol with the tritium content of 
polymer quenched by slow titration. A value of 3.20 + 0.15 
has been determined at 30°C for the correction factor 
and found to be independent of the nature of the alu- 
minium alkyl. 

Figure I Reaction vessel used for quenched polymerization runs 

background activity in the polymer. This demonstrates 
that: (a) tritium is not incorporated into the polymer by 
exchange reactions; (b) the initial quench reaction is 
essentially complete; and (c) the decontamination 
procedure is effective. 

Decontamination was accomplished by methanol/HCI 
precipitation of the reaction mixture, followed by Soxhlet 
extraction with inactive methanol and finally drying 
under high vacuum at 80°C for 48 hours. It was possible 
to show that this procedure gave rise to a negligible loss 
of labelled low molecular weight polymer, due to the high 
insolubility of the samples. 

The activity of the polymer was determined by liquid 
scintillation counting. Samples were prepared for assay 
by dispersing about 100 mg of finely powdered polymer in 
10 cm 3 of NE 221 gel scintillator. Sampling reproducibility 
was found to be within + 1 ~o. The efficiency of counting 
was determined as 12.3 + 0.5 ~.  Background counts were 
always less than 5 ~ of the total count, which was never 
less than 10 000 counts. 

The tritium-labelled methanol was assayed in a scintil- 
lation solution previously specified, at an efficiency of 
22 .2+0.2~.  All radioactive measurements were made 
with a Nuclear Chicago Model 725 liquid scintillation 
spectrometer. 

Kinetic isotope effect 
This effect arises due to the difference in reactivity 

between the oxygen-hydrogen and oxygen-tritium bonds. 
Tritium, the heavier isotope, has a smaller rate constant 
for bond rupture, in consequence the amount of tritium 
(T) incorporated into the polymer is smaller by a factor of 
kn/kT than the value expected if the reactivities were 
equal. Thus Feldman and Perry's derivation 14 includes 
the correction factor K, which must be experimentally 
determined. 

RESULTS 

The number of metal-polymer bonds (MPB) in the 
reaction mixture at the time of quenching was evaluated 
from the equation derived by Feldman and Perry 14. 
Thus: 

KAG 
[MPB]= (1) 

a 

where [MPB] = MPB concentration (mo]/l), 
K=correction factor for the isotope effect, 
.4 = specific activity of the polymer (dpm/g), 
G=polymer  yield at time of quenching (g/l), 
a=specific activity of the methanol (dpm/ 

mol). 
Variation of the MPB concentration with time and 

with ~ conversion, at constant catalyst and monomer 
concentrations, was investigated for a series of alu- 
minium alkyls. For Al(iBu)3 the MPB concentration was 
found to increase continuously with polymerization time 
and with ~ conversion, as indicated in Figures 2 and 3. 
It has been shown previously 27 that the rate of poly- 
merization, corrected for decrease in monomer concentra- 
tion, reaches a constant value by about 20 ~ conversion, 
and thus it seems reasonable to suppose that the number 
of active centres has also reached a constant value. 
However, Figures 2 and 3 show a continued increase in 
the MPB concentration beyond this point, thus clearly 
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Figure 2 Variation of MPB concentration with time. [4-MP-1]= 
2.00mol/I; [VCI3]=18.Smmol/I; [Al(iBu)3]=37.0mmol/I; tem- 
perature= 30°C 
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indicating the formation of a non-propagative metal- 
bonded species. This is indicative of  chain transfer with 
metal alkyl as has been proposed by Natta 4. Similar 
observations have been made by other workers ]1-1v who 
also mainly interpret the continued increase in MPB 
concentration as the result of  a chain transfer reaction. 

Examination of Figure 2 shows an initial non-linear 
increase in the MPB concentration, corresponding to the 
initial formation of centres active in polymerization. This 
is followed by a long period of linear increase in the MPB 
concentration due to the transfer reaction. The slope of 
the linear portion of the graph is equal to the rate of 
transfer with aluminium alkyl (Rta),  and is seen to remain 
constant over the range which was investigated. 

As the polymerization is characterized by an initial 
settling period it was felt necessary to evaluate the active 
centre concentration (Co) from a plot of [MPB] ~'ersus 
conversion rather than time. The non-linearity of the 
[MPB] versus conversion plot is due to the depletion in 
monomer concentration with corresponding decrease in 
rate. However, extrapolation of this graph is simplified by 
use of the first order plot of Iogl0 (100 -  ~ conversion) 
l'ersus time (which is shown in Figure 4) and which gives 
rise to a linear plot over the investigated range. Co is 
evaluated from the value of the intercept at zero con- 
version. 

Similar plots were obtained using AlEta, Al(nBu)a and 
A I(n Hex)a and are shown in Figures 5-7.  It will be observed 
that the plot for AIEt3 is non-linear. This effect is most 
likely to arise because of deactivation of the active 
centres. This was observed only in the case of AIEta. 

The active centre concentration was also obtained for 
Al(iBu)a at 50°C by a similar procedure. 

All these results are summarized in Table 1. 

DISCUSSION 

The number of  active centres in the polymerization system 
4-MP-I/VCIa/AIRa at 30°C was found to lie in the range 
2.3-6.1 × 10 ~mol/mol VCIa for a series of  aluminium 
alkyls. This compares with values of  3-10 × 10 a mol/mol 
TiCla found by several authors4,7, 17 for the system 
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a-TiClz/AIEta/propylene. Thus the values of Co deter- 
mined in this study are a factor of  ten lower than those 
found by other workers. This discrepancy is outside the 
limits of  experimental error which has been estimated at a 
maximum of + 12~. 

This disparity in the values of active centre concentra- 
tion is capable of several explanations, the most impor- 
tant of these is probably concerned with differences in the 
transition metal halide used. Kern et al. 3 have shown that 
the number of active centres in the polymerization of pro- 
pylene is dependent upon the method of preparation of the 
a-TiCIa. It is quite conceivable that the number of active 
sites for VCla would be less than for c~-TiClz because of 
differences in crystal structure and in stabilities of the 
organo-transition metal species. 

In addition it should be noted that several authors ",~ al 
observe that the rate of polymerization, and hence Co, is 
dependent on the initial surface area of the transition 
metal halide. The initial surface area of the VCIa used in 
this study was 2.3 me/g, as measured by the Brunauer- 
Emmett-Teller (B.E.T.) method, which is low compared 
with a value of about 7 m2/g for the c~-TiCla used by other 
workers in active centre determination. 

Kern et al. 1° have further shown that the number of 
active centres is dependent on the nature of the monomer, 
e.g., Co decreases from 4.5 × 10 a to 3-8 × 10-amol/mol 
TiCla on changing from propylene to butene-l. This 
reduction in Co may reflect a 'steric restriction' at some of 
the sites. Hence, it is possible that the number of active 
sites in the polymerization of the bulky monomer 4- 
methylpentene-1 may be somewhat less than in the poly- 
merization of propylene. 
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Figure 4 Variation of MPB concentration with Iog=o (100-~/o 
convers ion)  for Al(iBu)a. [4-MP-1]= 2.00 mol/I; [VCla] = 18' 5 mmol/ 
I; [Al(iBu)a]=37.0mmol/I. 0 ,  30~C; 0 ,  50°C 

Table I Variation in Co and Rta with aluminium alkyl 

[4-MP-1]=2.0mol/I; [VCla]=18.Smmol/I; [AIRa]=37.0mmol/I; 
solvent= benzene  

Aluminium Temperature Co× 10 4 Rta×10*; 
alkyl (°C) (mol/mol VCla) (mol/Imin VCla); 

AIEta 30 6 .10  17.2  
A l ( iBu)3  30 3 .78  3 .24  
A l ( iBu)3  50 2 .90  12.8  
A l ( n B u ) a  30 3-30 1 .53  
A l ( n H e x ) a  30 2 .30  0 .87  
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Figure 5 Var ia t ion of MPB concent ra t ion  with Iogao ( 1 0 0 - %  
convers ion)  for AIEts. [4 -N IP-1 ]=2 .00mol / I ;  [VCl~] - - -18.0mmol / I ;  
[ A I E t 3 ] = 3 6 ' 0 m m o l / I ;  t empera tu re=30°C  

A reduction of about 2 3 ~  in the active centre con- 
centration is observed for the VClz/AI(iBu)3 system, as the 
temperature is raised from 30 to 50°C. This decrease is 
most likely due to deactivation of the active sites by 
reduction at the higher temperature. Deactivation has 
been demonstrated with this system at 50°C in a previous 
paper zT. Few investigations of  the effect of  temperature 
on the number of active centres have been made. Feldman 
et al. ~4 and Chien 9 observe a decrease in active centres as 
the temperature is raised, whereas Kohn et al. ~5 found the 
opposite effect. 

Location o f  acth,e sites 

The location of the active sites on the crystal surface is 
by no means certain. Cossee 32 proposed that site forma- 
tion occurred at chlorine vacancies on the lateral faces of  
the crystal, a suggestion which is apparently supported by 
electron microscopy TM 26. However, more recently Chir- 
kov and Kissin 7 have suggested that active centres are also 
formed on the basal planes of  the crystal lattice so as to 
cover the entire surface of the catalyst. The contradictory 
findings of  electron microscopy are explained in terms of 
the 'artificial' conditions pertaining in the absence of 
solvents. Further, Rodriguez et al. 33 have shown that the 
use of  AIMe3, which is the metal alkyl employed in their 
electron microscopy studies, leads to inactive surface 
complexes on the basal planes, whereas the inactive com- 
pound formed by interaction with higher metal alkyls can 
decompose with formation of a chlorine vacancy which 
can then react with more metal alky[ to yield an active 
centre. 

It  is possible to calculate the maximum number of 
active centres for this system. Thus assuming that the 
cross-sectional area of a poly(4-methylpentene-l) mole- 
cule is about 70 A 2, i.e., the area likely to be taken up by a 
growing polymer chain, and also assuming that the 
surface area of the VClz is 2.3 m2/g, then the number of 
active sites corresponding to complete coverage of the 
crystal surface is about 9 x 10-4mol/mol VC18, which is 
close to the maximum experimentally determined value of 
6" 1 × 10 -4 mol/mol VCIa. I t  must be emphasized that the 
calculation is based on the initial surface area of  the VCIa 
and does not allow a significant change in area through 
breakdown in particle size as suggested by Natta 4. 
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Figure 6 Var ia t ion of M P B . c o n c e n t r a t i o n  with log ( 1 0 0 - %  
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Figure 7 Variation of MPB concentration with loglo (100-% 
conversion) for Al(nHex)3. [4-MP-1]=2.00mol/l; [VC13]=18-5 
mol/l; [Al(nNex)3]=37.0 tool/l; temperature=30~C 

As the lateral faces of the VCI3 crys-al may only com- 
prise about 5 o~ cff the total surface area, a twenty-fold in- 
crease in surfac: area during polymerization would be 
necessary in order to accommodate all the active sites on 
the faces. An increase in surface area of this magnitude 
seems unlikely as several workers 29-31 have shown that 
the rate of  polymerization is dependent upon the initial 
surface area of the transition metal halide. This finding 
argues against any significant increase in surface area 
during polymerization. 

There is thus some uncertainty regarding the exact 
location of the active centres, and it is possible that active 
sites may be located on both the basal and lateral faces of 
the crystal lattice. 

Nature o f  the active centre 

From Table 1 it may be seen that the number of active 
centres is dependent upon the nature of the aluminium 
alkyl. The aluminium alkyls used in the present study 
may be placed in the following order of decreasing ability 
for active site formation: AIEt3 > Al(iBu)3 > Al(nBu)3 > 
Al(nHex)z. This order is most likely the same as the order 
of decreasing alkylating ability, and hence the difference 
in the number of active sites may be considered to be due 
to the different reactivities of  the aluminium alkyls which 
in turn govern the extent of  reaction with the crystal 
surface. 

The exact nature of  the species active in polymerization 
has not been unequivocally established. Two main classes 
of active species are conceivable for the catalyst system 
AI R 3/VC13: (a) a bridge type complex, and (b) an alkylated 
vanadium species. 
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CI R R CI 

V AI V 

U CI ~ CI R, CI 
(a) (b) 

In the present study the polymerization rates 27 and 
active centre concentration have been determined for a 
series of different aluminium alkyls. If the active species 
were a bridge type complex then the rate constant for 
propagation, kp, should be dependent on the nature of the 
aluminium alkyl, whereas kp should be independent on 
the metal alkyl if chain growth only occurs at an alkylated 
vanadium entity. 

Since propagation is considered to occur with adsorbed 
monomer 34 the overall rate of polymerization is given by: 

Rp =kpO~tCo (2) 

The value of 0M is, however, dependent on the nature 
of the metal alkyl, and consequently it is necessary to plot 
R~ against O~Co rather than against Co alone. Numerical 
values for 0M are to be presented in a subsequent paper 
but are used here without further justification. An appro- 
priate plot is shown in Figure 8 and is seen to be linear 
with slope, kp, equal to (3.0 + 0.5) 103 min -1. It may be 
seen therefore that kp is independent of the nature of the 
aluminium alkyl, a fact which strongly suggests that the 
species active in polymerization in the present study is an 
alkylated vanadium entity. 

These conclusions are not completely unambiguous 
since the propagation rate constant might also be expected 
to be independent of the metal alkyl if the rate-determin- 
ing step were the prior co-ordination of the monomer at 
the transition metal site, as has been suggested by some 
authors35, 36. However, Cossee 37 convincingly argues that 
the observed activation energy of l l-14kcal/mol is 
unlikely to be associated with complexation of a neutral 
molecule into a vacant position on a crystal surface. This 
is in accordance with the observation that no stable 
complexes between ,~-olefins and elements of the first half 
of the transition series have been found. Ingbermann et 
al. 5 from kinetic considerations also conclude that the 
rate-determining step is not prior complexation at the 
transition metal. 

Further, the observation that the activation energy for 
initiation is very different from that of propagation 6 is not 
consistent with the idea that the rate-determining step is 
the prior complexation of the monomer. Initiation and 
propagation of chain growth are considered to occur by 
similar mechanisms ~8, 39, and if the rate-determining step 
were prior complexation of the monomer then the 
activation energies for initiation and propagation would 
be expected to be of a similar magnitude; this is not so 
since the activation energy of initiation is considerably 
higher. 

Chirkov et al. 6 also show that the activation energy of 
initiation is dependent upon the nature of the substituent 
of the metal alkyl. Thus for the system VCI3/AIRa/ 
propylene, the activation energy of initiation for Al(iBu)3 
and A1Et3 is found to be 21 and 14 kcal/mol respectively. 
This hardly allows the conclusion that the rate-determin- 
ing step is prior complexation since if this were so the 
activation energy of initiation would be independent of 
the substituent group on the metal alkyl. 

In addition it can be argued that if the active species 
were a bimetallic entity the bond strength of the initial 
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Figure 8 Dependence of kp on the nature of the metal alkyl. 
[4-MP-1]=2.00mol/I; [VCIz]=lS.Smmol/I; [AIR3]=37.0mmol/I; 
temperature=30°C. O,  Al(iBu)3; O,  AIEt3; x ,  Al(nBu)3; [], 
Al(nHex)3 
monomer rr-complex should be affected by the nature of 
the metal alkyl bound to the transition metal atom. It has, 
however, been clearly demonstrated 4°,41 that the rate- 
determining step is independent of the metal and sub- 
stituent groups of the metal alkyl. This latter indepen- 
dence is confirmed by this study. This strongly suggests 
that the entity active in polymerization is an alkylated 
vanadium species. 

CONCLUSIONS 

The number of active centres in the polymerization 
system VC13/A1Ra/4-MP-1 lies in the range 2.3-6.1 × 10 -4 
mol/mol VC13 for a series of aluminium alkyls. This 
number of active centres is somewhat lower than many 
previously observed values, and is probably explainable 
in terms of differences in the polymerization systems. The 
present study has shown that the number of active centres 
is dependent on the nature of the aluminium alkyl used in 
the polymerization system, and that these alkyls can be 
placed in the following order of decreasing activity for 
active site formation: A1Et3 > Al(iBu)3 > Al(nBu)3 > AI 
(nHex)3 which probably corresponds to the order of 
decreasing alkylating ability. 

Chain transfer with metal alkyl has been demonstrated, 
and the variation in the rate of this transfer process with a 
number of different aluminium alkyls has been evaluated. 

The propagation rate constant, k~, has the value 
[3.0_+0.5]×10amin -1 at 30°C, and was found to be 
independent of the alkyl used. 

The active species is most likely an organovanadium 
compound located on the basal planes and/or on the 
lateral faces of the crystal lattice. Complexation of the 
vanadium alkyl species with the metal alkyl must be 
allowed where the metal alkyl is known to have complex- 
ing abilities, although this is perhaps most likely to yield a 
complex which is inactive in polymerization. 
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APPENDIX 

Recently Ayrey 42 in a survey of the uses of radioactive- 
labelling techniques in polymer analysis has shown that 
for a meaningful result in tritium quench methods, the 
number of quench hydrogens per polymer molecule (Nq) 
should be less than or equal to one. This can be checked 
by comparing experimentally determined number average 
molecular weights with those calculated from tritium 
data (Table 2). 
Table 2 Comparison of molecular weights 
[4-MP.1]=2.0mol/I; [VC13]=18.5mmol/I; [AIR3]=37.0mmol/I; 
solvent= benzene; temperature= 30°C 

Specific activity 
of polymerx 105 

Metal a lky l  (dpm/g) (Mn)T Mn (exp.) 

AIEta 5.50 8"64×105 5.18x 10 ~ 
Al(iBu)a 1.50 4.15x 10 e 8.91 x 105 

Assuming that each labelled chain contains one 
tritium (T) atom, then: 

(AStn) T = Specific activity of quench methanol (dpm/mol) 
Specific activity of polymer (dpm/g) x K 

where K is the correction factor for the isotope effect. 
The experimentally determined values of the number- 

average molecular weights are thus seen to be lower than 
those calculated from tritium data. This is to be expected 
as the latter determination ignores transfer with monomer, 
which is known to be important. 

The number-average degree of  polymerization may be 
defined by: 

-Pn=!~./MW= ft°Rvdt (A1) 

where Rta and Rt refer to the rate of transfer with metal 
alkyl and the sum of the rates of all other transfer reac- 
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tions respectively, and where M W is the molecular weight 
of a monomeric unit. 

From equation (A 1), for 4-methylpentene-l" 

1 Co+ ftoRtadt + ftoRtdt 
M--.- 84f'oR, d t (A2) 

Now, the tritium average molecular weight is given by: 

1 Co+fro R tad t  

(~.)r 84f'0R, d t (A3) 

By defining a term (h4n)n such that: 

1 ftoRtdt (A4) 

(M---~)R-- 84f'0R~ d t 

where Rt is the rate of chain transfer apart from transfer 
with metal alkyl we may write: 

1 1 1 
~ = ~ + ( M - ~ R  (A5) 

From the data in Table 2 it is possible to derive a value 
for (Mn)R, which should be similar for AIEtz and Al(iBu)3 
if the tritium-labelling procedure is valid, as the other 
transfer steps should be independent of the nature of the 
metal alkyl. Values of (Mn)R of 1-14 x 106 and 1.29 x 106 
are found for Al(iBu)3 and AIEta respectively, which is 
fairly close agreement and within the limits of experi- 
mental error. 

Using this procedure it is possible to evaluate the 
number-average molecular weights from tritium data 
obtained in a series of experiments. These are in excellent 
agreement with the molecular weight results which will 
be presented in a later pape r43 and confirm the validity 
and accuracy of this method for determining active 
centre concentrations in Ziegler-Natta systems. 
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Ziegler-Natta catalysis: 4. Quantitative 
verification of kinetic scheme 
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Technology, Manchester M60 IQD, UK 
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Chain transfer with adsorbed aluminium alkyl has been investigated for the system 
VCI3/AIR3/4-methylpentene-1, where adsorption of the metal alkyl onto the 
catalyst surface is described by a Langmuir type adsorption isotherm. Rate 
constants for chain transfer with metal alkyl and equilibrium constants for adsorp- 
tion of a series of aluminium alkyls and 4-methylpentene-1 onto the transition 
metal halide surface have been determined. The activation energy for the chain 
transfer process with tri-isobutylaluminium has also been evaluated. The 
number of active centres is found to be reduced at low monomer concentrations 
probably because of slow initiation by monomer. Quantitative verification of a 
previously presented kinetic scheme has been effected. 

INTRODUCTION 

In a previous paper in this series 1 the concentration of 
active centres was determined for the polymerization 
system VC13/AlR3/4-methylpentene-1 by means of a 
quench technique. A further series of experiments are 
now reported in which the effect of variation of several 
parameters on the active centre concentration is 
examined. These investigations have led to the evaluation 
of transfer rate constants and equilibrium constants for 
the adsorption of monomer and metal alkyl onto the 
vanadium trichloride crystal surface. The experimental 
procedures have been described previously 1, 2 and a 
number of expressions are used which have been derived 
in an earlier paper. 

RESULTS AND DISCUSSION 

Variation of  metal-polymer bond concentration with metal 
alkyl concentration 

This series of experiments was performed in an 
attempt to investigate the effect of the metal alkyl 
concentration on the number of active centres. However, 
it proved impossible to follow directly the variation of 
active centre concentration since any change was masked 
by the much larger change in the rate of chain transfer 
with metal alkyl. 

These experiments were carried out to a constant 
reaction time of 300min, whilst the concentration of 
metal alkyl was varied in separate polymerizations from 
37 to 300mmol/l at constant monomer and vanadium 

0 
E 

0.. 

trichloride concentrations. The results obtained using 
tri-isobutylaluminium are summarized in Figure 1. 
It is immediately apparent that the rate of formation of 
metal polymer bonds, and thus the rate of transfer with 
metal alkyl (Rta) is not directly proportional to the 
metal alkyl concentration in the solution. It is more 
likely, however, that transfer would be with adsorbed 
metal alkyl, where the concentration of adsorbed metal 
alkyl would be given by a Langmuir-Hinshelwood 
isothermL The rate of transfer with adsorbed metal 
alkyl is then given by: 

Rta = kaOACo (l) 

I0 

/ 
/ 

/ 
/ 

/ 

/ o i  
/ o J  / 

/ J 

/ 
i l ~ ! , I 

O IOO 2 0 0  3 0 0  

{A l iBu  3] ( m m o l / [ )  

Figure I Dependence  of  [MPB]  on [At( iBu)~].  [ 4 -MP-1 ]=2 .00  
mol/I ; [VCI3] = 18' 5 m mol/I ; t em  peratu re = 30°C 
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Rearrangement and substitution for 0A yields 

Co 1 [ I+KM[MI+KA[A]~ =Ea \ ; (2) 

Thus if the rate of  transfer is with adsorbed metal 
alkyl then a plot of  Co/Rta against I/[A] should be 
linear. 

A problem associated in effecting such a plot is that 
in reality Co is not constant throughout the duration 
of the polymerization reaction since there is an initial 
period during which the number of  active centres 
increases to a limiting value. Consequently it is necessary 
to use the integral value of Co (.[C0) over the reaction 
period. 

The value of j'C0 over the reaction period may be 
evaluated from the area under the steady state rate of  
polymerization (Rp) versus time plots. These plots are 
of the form shown in Figure 2. 

Co under 'steady state' conditions, i.e., where Rp is 
constant, has been determined previously a, and j'C0 
may now be simply derived by direct proportionality. 
Thus: 

shaded area 
C0 = C0(steady state) x (3) 

• area ABCD 

The steady state value of Co was found to be 7.0 x 10 -6 
mol/l under the experimental conditions employed, at 
an AI : V ratio of  2 : 1. This corresponds to a value 
of j'C0 equal to 4.85 × 10-6tool/1 up to 300min reaction. 

One added complication, which is evident from 
experiments in which the AI : V ratio is increased by 
decreasing the vanadium trichloride concentration alone, 
is that the steady state rate increases as the Al : V ratio 
is increased. This is considered to be due to an increase 
in the concentration of propagating active centres 
(Co) 2. 

The values of Co for different AI : V ratios (C0(AkV) 
were thus calculated from the value of Co(2:1) and 
the steady state values of the polymerization rates, 
i.e. 

C0(AI:V) = C0(2:1) X Rp(AI:V)/[VCI3] 
Rp(2:l)/[VCl3] (4) 

The relevant steady state rate of  polymerization versus 
time plots are shown in Figure 3. 

A 

G 
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t 

B 
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Typical plot of rate of polymerization as a function of 
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Figure 3 Variation of rate of polymerization with time for different 
VCla concentrations, [4MP-1]=2.00 tool/I; [Al( iBua)]=37.0 mmol/l. 
Temperature=30°C. [VCla] in mmol/I; [ ] ,  3.51; ~ ,  5.44; ©, 8.61 ; 
+ ,  18.2; I ,  44.3 

IOO 

% so 

IO 20  30  

I/[A[iBu 3] ( [ / too l )  

Figure 4 Langmuir plot for Al(iBu)3. [4-MP-1]=2.00mol/I ;  
[VCI3]=18.Smmol/I. O, 300min; ©, 70rain 

The rate of  transfer using tri-isobutylaluminium at a 
catalyst ratio of 2 : 1 (Rta(Z:l)) has been found previously ~ 
to be 6.00× 10-Smol/l min at an active centre concen- 
tration of 7.00 × 10 -6 mol/1 for the system VCI3/AI(iBu)3/ 
4-MP-I.  Thus the value of [Co equal to 4.85 x 10 -6 tool/I, 
calculated for a catalyst ratio of  2 : 1, corresponds to an 
integral rate of transfer of 4.16 × 10 -s mol/l rain. 

The rates of chain transfer for other catalyst ratios 
were then found from the relationship: 

[MPB](al:V) - C-°(AI:V) (5 )  
Rta(Al:V) = Rta(2:l) × [MPB]tz:I)- C0(2:1) 

where [MPB]AI:V and [MPB](2:I) are the metal-polymer 
bond concentrations at t=300min  at the respective 
catalyst ratios. 

These derivations necessitate the assumption that the 
increase in rate observed 2 as the catalyst ratio is in- 
creased at constant monomer and metal alkyl concen- 
trations, is due to an increase in the number of sites 
active in polymerization. This assumption is substan- 
tiated by the excellent plots obtained using these equa- 
tions. 

In Figure 4 the plot of SCo/Rta against 1/[Al(iBu)a] is 
linear, with a positive intercept, thus confirming that 
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the adsorption of metal alkyl may be described by a 
Langmuir type isotherm. 

Under these conditions3: 

intercept = 1/ka (6) 

slope 1 +KM[M] 
intercept - KA (7) 

and thus ka may be evaluated directly whilst KA requires 
further data. 

Similar linear plots were found by exactly analogous 
procedures for triethylaluminium, tri-n-butylaluminium 
and tri-n-hexylaluminium and are depicted in Figures 5 
and 6. In these cases ~Co/Rta is plotted against I/[A2] x/2, 
since these aluminium alkyls are known to be at least 
partly dimeric in benzene solution. 

In each case chain transfer is observed with adsorbed 
monomeric metal alkyl. The values of the chain transfer 
constants are recorded in Table 1. 

Thus it may be seen that these aluminium alkyls may 
be placed in the following order of decreasing reactivity for 
chain transfer: AIEt3 > Al(iBu)3 > Al(nBu)a > Al(nHex)a, 
which is in the order of decreasing reactivity of the 
A1-C bond. Al(iBu)3 occupies an anomalous position 
presumably connected with the branching at the a-carbon 
atom which affects the reactivity of the metal--carbon 
bond. 

Var&tion of  the metal-polymer bond concentration with 
monomer concentration 

This series of experiments was performed to investigate 
the effect of the monomer concentration on the number 
of active centres for the system VC13/AI(iBu)~/4-MP-!, 
and to provide further data for the evaluation of/~A 
and KM. These experiments were performed at constant 
catalyst concentration using a range of monomer con- 
centrations from 1 to 4mol/l. The polymerizations were 
quenched after 200 min reaction time. 

It would be expected that the concentration of metal- 
polymer bonds should be independent of the monomer 
concentration since: 

[ M P B ] t =  Co+  f'ok.O.Codt (8) 

and since the fraction of surface covered by adsorbed 
metal alkyl (0A) would vary only slightly over the 
investigated range. The results for this series are shown 
in Figure 7. It can be seen that the concentration of 
metal-polymer bonds falls sharply at low monomer 
concentrations. 

Coover et al. 4 observed a similar effect for the poly- 
merization system Et2AICI/TiCl~/propylene in which the 
rate of formation of metal-polymer bonds was found to 
increase with monomer concentration during the initial 
stages of polymerization. This increase in rate of forma- 
tion of metal-polymer bonds was interpreted as an 
increase in the rate of transfer with metal alkyl which 
was supposed to involve both monomer and metal 
alkyl. 

However, it seems more likely that this effect is due 
to slow chain initiation by monomer which would 
effectively reduce the number of centres active in poly- 
merization at low monomer concentrations. A cor- 
responding reduction in the number of metal polymer 

Ziegler-Natta catalysis (4) : D. R. Burf ield et al. 
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Figure 5 Langmuir plot for AIEt3. [4-MP-1]=2.00mol/I; [VCl~]= 
18' 0 mmol/I ; tem perature= 30°C ; ti me= 200 mi n 
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Figure 6 Langmuir plots for Al(nBu)3 and Al(nHex)3. [4-MP-1]= 
2.00tool/I; [VCI3]=18.5mmol/I; ©, Al(nBu)3, 270min; O, 
Al(nHex)3, 360min; temperature=30°C 

Table 1 Chain transfer constants at 30°C 
[4-M P-l] = 2.0 mol/I ; [VCI3] = 18' 5 m mol/I ; 
solvent = benzene 

Aluminium alkyl ka (min -1) 

A I Et3 "0.067_+ 0. 003 
Al(iBu)3 0.067_+ 0.003 
Al(n Bu)3 0. 050+ 0. 005 
Al(n Hex)3 0. 033 + 0" 001 
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E 

% 
x 

1:13 
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Figure 7 
centration. [VCI3]= 18.5 mmol/I; 
perature=30°C 
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Variation of MPB concentration with monomer con- 
[AI(iBu)3]= 37- 0 mmol/I ; tern- 
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bonds would then be expected according to equation (8). 
This is in agreement with the observation 2 that the 

order of the polymerization rate with respect to monomer 
changes from one to nearly two at monomer concen- 
trations below 1.0mol/l. Similar observations have been 
made by other authors 5-a. 

Furthermore if the rate of transfer with metal alkyl 
was dependent on the monomer concentration as 
suggested by Coover, then the rate would be expected 
to decrease during the course of polymerization in 
step with decrease in the monomer concentration. It 
has been shown in the present study I that the rate of 
transfer with metal alkyl remains constant up to at 
least 75 ~ conversion. 

The results of these experiments may be interpreted 
to provide data for the evaluation of KM and KA. A 
graph of specific activity of polymer versus I/[M] should 
be linear 3 with a positive intercept. Such a plot for 
aluminium tri-isobutylaluminium is depicted in F(~ure 8, 
and for this plot: 

slope 1 +(1 +kat)Ka[A] 
intercept KM 

(9) 

Equation (7) can be used in conjunction with equation 
(9) to evaluate both KM and KA. The relevant values of 
slope/intercept can be obtained from Figure 4 and Figure 
8 respectively. Both ka and t are known together with 
the concentrations of monomer and tri-isobutylalu- 
minium. 

On solving equations (7) and (9) the following values 
for KM and KA are obtained: KM=0"164+0"020 1/mol 
at 30°C; KA=5"12 +0"20 1/mol at 30°C. Using the value 
of KM=0"164 the KA or Ka/2KA values 3 may be deduced 
for other aluminium alkyls from the data presented 
in the previous section. The values obtained are sum- 
marized in Table 2. 

Thus, it can be seen that A1Et3 is very much more 
strongly adsorbed than the sterically hindered Al(iBu)3. 
It will be noticed also that K1/2KA for Al(nBu)3 is smaller 
than for Al(nHex)3. This probably reflects the more 
complete dimerization of the n-butyl species, as the 
KA values are likely to decrease with increasing size of 
the substituent group. 

E 
E3. 
u 

x 

O 
I I I I 

0"25 O'5 0-75 I.O 

I / [ 4 - M P - I ]  ( [/rno[} 

Figure 8 Plot of activity versus 1/[4-MP-1]. [VCIs]=18.Smmol/I ;  
[Al( i  Bu)z] = 37.0 mmol/I ; temperature= 30°C 

Table 2 Values of KA for some aluminium alkyls at 30°C 

Aluminium alkyl K1/2KA KA 

Al(iBu)z 
AIEt3 7.83+ 0"40 
Al(nBu)3 0.97+ 0"10 
Al(nHex)3 1.21 +_0.06 

5.12+0.20 
224* + 10 

* Pitzer :° found a value of K1/2=0.035 for AIEtz in benzene 

Unfortunately values of the dissociation constant for 
Al(nBu)3 and Al(nHex)3 could not be found in the litera- 
ture. It seems likely, however, that these aluminium alkyls 
may be placed in the following order of decreasing 
'strength' of adsorption: AIEt3 > Al(nBu)3 > Al(iBu)3 > 
Al(nHex)3. The 'strength' of adsorption is probably 
largely governed by steric factors. 

The value of KM = 0" 164 + 0"020 1/mol for the adsorp- 
tion of 4-methylpentene-1 onto VC13 at 30°C compares 
with a value of 0.163 obtained by Vesely 11 for the 
adsorption of propylene onto TIC13 at 50°C. 

The value of KA=224+ 10 l/mol for the adsorption 
of A1Et3 onto VCI3 at 30°C is much higher than the 
value of K~=21.2 found by Vesely for the adsorption 
of AIEt3 onto TiCI3 at 50°C. Vesely's calculations did 
not allow, however, for the dimerization of AIEta, and 
recalculation of his results yields a value of KA=216 
which is in close agreement with the value obtained 
from this study. 

Variation of metal-polymer bond concentration with the 
vanadium trichloride concentration 

In this series the value of the metal-polymer bond 
concentration was determined as the catalyst concen- 
tration was varied. Experiments were carried out to a 
constant reaction time of 240 min, whilst the monomer 
concentration was kept constant, and the vanadium 
trichloride concentration was varied over a five-fold 
range from 4 to 23 mmol/l at a constant [AI(iBu)3]/[VCI3] 
of 2 : 0. It has been shown that under these conditions 
the rate of polymerization is proportional to the vana- 
dium trichloride concentration, and thus it seems likely 
that: C0oc[VC13]. A plot of [MPB]t versus [VCI3] would 
be expected to be linear since: 

[MPBIt=C0+ f'ok=OACodt (8) 

The plot of [MPB] versus [VCI3] is shown in Figure 9 
and it is immediately apparent that the plot is not 
linear. This may be readily explained, however, because 
the value of 0A in equation (8) increases with increasing 
vanadium trichloride concentration, since the tri- 
isobutylaluminium concentration is simultaneously in- 
creased to maintain a constant ratio of catalyst com- 
ponents. 

The present series should be described 3 by an equation 
of the form: 

PkatKA[A] 2 (10) 
[MPB]t = P  [A] -~ 1 + KA[A] + KM[M] 

For the present case, t=240min,  ka=0"067min -1, 
KA=5"I2 l/mol and taking an average value for the 
expression (1 + KA[A] +KM[M]) of 1.48 as this expression 
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Figure 9 Variation of MPB concentration with VCla concentra- 
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( [AI + 56 [A] 2) 

Figure 10 Plot of [M PB] versus ([A] + SS[A]~). [4-M P- l ]  = 2-00 tool/ 
I; [Al(iBu)3] : [VCla]=2 : 1 ; temperature=30°C; t ime=£40min 

VCIa, is found to be 2.68 x 10-4mol/mol VCI~, which 
value compares very closely to the value of 2-74 × 10 -4 
tool/tool VCIa as determined above. 

It is of interest to note that the specific activity of 
the polymer increases with increasing catalyst concen- 
tration, i.e., the molecular weight measured by tritium 
labelling decreases with increasing catalyst concentration. 
This merely reflects, in this instance, an increase in the 
rate of transfer with metal alkyl and not a transfer 
reaction with transition metal species as has been 
suggested previouslylL 

Variation of metal-polymer bond concentration with 
temperature 

This series of experiments using tri-isobutylaluminium 
is exactly analogous to those already described above 
except that the polymerizations were carried out at the 
higher temperature of 50°C. This is of interest since if 
the adsorption of metal alkyl were to follow a Langmuir 
type dependence then the values of the equilibrium 
constant for adsorption (KA) should decrease with 
increasing temperature. Furthermore, the effect of tem- 
perature on the rate constant of chain transfer with 
metal alkyl (kt,) can also be observed. 

These experiments were carried out to a constant 
reaction time of 70min and at constant monomer and 
vanadium trichloride concentrations, whilst the con- 
centration of tri-isobutylaluminium was varied in 
separate experiments from 37 to 180mmol/1. The 
polymerization mixtures were cooled to 30°C before 
quenching so as to avoid the necessity of checking 
the value of the correction factor for the kinetic isotope 
effect. 

A plot of SCo/Rta against 1/[A] is shown in Figure 11 
and is seen to be linear. However, considerable experi- 
mental scatter is evident. 

The value of K~ using optimized values of slope and 
intercept was found to be 3-0+0.3 I/tool at 50=C com- 
pared to a value of  5.12+0.20 l/mol at 30=C. This 
corresponds to a heat of adsorption of about-5.2 kcal/ 
tool. The decrease in value of the equilibrium constant 
for adsorption with temperature is in keeping with 
the proposed Langmuir adsorption scheme. 

remains approximately constant over the concentration 
range employed, equation (10) becomes: 

[MPB]t =P( [A ]  + 56[A] 2) (1 I) 

A plot of [MPB]t versus ([A]+56[A] 2) is shown in 
Figure 10 and is seen to be linear with slope of  P equal 
to (1-37+0-03)× 10 -4 . 

Now P was defined by the expression: 

Co =P [A] (12) 

and for this series [A]=2[VCla], thus Co is equal to 
(2 .74_0.06)x10-4mol/mol  VCla. This value of Co 
compares with a value of (3.78+0.15)× 10-4tool/tool 
VCia measured previously 1. The apparent discrepancy 
in values is easily explained as the former value is the 
integral value of Co up to t equal to 240rain, whilst the 
latter value is measured under steady-state conditions. 
The integral value of Co, calculated as described above, 
using the steady-state value of Co of 3.78 × l0 -a moi/mol 

2C 

o io 

I I I 
O lO 20 30 

I/[AtiBu 3] (I/tool) 

Figure 11 Langmuir plot for Al(iBu)3. [4-MP-1]=2.00mol/I ;  
[VCls]=28.0mmol/ I ;  teraperature=50°C; t ime=70min 
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The rate constant for chain transfer is found to 
increase, as would be expected, from 0.067 + 0.003 min -1 
at 30°C to about 0 .36+0.03min -1 at 50°C. This cor- 
responds to an activation energy of 16-3 kcal/mol. 

Variation of  rate of  polymerization with alkyl 
concentration 

It was suggested in an earlier paper z that the decrease 
in the steady-state rate observed with increase in metal 
alkyl concentration above an A1 : V ratio of  2 : 1 was 
due to competitive adsorption of metal alkyl with mono- 
mer. Under these conditions the rate of  polymerization 
was given by: 

R~=kpOMCo (13) 

where 

0M = KM[M] 
1 + KA[A] + KM[M] (14) 

whilst Co may be determined at different catalyst ratios 
as described earlier. It  is now possible to obtain quantita- 
tive verification of this hypothesis since the evaluation 
of KA and K~t enables numerical values of  0M to be 
calculated. 

The calculated and experimental results are reported 
in Table 3. 

Table 3 Comparison of calculated and theoretical rates at 30°C 

[4-MP-1]=2.0mol/I; [VCI3]=18.Smmol/I; solvent=benzene 

Experimental Calculated 
Rp/[VCla] Rp/[VCh] 

[Al(iBu)8] x 10 a (mol/I min .C0(A1-V) (mol/I min 
(mol/I) per mol VCla) OM Co(2:1) per mol VCla) 

33.7 0"274 0.216 1.00 0.260 
66.6 0.266 0.196 1.14 0.266 

110 0.234 0.173 1 '20 0"250 
138 0.233 0.161 1.23 0.240 
217 0-186 0.181 1.30 0.211 
289 0.176 0.117 1.34 0.187 
369 0.164 0"102 1.38 0.167 
491 O. 140 0"086 1- 39 O" 142 
558 O. 142 O. 079 1.40 O" 130 

The agreement between the predicted and experimental 
values is good, deviations being within the limits of  
experimental error. Thus it can be seen that these 
results may be interpreted in terms of a kinetic scheme 
involving competitive adsorption of metal alkyl with 
monomer. 

Variation of  rate of  polymerization with monomer 
concentration 

The steady-state rate of polymerization has been 
described by the equation: 

R~ = k~OMCo (13) 

and consequently, under conditions where Co remains 
constant, the rate of polymerization should be directly 
proportional to 0M, i.e., a plot of  Rp against 0M should 
be linear and pass through the origin. I t  is possible now 
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Figure 12 Variation in rate of polymerization with OM. [4-MP-1]= 
0"25 to 4.00mol/I; [VCla]-"-18.5mmol/I; [Al(iBu)3] : [VCI3]=2 : 1; 
temperature=30°C 

to evaluate 0M at varying monomer concentrations 
since both KA and KM are known. Figure 12 shows a 
plot of  Rp against 0M as the monomer concentration 
is varied. The plot which shows some scatter, is a good 
straight line but deviates from linearity at low values 
of  0M (at low monomer concentrations). It  has, however; 
been observed that the number of active centres is 
reduced at low monomer concentrations and consequently 
Cu is not constant in this region. 

A value of kp equal to 3.10 x 103min -1, was obtained 
from the slope of the plot (for Co equal to 3.78 × 10-4mol/ 
mol VC13). This value is in good agreement with the value 
previously determined 1. 

CONCLUSIONS 

This study has demonstrated the validity of the kinetic 
scheme proposed earlier 3 in which propagation was 
considered to occur between an alkylated vanadium 
species and adsorbed monomer, and in which chain 
transfer was considered to occur with adsorbed monomer 
and adsorbed metal alkyl. 
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Effect of chemical structure on 
crystallization rates and melting of 
polymers: Part 1. Aromatic polyesters 
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(Received 4 October 1971 ; revised 1 February 1972) 

Crystallization rates of five aromatic polyesters have been measured using the 
Du Pont Differential Thermal Analyser fitted with the DSC cell. Poly(tetramethyl- 
ene terephthalate) was used to show that consistent results were obtained by 
this method and by dilatometry. Heats of fusion have been determined for all the 
polymers and in three cases, spherulite growth rates could be measured. The 
difference in properties between the polymers has been discussed with respect 
to the variation in chemical structure. 

INTRODUCTION 

Much work has been published concerning the crystalliz- 
ation kinetics of different polymers and the structural 
factors which allow crystallization. There have been no 
systematic studies of the effect of  chemical structure on 
polymer crystallization rates and on morphology. The 
linear aromatic polyesters: 

-~CH2,)- ~0 -CO % / ~ C O -  ~ O 

2-3h  at temperatures between 140°C and 220"C as 
shown. Methanol was evolved. The reaction was com- 
pleted by heating at the second stage temperature for 
another 2 -3h  at a pressure of 0.1 mmHg (1 mmHg=- 
133.322 N/me). Butyl titanate was not used as catalyst for 
poly(ethylene terephthalate) as it caused discoloration 
of the polymer s . ;  . The number-average molecular weight 
for each sample was measured using a Mechrolab Model 
502 high speed membrane osmometer at 25 C with a 
60/40 mixture of o-chlorophenol and tetrachloroethylene 
as solvent s . 

provide a convenient series for preparing polymers with 
small variations in the chemical structure. We have pre- 
pared and studied those polymers in which .v is 2, 4, 5 and 6 
to determine the effect of lengthening the aliphatic com- 
ponent and of having odd and even numbers of carbon 
atoms in it. With .v=4, we have also prepared the 
polymer with isophthalic acid, to study the effect of 
symmetrical and non-symmetrical substitution in the 
benzene ring. 

Isothermal crystallization rates were measured using 
the Du Pont Differential Thermal Analyser. The use of 
this instrument has not been reported previously. Chiu t 
used a double decker cell to measure crystallization half- 
times between 40 and 100sec for polypropylene. Other 
workers 2 l have used the Perkin Ehner Differential 
Scanning Calorimeter and obtained crystallization rates 
comparable to those measured by dilatometry. 

EXPER IMENTAL 

Materials 
The polyesters (Table 1) were prepared 5 7 by heating 

the appropriate glycol with dimethyl terephthalate or 
dimethyl isophthalate and a catalyst under nitrogen for 

Differential thermal analysis (d.t.a.) 
The Du Pont 900 Thermal Analyser, fitted with a DSC 

cell, was used to measure isothermal crystallization rates, 
and heats of fusion. 10-25mg of each polymer were 
placed in a standard aluminiuin sample pan, and the lid 
was positioned while the sample was in a molten state, so 
that the polymer was in the form of a thin disc. 

For cryqallization rate measurements glass beads were 
used a~ reference. To record a crystallization trace the 
polymer ~as first melted for 20 rain at the temperature 
shown ( 77lble 2). This was chosen to be 30 C above the 
bulk melting temperature. The cell was then cooled 
quickly without overshooting, to the required crystalliza- 
tion temperature, T. At this stage the temperature was 
controlled using an external supply to the cell heater. This 
supply consisted of a stabilized voltage which could be 
varied l¥om 0-60V or 0-120V to control the cell at the 
required temperature. The temperature could be con- 
trolled to ±0.1 C b e l o w  1 0 0 C a n d t o  k0.2 C a t  higher 
temperatures, and was observed on an external recorder 
during the cooling and crystallization processes. The 
temperature difference between the sample and reference 
was recorded on a time base using a I m V  integrating 
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Table 1 Preparation of the polyesters 

Polymer Repeat unit Notation Catalyst Mn 

Optical Polymerization 
melting temperature (°C) 
temperature 
(°C) Stage 1 Stage 2 

Poly(ethylene ~ 2T 0.02~/o antimony acetate 12 200 276 160-216 276 
terephthalate) - O ( C H z ) 2 O O C ~ C O -  

Poly(tetra- 
methylene _O(CHz)4OOC C O -  4T 0.1~ butyl titanate 13 400 234 150-220 250 
terephthalate) 

Poly(penta- . ~  
methylene -O(CH2)~OOC C O -  5T 0"1~/o butyl titanate 10 600 142 160-200 266 
terephthalate) 

Poly(hexa- _ 0  
methylene -O(CH2)6OOC C O -  6T 0"1~/o butyl titanate 11 800 156 200 280 
terephthalate) 

Poly(tetra- . ~  
methylene -O(CH2)4OOC 41 0"1~/o butyl titanate 12 800 150 160-186 243 
isophthalate) 

C O -  

recorder. A typical trace and its integrated area is shown 
in Figure 1. Crystallization half times, t l/2, were obtained. 
This method was used to measure crystallization rates for 
all the aromatic polyesters except 4I, which crystallized 
too slowly. 

For the heat of  fusion measurements, an empty sample 
pan was used as the reference. The cell was calibrated 
using pure metals. Each polymer sample was crystallized 
overnight at a temperature for which t1/2 was greater 
than 100 min. The melting of the sample was followed by 
differential thermal analysis when heating at 5 °C rain -1. It 
was then allowed to cool below the temperature of maxi- 
mum crystallization rate and reheated past the melting 
temperature. Heats of fusion after both the slow and the 
more rapid crystallization were calculated from the 
melting traces. 

Dilatometry 
Our dilatometric method for the measurement of  

crystallization rates has been described previously 9. 
0.15-0-20g of polymer were just melted in the dilato- 
meter at a pressure of  approximately 10-4mmHg, to 
remove moisture. The polymer was cooled and mercury 
was then distilled into the dilatometer which was sealed. 
The melt conditions were as used for the differential 
thermal analysis measurements. After melting the poly- 
mer, the dilatometer was quickly transferred to a crystal- 
lization bath controlled at temperature T. The dilato- 
metric height, ht, at time t was plotted against lit. The 
change in slope of this plot towards the end of the crystal- 
lization was assumed to occur at boo, the end of the 
primary crystallization process. The time for half of the 
primary crystallization process could then be calculated. 
The ht value for complete crystallization was obtained by 
extrapolating l/t  to 0. 

Table 2 Avrami values and crystallization rate constants for 
aromatic polyesters 

Melt Crystallization 
temperature temperature 

Polyester (°C) n (°C) K(sec-n) 

2Ta 295 2" 0 228' 3 3' 3 × 10 -6 
230'2 1.6x 10 -6 
232.6 5.1 x 10 -7 
233"7 5.4>( 10 -7 
234.6 3 '3×  10 -7 
236.8 1.2>( 10 -7 
237.2 1.5x 10 -7 
239.8 4-8>( 10 -" 

4Ta 260 2 '6  208-8 8-8>( 10 -~ 
209-8 2.8>( 10 -" 
211 "1 7"4x 10 -;~ 
212"0 3"1 x 10 -6 
212"7 1 "5x 10 -6 
212"9 9 '2x 10 -1° 
213"5 5 '6x 10 -1° 

4Tb 260 2"8 210"1 7.1 x 10 -9 
211-7 2.1 x 10 -9 
212.1 1.5× 10 -9 
213.6 3.7x 10 -1° 
214-3 2.6x 10 - l°  
214.7 1 .5x  10 -1° 
214"9 8"9x 10-11 

6Ta 186 2"9 131 "5 1 .2x  10 -s 
132"7 6' 1 x 10 -9 
134.0 1.4x 10 -9 
135"2 5-3x 10 - l°  
136-6 1-6x 10-1° 
138-0 3 '1x 10- u 

41b 185 2"5 78.0 2 .8x  10 -11 
85-8 4"1 x 10 -11 
90.7 4"9x10 -11 
95'3 3"7x 10 -11 
98.6 3" 5 x 10 -lz 

102.0 1.9x 10 - u  
105"3 1.8x 10- zz 
109.7 1 "2x 10 -zl 

a Measured by d.t.a. 
b Measured by dilatometry 
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Time (min) 
Figure I Typical d.s.c, trace, with the integrated trace and the 
method for the determination of tt/e 

X-ray fibre diagrams 
X-ray fibre diagrams were obtained for drawn samples 

of the 5T, 6T and 41 polyesters, using nickel filtered 
copper K~ radiation supplied from a Solus-Schall X-ray 
generator with an accelerating voltage of 40kV, and a 
cathode current of 20mA. Rigid fibres were produced 
when the molten polymer was extruded from a glass 
syringe and then crystallized under tension at 80°C. 

o 3 0 0 0 0  
< 

20 000 

Microscopy 
Spherulite growth rates were measured for the 4T, 5T 

and 41 polyesters using a hot stage microscope 1°. A small 
polymer sample (approximately 2 rag) was melted on the 
melting stage between two dust free cover slips, then 
transferred to the crystallization stage controlled to 
within +0.2~C of the required temperature. The dia- 
meters of spherulites were measured using a micrometer 
eyepiece. If  possible the melting conditions used in 
crystallization rate experiments were used. In some cases 
the nucleation density observed was too high for growth 
rate measurements, and it was necessary to use higher 
melting temperatures. Plots of spherulite size against time 
were linear. 

A second hot stage microscope was used to measure 
polymer melting temperatures. This microscope was used 
as an accessory for the Du Pont 900 Thermal Analyser. 
The temperature of the hot stage was recorded on the 
X-axis of the IV-Y recorder; depolarized light intensity 
was detected by a photocell and recorded on the Y-axis. 
The polymer melting temperature was the temperature at 
which the last trace of birefringence disappeared. Samples 
were crystallized slowly (over a period of 16-72h), and 
then reheated at ½"C/rain. Melting temperatures are 
shown in Table 1. 

RESULTS 

Crystallization rates 
Crystallization half times for the series of aromatic 

polyesters were obtained from d.t.a, or dilatometry and 
plotted against A T, the extent of supercooling where 
A T= 7",,,-T, i.e. the difference between Tin, the melting 
temperature shown in Table 1 and T, the temperature at 
which the crystallization rates were measured (Figure 2). 
The variation between the different polymers was much 
greater than the differences that can be observed with one 
polymer because of changes in molecular weight, melt 
temperature or melt time. 4T and 6T polymers were 
closest in behaviour in this series. Figure 3 shows the 

effect of varying the melting time, the melting tempera- 
ture and the molecular weight on the crystallization half- 
times of the 4T polyester. Although there is some varia- 
tion, it is less than the difference between 4T and 6T 
polyester samples studied under similar conditions and 
with almost the same molecular weights. The spherulite 
growth rates for polyesters 4T, 5T and 4I have been 
plotted against the extent of supercooling A T (Figure 4). 

For use in a computer programme the Avrami equation 
has been used in the form: 

for dilatometry where n is the Avrami integer, t is time, 
and ho, h~, and ht are the dilatometer height at the 
beginning, the end and at time t respectively, 

n = t ~ / [ ( A ~ : - A t )  l o g e ( ~ ) ]  for d.t.a. o r  

where 

and 

At=fr o Tadt 

where Ta=temperature difference between the sample 
and the reference during the crystallization. [A0=0 but 

E 
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Figure 2 Crystallization half-times for aromatic 
x ,  2T; I I ,  4T; O, 5T; A ,  6T; ~7, 41 

polyesters. 
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Figure 3 Crystallization half-times. O,4 T (Mn 13 400) melted at 
260°C for 5min; O, 4T (Mn 13 400) melted at 260°C for 20min; 
~,  4T (Mn 13 400) melted at 250°C for 20min; x,  4T (Mn 11 100) 
melted at 260°C for 20 min; +, 4T (Mn 9300) melted at 260°C for 
20min; r-I, 6T (Mn 11 800) melted at 186°C for 20min 

was needed for the computer programme] n was calcu- 
lated at different times from the appropriate equation. 
This programme assessed whether n was constant to within 
+ 0.2 for a major part of the crystallization. If n was con- 
stant for over 80 % of the crystallization, it was averaged 
over the range for which it was approximately constant. 

No systematic variation of n with temperature of 
crystallization was observed with any of these polymers. 
The calculated values of n at different temperatures were 
within + 0.2 of the average quoted ( Table 2). This average 
value was then used to calculate K the crystallization rate 
constant K=loge2(tl/~) ~'. 

A constant value of n over each crystallization was not 
obtained for the 5T polymer and the results are therefore 
not included in Table 2. Half times of crystallization, after 
melting the polymer at 165°C are shown (Figure 2). 

The average value of 2-0 for n for the 2T polymer differs 
from values of 3 and 4 previously reported 11. Morgan 
observed distinct spherulites but in this work, the nuclea- 
tion density was high so that distinct spherulites could not 
be observed with the hot stage microscope even with 
severe melting conditions. In this case growth may not 
occur in three dimensions at an equal rate and hence a 
low Avrami value may be obtained. 

.... 
I ¢ .  

"F= 
=L 

2O IO O 4 50 60 70 80 

a r (Oc) 

Figure 4 Spherulite growth rates for aromatic polyesters. U ,  4T; 
O, 5T; V,  41 
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Figure 5 Comparison of crystallization half times for polyester 4T 
melted at 260°C by dilatometry and d.s.c. ©, measurement by 
d.s.c.: melt time 5min; O, measurement by d.s.c.: melt time 
20min; x,  measurement by dilatometry: melt time 20min 

For the 4T, 6T and 41 polyesters, a constant non- 
integer value of J/ was observed. The long secondary 
crystallization observed by dilatometry is not detected by 
the d.t.a, method. 

Crystallization isotherms for polyester 4T have been 
obtained by dilatometry and by differential thermal 
analysis. A similar n value was computed and the iso- 
therms are superimposable. There is a maximum dis- 
crepancy of 1.5"C in the crystallization temperature for a 
certain rate (Figure 5). It is thought that the d.t.a, method 
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Table 3 Heats of fusion and extents of crystall ization of aromatic polyesters 

Annealed samplesa Rapidly crystall ized samplesb 

D.t.a. peak Crystall ization D.t.a. peak 
AH* AH Crystall inity temperatures temperatures AH Crystail inity temperatures 

Polyester ( j  g- l )  (d g- l )  (%) (°C) ( C )  (MJ mg -1) (%) ( C )  

2T  122" 112 75' 7 62 272 240 - -  - -  - -  
4T 144" 6 t3 56" 4 39 228 215 40' 5 28 218, 228 
5T - -  36' 4 - -  136 100 - -  - -  - -  
6T 143' 414 54' 8 38 153 140 39" 3 27 142, 153 
41 191 '9 t3 27.2 13 109, 131,144 90 - -  - -  - -  

a Before fusion, samples were crystallized for 16 hours at the temperature shown 
b These samples were rapidly crystallized during natural cool ing in the d.s.c, cell 

gives a better measurement of the temperature of the 
sample since the sensor is much closer to it. Both methods 
are valid for a comparison of crystallization data between 
the series of polyesters. We have chosen the d.t.a, method 
because of its greater convenience. 

Heats of jitsion 
Percentage crystallinities of the aromatic polyesters 

after slow and fast crystallization are shown (Table 3). 
The heats of fusion (A H*) for four of the fully crystal- 
lized polyesters have been reported 12-14. In each case this 
quantity was determined from the depression of the melt- 
ing point of the polymer when mixed with diluent. The 
peaks of the melting endotherms, recorded by d.t.a. 
were up to 5 ° lower than those observed by the op- 
tical method. Multiple peaks were observed in several 
cases. No crystallization and hence no melting peaks were 
observed when the 2T, 5T and 41 polyesters were cooled 
quickly. 

X-ray fibre diagrams 
Table 4 shows the identity periods that were measured 

for the 5T, 6T and 41 polymers and obtained from the 
literature for the 2T polymer 15. The repeat distances have 
been calculated in each case and are also shown. 

DISCUSSION 

It has been shown that similar isothermal crystallization 
rate data for the 4T polyester can be obtained using lhe 
DuPont Thermal Analyser fitted with the scanning calori- 
meter as is obtained by dilatometry. In this technique, 
unlike the Perkin Elmer DSC instrument, the difference 
in temperature between the crystallizing sample and the 
standard is measured against time. Booth and | tay '~ 
suggested that thermal analysis techniques could not be 
used to measure crystallization rates because the sample 
temperature may be changing during the crystallization. 
In this work, better temperature control and an increased 
sensitivity is achieved. 

The half-times of crystallization for 2T, 4T and 6T 
polyesters have been plotted in Figure 2 as a function of 
the amount of supercooling. Although factors such as the 
average molecular weight, the melting time and tem- 
perature, affect the rates of crystallization, their effect is 
less than the difference shown between these three poly- 
esters. The polymers containing the longer sections of 
aliphatic units, which would be expected to lead to more 
flexible chains, crystallize more readily. 

Table 4 X-ray data for aromatic polyesters 

Measured identity period Calculated repeat 
Polyester (nm) distance (nm) 

2T 1' 075 z5 1' 086 
4T  - -  1'  337 
5T 1 '22 ('this work) 1.462 
6T  1'  53 ( this work )  1 '  588 
41 2.60 (this work) 1.358 

However, lower extents of crystallinity were observed 
for the annealed samples of 4T and 6T than for 2T 
polyesters (Table 3). The extents of crystallization of 4T 
and 6T polyesters were very similar when measured after 
fast or slow crystallizations. In each case the extent of 
crystallinity rose from 27-28 ~ to 38-39 %. As has been 
reported previously (for example, in.ref. 10) the melting 
point of the polymers decrease considerably on increasing 
the length of the aliphatic sequence between the aromatic 
rings in the chain. 

Previously it has been shown 15 that 2T, 6T and 10T 
polyesters crystallize in the triclinic system and have one 
chemical repeat unit, slightly distorted, in each unit cell. 
Identity period measurements for the 2T and 4T were not 
obtained in this work but those for the 6T agreed with 
those obtained by Bateman et al. It is probable that the 4T 
polyester crystallizes in the same crystal class. The 
identity periods for the 4I polyester (2-60 nm) suggests a 
slightly distorted planar zigzag conformation with two 
chemical repeat units per unit cell. For 5T polyester there 
is a considerable discrepancy between the identity period 
(l .22nm) and the calculated repeat distance (1.46nm). 
For a fully extended planar zigzag conformation, the 
repeat distance would be expected to be close to the length 
of two chemical repeat units. It seems that in this case 
severe distortion of the chain occurs more readily than the 
alignment of the lengthy planar zigzag repeat distance. 

5T polyester requires a great deal more supercooling for 
crystallization than the polyesters containing an even 
number of carbon atoms in the diol component. The 
maximum rate of crystallization was measurable for this 
polyester (Figure 2). The polymer has a lower crystalline 
melting point than 6T showing the odd even effect that has 
often been observed with polyesters and polyamidesl~L 
This polymer also failed to crystallize when cooled quickly 
in the Differential Thermal Analyser. Under isothermal 
conditions crystallization occurred. It was then possible 
to obtain a heat of fusion (Table 3) on reheating but the 
information is not available to calculate a percentage 
crystallinity. The heat of fusion suggests that it would be 
lower than that obtained with the 2T, 4T and 6T poly- 
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esters. Crystallization is obviously very much more diffi- 
cult when the diol containing an odd number of carbon 
atoms is introduced into the polyester chain. The values 
for the Avrami integer n obtained for the 5T polymer 
varied considerably. For the 2T, 4T and 6T polymers 
constant non-integer values were obtained. The value of 
2.0 obtained for the 2T polymer was quite different from 
that obtained by Morgan 11 and may arise from the high 
level of nucleation which prevented any measurements of  
spherulite growth rates for this polymer. 

Samples of 4T and 6T polyesters crystallized quickly 
and when reheated in a d.t.a, experiment show two melt- 
ing peaks. On melting samples that were crystallized 
slowly only one melting peak is observed. I f  two crystal- 
lization processes are occurring this could be an explana- 
tion of the fractional Avrami values. 

The polyester 4I in which the p-substituted benzene ring 
of the 4T polymer is replaced with a ring with the two 
carboxyl groups in the m-positions, requires a great deal of 
supercooling and even then crystallizes very slowly. The 
annealed sample of this polymer is only 13 ~ crystalline 
but shows three distinct melting peaks by differential 
thermal analysis. 

Spherulite growth rates (Figure 4) could readily be 
measured for the 5T and 41 polymers which did not 
crystallize after preparation. After a first crystallization 
some nuclei in these polymers were not destroyed by 
remelting. For the 2T, 4T and 6T polymers the nucleating 
density was much higher, and many nuclei which were 
introduced on cooling after preparation were not sub- 
sequently removed even by severe melting conditions. 
For 4T is was possible to make spherulite growth rate 
measurements; for 2T and 6T the nucleation density was 
always too high. 

Extremely slow growth rates at a very large degree of 
supercooling were found for the 41 polymer. Measure- 
ments for 4T and 5T polyesters were made over a limited 
temperature range but a given rate of growth was obtained 
at a lower extent of supercooling for 4T than for 5T. 
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An investigation of the effect of chain 
geometry on the two-phase morphology of 
polystyrene/polyisoprene block copolymers 
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(Received 14 December 1971) 

Block copolymers having structures of the type A-B, (A-B-)2X, (A-B-)3Y and 
(A-B-)4Z, where A is polystyrene, B is polyisoprene, and X, Y and Z are linking 
agents, have been synthesized by anionic polymerization. Electron microscopy 
of thin films cast from benzene solutions showed that all the polymers formed 
ordered arrays of regular domains. The inter-domain distances and domain radii 
of the two phase structures were not influenced by changes in chain geometry, 
provided the overall composition and the length of the A blocks remained 
constant. Some results are reported concerning the compatibility of polystyrene/ 
polyisoprene and polystyrene/polybutadiene block copolymers. 

INTRODUCTION 

Microphase separation in many block copolymers has 
been shown to give rise to ordered arrays of regular 
domainsl, L For the case of styrene-isoprene block 
copolymers [noue et al. 3 showed that for solvent cast 
films the two-phase structure obtained is governed by 
the incompatibility between the A and B segments, the 
solvation of the segments in solution, the casting tem- 
perature, the total chain length of the block copolymer 
and the overall composition. The three types of domains 
most often observed were cylinders, spheres and lamellae. 
Supporting evidence can be drawn from the work of 
Matsuo et al. 4 on styrene-butadiene block copolymers 
and from a wide range of general studies carried out by 
Skoulios and his colleagues 5. For the case of A-B block 
copolymers several theories have been put forward which 
attempt to establish an interrelationship between the 
type and size of domains and the important molecular, 
or thermodynamic, variables3, 6. The relationships ob- 
tained have been found to provide a useful semi- 
quantitative understanding of the observed behaviour. 

The theoretical problem clearly becomes more difficult 
if we move on to consider A-B-A and other multi-block 
systems. However, it has been tentatively suggested that 
simple changes in chain geometry (such as going from 
A-B to an A-B-A polymer whilst keeping the length 
of the A blocks and the overall composition constant) 
may not have a significant effect upon the tertiary 
structure, i.e. on the type, size and arrangement of the 
domains 6. This does not mean that changes in chain 
geometry will not influence the mechanical behaviour of 
the polymer. Indeed it is well established that for polymers 
in which B is a long block of a rubbery polymer and 
A is a shorter block of a glassy polymer, the A-B-A 
system can have properties similar to a conventionally 
crosslinked elastomer (due to the formation of a con- 
tinuous network) whilst the A-B system behaves like an 
uncrosslinked rubber. 

In the present study we have prepared and character- 
ized two series of styrene/isoprene block copolymers 
of the type A-B, (A-B-)2X, (A-B-)aY and (A-B-)4Z, 
where A is polystyrene, B polyisoprene and X, Y and Z 

a r e  short linking agents; the overall composition of each 
of the polymers was ~ 2 5 ~  by weight of polystyrene, 
and within each series the lengths of the A blocks were 
the same. The overall aim of the work of which this paper 
constitutes the first report, is to investigate experimentally 
the influence of chain geometry on domain morphology 
and physical properties. 

In recent times a considerable amount of research has 
been carried out in synthesizing and characterizing 
star-shaped homopolymers. Thus, tetra-chain star-type 
polystyrenes have been synthesized by the reaction of 
polystyryl lithium with silicon tetrachloride 7 and with 
1,2,4,5-tetrachloromethyl benzene and by the reaction 
of polystyryl potassium with the latter s, 9. Tri-chain 
polystyrenes have been prepared by the reaction of 
polystyryi lithium with 1,2,4-trichloromethyl benzene TM 

and methyl trichlorosilane la. In the present study we used 
n-butyl lithium as the initiator in preparing an isoprenyl 
lithium-ended polystyrene-polyisoprene block copolymer 
and chose the series of silicon compounds, SiCl4, 
SiClaCHa, SiCI2(CH3)2 as linking agents. 

EXPERIMENTAL AND RESULTS 
Mater ia ls  

S tyrene monomer .  Styrene (BDH, Laboratory Reagent 
Grade) was first dried over calcium hydride, and then 
degassed and distilled. The middle fraction (,,~75~o by 
wt.) was collected and allowed to stand over lithium 
aluminium hydride for 48 h and then it was distilled in 
a vacuum system on to a freshly prepared sodium mirror. 
As soon as polymerization began to take place monomer 
was distilled off and sealed into ampoules. 

Isoprene monomer .  Isoprene (BDH, Laboratory Re- 
agent Grade) was also dried over calcium hydride, 
degassed and distilled, and then the middle fraction 
allowed to stand over calcium hydride for 48h. The 
monomer was next introduced into a small vacuum 
system consisting of a reservoir and a series of ampoules. 
n-Butyl lithium was added until the characteristic colour 
of poly(isoprenyl lithium) appeared. The ampoules were 
cleansed of reactive impurities by washing with the 
polymerizing mixture and rinsed by repeated distillation 
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of monomer from the reservoir. Finally known volumes 
of isoprene were distilled into the ampoules and these 
sealed off. 

Linking agents. These were tetrachlorosilane, trichloro- 
methylsilane and dichlorodimethylsilane. They were each 
distilled several times in a vacuum system before being 
introduced into ampoules attached to the main apparatus. 

Benzene. This was dried over calcium hydride and 
fractionally distilled. After degassing on the vacuum line 
it was stored ready for use. 

n-Butyl lithium. This was obtained as a 15~o solution 
in hexane from the Koch-Light Chemical Co. and was 
used without further purification. The concentration of 
the n-butyl lithium solution was estimated using the 
method of Gilman and Haubein 12. 

Polymerizations 
The technique used was somewhat similar to that 

developed by Bywater et al. 13. Reactions were carried 
out in benzene solution at approximately 25°C in a 
sealed vacuum system. All glassware was first washed 
with a polystyryl lithium solution and rinsed by repeated 
distillation of solvent from a reservoir. So as not to 
employ greased joints extensive use was made of break 
seals. 

The all glass reaction vessel is shown in Figure 1. 
Initially it was attached to the vacuum line at I, and 
ampoules G and H contained known volumes of styrene 
and isoprene. 400cm 3 of benzene were distilled into 
bulb B, and the reaction vessel was sealed off at J. 

About l cm 3 of styrene was introduced into the 
apparatus via serum cap K followed by n-butyl lithium 
until the characteristic red colour of polystyryl lithium 
persisted. The resulting solution was washed around the 
vessel and then run back into flask B. Repeated distil- 
lation of benzene from flask B to all the extremities of 
the apparatus served to rinse out any residual polystyryl 
lithium. The solution was then stirred for some time to 
ensure all the styrene had polymerized, after which 
benzene was distilled from flask B to flask A and flask B 
sealed off at the constriction L. 

The styrene ampoule G was broken using a glass 
breaker, and a known quantity of catalyst injected 
through serum cap F to initiate polymerization. The 
serum cap was removed by sealing it off at the con- 
striction and the solution, which gradually became 
orange-red in colour, was stirred for 4h. At the end of 
this period a small sample was removed at M, and after 
it had been terminated with methanol, it was analysed 
by gel permeation chromatography (g.p.c.). 

The next stage of the polymerization was started by 
breaking the isoprene ampoule H. The solution, which 
became immediately pale yellow in colour, was left to 
stir for 24h. At the end of this period a sample of the 
styrene-isoprene block copolymer was removed (via 
ampoule N) terminated with methanol, and analysed by 
g.p.c. 

Provided the g.p.c, analysis indicated a sharp molecular 
weight distribution, the remaining solution was divided 
as equally as possible between the graduated flasks C, D 
and E, and the flasks sealed off at the constrictions. To 
each of the flasks, via a break seal, was added one of the 
coupling agents SiCI~, SiCI3CHa and SiCI2(CH3)~. In each 
case it was arranged that the molar ratio isoprenyl lithium 
to silicone-chlorine bonds was 1.25. The mixtures were 
stirred for 4 days after which time any residual anions 

were terminated by adding methanol, and the polymers 
were subjected to g.p.c, analysis. 

Fractionation 
The polymers were fractionated at 25°C using the 

method of successive liquid-liquid phase separation. 
Briefly successive quantities of methanol were added to 
dilute solutions of the polymer in benzene ( ~ 0 . 2 ~  by 
wt. concentration). The liquid phases so obtained were 
equilibrated using the usual heating and cooling cycle 
and then separated by syphoning off the dilute phase. 
Approximately ten fractions were collected in each 
fractionation case and these were isolated from solution 
by freeze drying. 

The number-average molecular weights of the fractions 
were determined using a 'Hi-Speed' C5M2 recording 
osmometer fitted with a Sartorius filter (pore size L 50 A). 
The measurements were carried out in toluene solutions 
at 25°C; approximately an hour was required for each 
solution to reach equilibrium. The fractions (in tetra- 
hydrofuran solution) were also analysed by gel phase 
chromatography using a Waters instrument. This 
technique was employed primarily to establish the 
homogeneity of fractions rather than to assess molecular 
weight. In Figure 2 a g.p.c, trace for a fraction is com- 
pared with that for an unfractionated sample. 

The fractionation technique outlined was found to 
provide a sharp fractionation of species on the basis of 
chain geometry. A typical set of data are given in Table 1 
for a polymer prepared using the tetrafractional linking 
agent. After completing such fractionation and molecular 
weight analysis the fractions corresponding to the domi- 
nant species were combined together, whilst the rest of 
the fractions were discarded. The number-average 
molecular weight of each of the polymer samples isolated 
by this procedure are recorded in Table 2. 
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Figure I Apparatus used in the synthesis of the block copolymers 
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Table 2 Molecular weight and electron microscopy (EM) results 
for the two series of styrene/isoprene block copolymers 

Series 1 

Sample Type 

% Volume polystyrene 
D dint 

Mnxl0 -4 (nm) (nm) from EM 
assuming from chain 
h.p.c, structure 

1P1 AB 4.81 18.7 36.0 24.5 23'5 
1P2 (AB)2X 9.8 17.0 33.7 23.1 23'0 
1P3 (AB)3Y 14.2 18.1 33.7 26.2 23.9 
1P4 (AB)4Z 18.8 18.6 34.1 27.0 24-0 

Mn of the A block=12 500 

Series 2 

2P1 AB 9'6 
2P2 (AB)2X 18"5 
2P3 (AB)3Y 27"5 
2P4 (AB)4Z 36" 5 

26'9 48'1 28'4 22'9 
26'0 49'0 25"5 23"8 
26"2 48"6 26"4 24"1 
26"0 50'0 24'5 24"2 

Mn of the A block=24 400 

D=domaindiameter;dint=interdomain distance; h,p.c,=hexa- 
gonally packed array of cylinders 

Electron microscopy 

Electron micrographs of ultra-thin films were obtained 
using an AE[ EM6G electron microscope. The instru- 
ment was operated at an accelerating voltage of 100 kV 
under which conditions the stated resolution was better 
than Into.  Ultra-thin films were prepared by carefully 
evaporating solutions of the polymers in benzene. The 
concentration of the solutions used was calculated to 
give a film thickness of 50nm. The films were stained 
using osmium tetroxide, which selectively combines with 
the olefinic bonds of the polyisoprene chains. On using a 
fairly slow rate of evaporation and casting from mercury, 
each polymer gave regular hexagonal arrays of 'circular' 
domains of the type shown in Figure 3. At larger fields of 
view, grain structures were clearly visible. On varying 
the method of casting more irregular arrays of the type 
described previously by one of us 14 were observed, but in 
the present study they were not analysed. For the regular 
arrays the measured domain radii and inter-domain 
distances (i.e. nearest distance between centres) are 
given in Table 2. 

E[ution volume 

Figure 2 G.p.c. traces for sample 2P4 before (upper) and after 
(lower) fractionation 

Table 1 Fractionation from benzene-methanol mixtures at 25°C 
of a copolymer synthesized by coupling an AB polymer with SiCI4 

Vol. methanol 
Fraction g.p.c. 
no. Weight % Vol. benzene sugges ts  Mnx10 -4 

1 39" 04 0' 452 (A B)4Z 
2 9.13 0.465 (A B)4Z 
3 29.17 0.475 (A B)4Z 
4 9.50 0.482 (AB)3Y 
5 0.89 0.491 (AB)3Y 
6 1.34 0.523 (AB)3Y 
7 5.49 0. 576 AB, (AB)3Y 
8 5.41 Residue A, AB, (AB)3Y 

18.8 
18.6 
18.8 
14.2 

The AB polymer isolated before the addition of SiCI4 was found 
to have Mn=48 100 
Fractions 1 and 2 were combined together and designated 
sample 1P4. 

DISCUSSION 

Let us first consider the evidence which will enable us to 
make assignments to the two-phase structures of the 
polymers we have studied. If we assume there is complete 
phase separation of the two components, the volume 
fraction of polystyrene may be calculated by two inde- 
pendent methods. Firstly we can calculate it from a 
knowledge of the chain geometry and block lengths, and 
secondly from measured area fractions assuming a 
particular domain structure (spheres, cylinders or 
lamellae). From such a comparison we conclude that the 
two-phase structures of all 8 polymers (listed in Table 2) 
are consistent with a model in which cylinders of poly- 
styrene are hexagonally packed in a polyisoprene matrix. 
The data are given in Table 2. 

For reasons we have discussed in detail previously the 
use of ultra-thin solvent cast films to investigate morpho- 
logical features is not completely satisfactory t4,1'~'. 
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Figure 3 Electron micrograph of solvent cast film of sample 2P4 

Nevertheless, provided a suitable solvent is chosen, 
information obtained by this method in the past has 
been found, in the light of  more detailed studies involving 
low-angle scattering 15 and electron microscopy of ultra- 
microtomed sections 1~, to provide a very useful guide 
to the actual behaviour of  the bulk polymer. For the 
purpose of the present investigation the main advantage 
of using solvent cast film is that the technique is simple 
to apply, and very reproducible. Hence any small 
differences in the two-phase behaviour of the samples 
could readily have been detected. 

Examination of Table 2 shows that within experimental 
error the cylindrical radii and inter-domain distances are 
independent of  the changes in chain geometry we have 
made provided the polystyrene end-block lengths and 
the overall composition remain constant. This can be 
interpreted to mean that the configurational entropy of 
the matrix plays only a secondary role in determining the 
two-phase morphology. Each (A-B-)4Z polymer mole- 
cule has the possibility of  occupying by way of its four 
A end-blocks, from one to a maximum of four separate 
domains. In practice one would expect to find a statistical 
distribution. Each A-B polymer molecule on the other 
hand can only occupy one domain. Thus moving along 
the series from A-B to (A-B-)4Z the degree of constraint 
on the rubbery chains is progressively increased. This 
increase can be expected to be quite marked in view of 
the fact that the large cylindrical domains will have a 
very much lower mobility than that normally associated 
with the low functionality chemical crosslink encountered 
in the case of  rubbery vuicanizates. In spite of  this very 
little change in structural behaviour is observed moving 
along a series. 

Comparison with styrene/butadiene block copolymers 

Listed in Table 3 for comparison are results we 
obtained in a previous study for a (polystyrene)(poly- 
butadiene)(polystyrene) block copolymer 15, where Mn 
fort 'his polymer is 84000 and for the polystyrene blocks 
l l 000. Perhaps not surprising in view of the similar 
nature of polyisoprene and polybutadiene the domains 
are seen to compare closely with those observed for 
sample 1P2. In view of this similarity we decided to 
make up a 50% by wt. mixture of  the two polymers, and 
then reinvestigate the structure. Because of the incom- 
patibility problem we expected to observe the usual 

Figure 4 Electron micrograph of solvent cast film 50/50% by 
weight mixture of sample 1P4 and an SBS polymer 

Table 3 Electron microscopy 
results 

D dint 
Sample (nm) (nm) 

1P2 17"0 33"7 
SBS It0-0 43"0 
1P2/SBS 18"2 34"5 

macroscopic separation of the two polymers. However, 
under the conditions of our solvent casting technique 
the two polymers appear to blend together to form a single 
two-phase structure. I f  anything the ordering of the cylin- 
drical domains was even more regular than for the case of  the 
individual block copolymers (see Figure 4). The character- 
istic dimensions for the mixed polymer structure are 
given in Table 3. To what extent the polybutadiene and 
polyisoprene chains are blended together within the 
matrix has not yet been established by us, and is currently 
being subjected to a more detailed investigation. 
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Mechanics and mechanism of 
environmental crazing in a polymeric glass 

E. H. Andrews and L. Bevan 
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The conditions have been studied for propagation of single discontinuities 
(cracks and crazes) in poly(methyl methacrylate) under the combined influence 
of stress and solvents. A series of aliphatic alcohols, water-alcohol mixtures 
and carbon tetrachloride were employed and temperature effects were investi- 
gated over the range 273K to 323K. Using a fracture mechanics approach, the 
minimum surface work ,Y-o required to propagate the discontinuity was estimated 
as a function of temperature for each solvent. Y-o varies with temperature in a 
consistent manner, decreasing rapidly as the temperature rises up to a charac- 
teristic temperature Tc and then remaining constant at some value ,Y~ for T> Tc. 
The value of ,Y-~ is a smooth function of the difference (3s-3o) between the solu- 
bility parameters of the solvent and the polymer, both for pure solvents and water 
mixtures, reaching a minimum at (Ss-Sp)=0. The critical temperature for pure 
solvents (but not solvent-water mixtures) decreases with increasing (6s-~p), 
probably extrapolating to Tg for the plastic at (8s-8~)=0. The behaviour of 7 .  
can be explained in terms of a cavitation criterion for craze formation and the 
necessary theory is developed. It attributes the temperature-independent value 
of ~-~ to a polymer/solvent interracial energy effect, and the variation of .Y. at 
T< Tc to a yield stress effect. 

INTRODUCTION 

[n the presence of chemically active environments, many 
materials undergo failure by cracking or crazing at 
stresses much lower than would otherwise be necessary 
to cause detectable damage. These effects are observed 
in materials as diverse as metals, glass and rubber and 
the chemistry of the causative process varies from system 
to system. 

In spite of this, however, the mechanics  of the pheno- 
menon are similar in all cases. The cracks or crazes 
always propagate normal to the direction of major 
principal stress and require some threshold condition 
of stress or strain to be achieved. It is for this reason 
that fracture mechanics are applicable to these various 
phenomena and have been employed successfully in 
polymeric systems by Braden and Gent 1-a and by Gent 
and Hirakawa 4 for vapour cracking in elastomers, and 
by Andrews and Bevan 5 and by Marshall et al. ~ for 
solvent stress cracking and crazing. These studies have 
established that both the threshold conditions and the 
propagation velocities for cracks or crazes are governed 
by fracture mechanics criteria rather than by overall 
stress or strain levels. An exception to this is the special 
case of a 'fully load bearing' craze for which, under 
some circumstances, a critical stress criterion becomes 
appropriate. It will be seen later, however, that an 
equivalent fracture mechanics criterion can be used even 
in this case, enabling us to unify the mechanical descrip- 
tion of all such phenomena. 

Polymeric glasses may 'fail' either by cracking or 
crazing and it is necessary to distinguish between these 
phenomena. Figure 1 shows schematically the structural 

difference between a crack and a craze. Whereas a 
crack can be viewed as the separation of two adjacent 
layers of atoms, a craze must be viewed as the lateral 
expansion of a layer of polymer of finite thickness. 
For a craze of infinite area this expansion takes place 
by means of a uniaxial extension normal to the craze 
plane and under plane strain conditions, so that void 
formation is a natural consequence of volume conserva- 
tion. The void volume provides a measure of the (plastic) 
strain suffered by the polymer in forming the craze, a 
void content of 50°,~ indicating a uniaxial strain of unity 
and so on. 

- - - - _ . _  

F 
Figure I Structure of (a) a craze in comparison to (b) a crack 

b 
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Since the opposing walls of  a craze are connected 
by solid material, it does not follow that the stress 
distribution around a craze is the same as for a crack. 
In particular it can no longer be assumed that the stress 
normal to the craze wall is zero as in the case of  a free 
boundary. In the general case of a loaded body partly 
'severed' by a craze plane, the proportion of the load 
carried across the craze may lie anywhere between zero 
(as for a crack) and the value appropriate to the homo- 
geneous solid (i.e. the craze is fully load-bearing). This 
will depend entirely on the relative elastic constants of  
the solid polymer and the craze matter;  a very soft or 
rubberlike craze will exhibit a stress distribution very 
similar to that of a crack, whilst a strongly strain- 
hardened craze, even allowing for its void content, could 
be as stiff as the parent polymer itself causing a minimum 
perturbation in a homogeneous stress field. Even in the 
latter situation, however, the fact that the craze has 
grown at all indicates that a stress-field perturbation 
must be present at the tip. There must be a localized 
stress maximum on the craze axis at that point, other- 
wise transformation of polymer to craze would not 
occur there. The difference therefore between the stress 
distributions at a craze or a crack are not, in the vicinity 
of  the tip, primarily qualitative but quantitative, the 
craze matter reducing the stress concentrating ability 
of  the craze below that of  a crack of similar geometry. 
The amount of this reduction will depend only on the 
elastic properties of the Craze, though these properties 
may vary widely even in a given polymer. The elastic 
behaviour of  the craze will, for example, be different 
for a dry polymer than for one infused with solvent. 
It will vary with temperature. Perhaps most important 
for the understanding of the present work is the fact 
that 'craze matter '  displays severe mechanical hysteresis 7 
so that, under load cycling, the stress carried by a craze 
at a given strain will vary strongly with the stress history 
of the specimen. For example, the application of a high 
load to the specimen followed by a reduction of load 
will leave the craze carrying much lower stresses than 
if the same final load had been achieved by monotonic 
increase from zero. 

From this discussion it can be seen that crazes may 
behave mechanically in any manner from that of a 
crack to that of  a fully load-bearing craze and that 
even a single craze may exhibit different behaviour 
under different circumstance. 

For conciseness the term 'discontinuity' will be used 
to include cracks and crazes when it is not required to 
differentiate between them. 

FRACTURE MECHANICS 

Cracks 
According to the theory of fracture mechanics the 

propagation behaviour of a crack is governed entirely by 
the stress-intensity factor K of linear fracture mechanics s 
or by the energy available for propagation from the 
elastic stress field, -O,~'/OA, per unit area of crack 9, 10 
The latter formulation is necessary for solids not obeying 
linear elastic theory and will be employed here, although 
polymeric glasses at low stress are sufficiently Hookean 
for linear elastic theory to be safely used. 

Propagation will occur when the available energy per 
area equals the energy requirement or surface work 11, 

i.e. when: 

- ~ e / a A  = J ( l )  

where, in general, ,¢" is a function of temperature and 
the propagation rate. There may exist a value of - O#/OA 
below which no propagation occurs and this defines the 
minimum value zr0 of  ,~- under the conditions obtaining. 

For an edge crack of length c in a semi-infinite sheet 
of  material (Figure 2): 

- O e l a A  = k c  w (2) 
where k is a constant and W the elastic stored energy 
density in the material remote from the crack. For a 
solid exhibiting Hookean behaviour in bulk and loaded 
in uniaxial tension: 

7-rC(r 2 

k c W -  2E (3) 

where ~r is the applied tensile stress and E is Young's 
modulus. There may, therefore, be a threshold value 
ere of cr below which no propagation occurs and given 
by: 

7rco~ 
2E - J-0 (4) 

I f  such a threshold value crc can be measured, a plot 
of  cr~ against c -1 should be a straight line of slope 
2 E,Y-o / rr. 

In practice it is inconvenient to use very large sheets 
of  material to fulfil the semi-infinite requirement and 
equation (4) can be modified to apply to a sheet of  
finite width b. The resulting equation islg: 

-2-E - , 7 o  (5)  

where 

Z =  1.99 -0.41(c/b) + 18.70(c/b) "~- 

38"48(c/b) 3 + 53.85(c/b) 4 (6) 

Equation (5) has been used in all that follows, ,~0 
being evaluated from a~. against (Z2c) -1 plots. 

Crazes 

Since fracture mechanics as previously formulated 
relies upon the known stresses at a crack or, alternatively, 
upon the assumption that crack walls are free boundaries, 

ff 

1 t t 

\ 
c 

o" 

Figure2 Edge crack in a semi-infinite sheet under a uniform tensile 
stress 
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the theory is not directly applicable to crazes. To extend 
the theory to crazes it is necessary either to determine 
analytically the stress distribution around a craze (a 
task requiring full knowledge of the elastic constants 
for the anisotropic craze material) or else to adopt  
some more general device. It is proposed to represent 
the craze mechanically by an 'equivalent' crack, i.e. a 
crack which produces the same degree of stress con- 
centration at its tip as does the craze itself. It is not 
necessary that the equivalent crack should produce an 
identical stress distribution to that of  the craze, but 
only that the maximum stresses, which are operative in 
causing propagation, should be replicated. 

Figure 3 shows schematically several examples of 
discontinuities with their accompanying axial distribu- 
tions of the major principal stress a u (normal to the 
discontinuity plane). Figure 3a shows the case of  a crack 
and Figures 3b and 3e two possible distributions for a 
fully load-bearing craze. Figure 3d shows that for a 
bullet-shaped crack of length l, and since the tip stresses 
at a crack scale in proportion to the square root of its 
length s, 13 it is evident that l can be chosen to provide 
'equivalence' with the fully load-bearing craze. The 
particular attribute of the notional bullet-shaped crack 
is that it propagates in a uniform stress field without 
change in the stress intensity at its tip. 

Figure 3e shows a further situation, previously dis- 
cussed in the literature 6, 14 in which the craze is itself 
subject to cracking. As a result coplanar crack and 
craze coexist, with the craze tip some distance ahead 
of the crack tip. Providing this distance is large compared 
with l, this situation can be represented by an equivalent 
bullet-shaped crack propagating in the stress field of 
the true crack rather than in the uniform applied tensile 
fiefd. 

Limits of behaviour 
It is clear from the foregoing discussion that the 

mechanical behaviour of a discontinuity may vary 
between the limits appropriate to a true crack of the 
same length, c, as the discontinuity and an equivalent 
crack of constant length l, where l~e.  Intermediate 
behaviour will be found for craze material of high but 
non-infinite compliance and when the crack and craze 
co-exist (Figure 3e). Variable intermediate behaviour 
is expected if the craze is hysteresial and subject to load 
cycling. 

The limits of  behaviour can now be represented in 
fracture mechanics terms by reference to the ~ against 
,72,~,L ~, t diagram (Figure 4), where c is the total length 
of discontinuity. For a crack of length e, propagation 
at a constant energy requirement will be represented by 
a straight line passing through the origin (behaviour ! 
in Figure 4). This will apply whether it propagates as a 
crack or as an incipient craze (i.e. with a constant size 
craze region running ahead of the crack). For an equi- 
valent crack of constant length l, the a~ against {Z2e} -~ 
plot will be a horizontal straight line (behaviour H) 
intercepting line I at the point / 1=e-1. Intermediate 
behaviour will give results lying within the shaded 
triangle. 

Experimental data taking the form of Figure 4 are 
therefore capable in principle of  providing values for 
(i) the minimum energy requirement .Y'0 for the propaga- 
tion of cracks or for the formation of craze as the case 

x 

b 

l 

e 

Figure 3 Stress distribution along discontinuities. (a) crack; (b) 
and (c) fully load-bearing craze; (d) bullet-shaped crack; (e) craze 
with crack 

may be, and (ii) for the quantity I. The former is derived 
from the slope of the lower bound to experimental 
data and the latter from the intercept of  lower and 
upper bounds. 

It will be seen later than in some of the systems used 
propagation is crack-like, whilst in others a scatter of 
intermediate behaviour is found. This scatter almost 
certainly arises in cases where the craze matter is highly 
hysteresial as mentioned previously. The measurement 
of critical stresses inevitably requires load cycling (as 
will be seen) producing crazes with a variable load 
bearing capacity. Because of the load cycling, pure 
type I I behaviour (Figure 4) was not observed in the 
main series of experiments, but has been found in further 
studies (Andrews and Levy, to be published) in which 
critical stresses were derived indirectly in steady-load 
experiments by extrapolating craze velocity against 
stress data to zero velocity. This strongly supports the 
view that the systems which display a wide scatter of  
critical stresses, do so because of mechanical hysteresis 
of the craze material combined with load cycling of the 
specimen. This anelasticity of  the craze matter does not 
invalidate the elastic analysis implicit in the 'equivalent 
crack' concept since the latter involves only the untrans- 
formed bulk material. The role of the craze matter in 
this analysis is simply to provide a distributed load 
over the craze boundaries, this load reducing to zero in 
the case of a crack or infinitely soft craze. 

EXPERIMENTAL 

Experiments were carried out on cast sheets of poly- 
(methyl methacrylate) (PMMA) ('Perspex') 20cm long, 
0.1-0.3cm thick and 8-10cm wide. These were loaded 
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Figure 4 Limits of behaviour in a plot of critical stress squared 
against reciprocal of discontinuity length. I, pure cracking; II, fully 
load bearing craze 

axially in simple tension by deflection of a stiff, simply 
supported beam whose displacement could be read by 
a sensitive dial gauge. This not only records the applied 
load but rapidly indicates any stress relaxation occurring 
in the specimen. Because of the low loads employed, 
no stress relaxation was observed over the time scale 
of the experiment except at the highest temperatures. 
Experiments revealing stress relaxation were abandoned. 
Precautions necessary to ensure uniform loading havc 
been discussed previously 5. 

A central edge crack (Figure 2) of controlled length 
was introduced into the specimen in the following 
manner. A small saw cut was made to locate the crack 
and the cut edge of the sheet was immersed in liquid 
nitrogen to cause embrittlement. On removal from the 
coolant, the saw cut was immediately wedged open by 
a screw-driven jig, causing a brittle crack to run into 
the uncooled region of the sheet, where it arrested. The 
edge of the sheet was subsequently milled away to 
provide cracks of any desired length. Sharp, repro- 
ducible cracks are obtained by this method, although 
equally good results have been observed using high 
frequency fatigue cracks t5 and cracks produced rapidly 
by impact 6. 

Cracks and crazes were observed by travelling micro- 
scope using rear illumination of the specimen. Crack 
extensions of as little as 10t+m could be detected using an 
eyepiece graticule. 

Specimen and loading assembly were placed within 
a double-walled thermostatically controlled solvent bath 
which contained windows for observation. Temperature 
control in the solvent, which was stirred continuously. 
~as within _-0-5K. 

Load was applied to the specimen and propagation 
established. The load was progressively diminished 
until growth ceased again, at which point the load and 
discontinuity length were recorded. Several of such 
critical measurements were usually made on the same 
discontinuity always providing that c < b/3, growth being 
arrested and re-started by manipulation of the load. 
This load-cycling is unavoidable if direct measurements 
of critical stress are to be made. 

In all cases the length co of the starter crack was also 
recorded. From these measurements c,~ against {Z'~c} t 

plots were made for different temperatures and solvents, 
oe being defined as the critical load divided by the speci- 
men cross-section area, and e being the total discon- 
tinuity length. 

Independent measurements were made, using an 
Instron testing machine, of Young's modulus E for the 
polymer at different temperatures and at an extension 
rate (10-4s t) chosen to approximate the long loading 
times used in the propagation measurements. 

Solvent systems used in the present work were de- 
ionized water; various water/isopropyl alcohol mixtures; 
methanol; ethanol; methylated spirit; iso- and n-propyl 
alcohols; iso- and n-butyl alcohols, and carbon tetra- 
chloride. 

RESULTS 

c,~. against sZZ-*-lt ~j plots 
Typical data are shown in Figures 5, 6 and 7 which 

illustrate respectively the behaviour for water, methylated 
spirit and isopropyl alcohol. Figures 5 and 6 reveal 
behaviour of a crack-like or type 1 nature (cf. Figure 4), 
in that all points lie within bounds which are straight 
lines through the origin. A statistical analysis of the 
data for methylated spirit at a given temperature gives a 
correlation between ~ and {Z2e} - t  in the region of 
0.9. In accordance with the earlier discussion, the lower 
bound is taken to provide a value for .~-0 even in such 
cases, but the use of the lower bound will be considered 
further in the next section. 

Type I behaviour predominates for methylated spirit, 
water and water/alcohol mixtures with high water 
content. Figure 7, in contrast, is typical of data for most 
of the pure solvents especially isopropyl alcohol. Both 
a lower bound (see next section), and possibly an upper 
horizontal bound, can be identified giving values for 
• ~0 and, tentatively, for /. Estimates of the latter are 
given in Table 1. 

Use of the lower bound to define J-0 
Use of the lower bound to experimental points is 

based upon the arguments presented above. Briefly 
summarized these claim that the slope of the lower 
bound has special physical significance as giving the 
true surface work for the formation of craze at a propa- 
gating discontinuity tip. This corresponds to the case 
of a true crack with craze forming at its tip. If the 
discontinuity is not a true crack (or craze with zero 
load bearing propensities), its stress concentrating 
ability can only be lower than that of the true crack 
of similar length and the applied stress c,+, for arrest 
will therefore be artificially high. The critical stress ,~,. 
for a given discontinuity length can never be artificially 
low so that its minimum value (which determines lower 
bound slopes) is the appropriate value to combine 
with the length c to obtain the true work of formation 
of craze. 

The question then arises as to whether the experi- 
mental data do, in fact, reveal the existence of a lower 
bound or merely of a general scatter. Clearly this question 
can only be satisfactorily answered by having a much 
larger number of experimental points than in Figures 5, 
6 and 7. 
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Figure 5 a2 against (Z"-c) -1 plot for PMMA and water. Line is 
lower bound to experimental points 

Table I Estimated values of / 

Solvent Temperature (°C) / (era) 

n-propanol 37 0.043 
isopropanol 39 0.024 
90% isopropanol/water 34 0.027 
75% isopropanol/water 30 0" 078 

To collect enough data at each temperature for each 
system studied would have been prohibitive, but data 
taken at different temperatures can be superimposed 
to reveal the definite existence of a lower bound by the 
following device. 

Lower bound values for ,£0 are derived from data 
such as shown in Figures 5-7 and plotted against tem- 
perature. As will be seen below, a characteristic smooth 
dependence upon temperature was found. This fact in 
itself provides confidence in the lower bound concept. 
The J-0 values are next normalized by multiplying by a 
function of temperature such that J 0 f ( T ) = c o n s t a n t ,  
f ( T )  being evaluated from the aforementioned plots 
of .Y-0 against temperature. The lower bounds of ~ 
against (Z2c) -1 plots at different temperatures, if they 
really exist, can now be brought into coincidence by 
plotting all data as ~,~./'(T) against (Z2c) -1. This has 
been done in two cases in Figures 8 and 9 which contain 
data for methylated spirit and isopropyl alcohol 
respectively. These normalized plots reveal unmistakable 
lower bounds. This does not, of  course, prove cate- 
gorically that lower bounds exist but only that their 
existence and a certain well defined form of temperature 
dependence are mutually consistent, it is inconceivable, 
however, that the temperature dependence and the 
lower bound in normalized plots could arise by a com- 
bination of chance fluctuations in data. 
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Figure 6 a 2 against (Z2c) -I plot for PMMA and methylated spirit 
at 19°C. Line is lower bound to experimental points 
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Figure 7 a2 c against (Z2c) -t  plot for PMMA and isopropyl alcohol. 
Line is lower bound to experimental points 

DataJor J-o and T,. 
Values for ,70 obtained from lower-bound slopes are 

plotted against temperature in F&,ures lOa, h and c. 
Figures lOa and 10b show data for methanol, isobutanol, 
the propyl alcohols, ethanol and carbon tetrachloride 
whilst Figure lOc shows a wholly similar set of curves 
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Figure 9 Normalized plots of data for isopropyl alcohol from e2 c 
against (Z2c) -1 diagrams 

using water-isopropanol mixtures. The data for water 
are given in Figure 11, the value of J-0 showing no 
obvious dependence upon temperature. 

The characteristic form of the graphs is evident. It  
confirms the earlier findings of Andrews and Bevan 5 
for methylated spirit, though the actual values of  3-o 
now reported are much lower than obtained previously. 

As the temperature rises, ~0  decreases rapidly up 
to a characteristic temperature Tc, remaining constant 

~7-* * thereafter at a value denoted '~'0. Both Tc and 3-0 
vary with the solvent, but their variation can be systemized 
by plotting these parameters against the solubility para- 
meter 8 of  the solvent as shown in Figures 12 and 13. 
Figure 12 shows that #-0 decreases rapidly as the solu- 
bility parameter of  the solvent approaches that of  the 
polymer to a broad minimum centred around 

( a s -  ~p) = 0 

Results for both pure solvents and mixtures lie on a 
single curve. This result is closely analogous to that of 
Bernier and Kambour  16, who also found a minimum 
at ( S s - 8 ~ ) = 0  when the critical strain for surface crazing 
was plotted against solubility parameter for poly- 
(phenylene oxide) (PPO). The measurements cannot be 
directly compared, however, since J-o is the value 
above Tc, which differs according to solvent, whilst 
Bernier and Kambour ' s  results were at constant tem- 
perature. Furthermore there is no direct relationship 
between J 0  and critical strain. It is not surprising, 
therefore, that the minimum for '~-0 is broad in contrast 
to a very sharp minimum in the PPO results. If  we 
plotted J 0  at a constant temperature against 8, instead 
of ~r 0, the characteristic temperature effect would lead 
to a much sharper minimum in our results also. 

The behaviour of  Tc for pure solvents is shown in 
Figure 13 where it is seen to increase with decreasing 
(Ss-8~).  The increase is rapid and can be extrapolated 
to the glass transition of P M M A  (383K) at 8s=Sp. 
The significance of this will emerge later. One interesting 
point is that Tc for water-alcohol mixtures (Figure lOc) 
does not behave in the same way. The point for 90% 
isopropanol fits on the pure solvent curve of Figure 13 
and the point for 75 % shows a tendency to do so, but 
thereafter Tc begins to rise again as (Ss-Sp)  increases. 
The fact that mixtures and pure solvents behave similarly 
in respect of ~o  but not in respect of Tc is significant 
and will be referred to in the discussion. 

THEORETICAL 

Most polymeric glasses are non-strain hardening, 
elastic-plastic solids at temperatures not too far below 
T~. Even where macroscopically brittle behaviour pre- 
vails the material often yields on the small scale appro- 
priate to a crack or craze tip. Consider therefore a 
crack or narrow slit perpendicular to a uniaxial stress 
field in an elastic-plastic solid with infinite extensibility. 
If  plane stress conditions apply, as in a very thin sheet 
of  material, propagation takes the form of a narrow 
axial plastic zone 17, but in plane strain, e.g. in the centre 
of a thick sheet, the elastic constraint of the unyielded 
material prevents plastic deformation on the axis at any 
significant distance ahead of the crack tip. A symmetrical 
plastic zone, therefore, usually develops and grows 
until its diameter is commensurate with the sheet 
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Figure 10 ~'-o as a function of temperature for PMMA in (a) 
ethanol (O), n-propyl and isopropyl alcohols (A) and (c) water/ 

thickness, at which point the plane strain condition is 
relieved. 

There is, however, one circumstance under which a 
narrow axial plastic zone can develop under plane 
strain conditions, viz. if cavitation can occur in the 
solid. Cavitation enables the highly stressed material to 
deform plastically (i.e. by large amounts) in the direction 
of the applied stress without requiring lateral contraction 
of the deforming mass. Since it is this lateral contraction 
which is normally prevented by elastic constraint under 
plane strain, the cavitation effectively restores a 'plane 
stress' situation, and a narrow axial plastic zone is 
again able to form, however thick the sheet. 

The resulting propagation zone is therefore a narrow 
plastic zone of cavitated material coplanar with the 
starter crack, i.e. a craze. 

The necessary condition for craze formation is there- 
fore the ability of the material to undergo cavitation at 
stresses lower than are required to enlarge the plastic 
zone symmetrically. This criterion for craze formation 
will now be developed quantitatively. 

Conditions .for cavitation o f  an elastic-plastic solid 

Consider an infinite elastic-plastic solid, with its 
boundaries subjected to a hydrostatic tensile stress, p, 
and containing a spherical cavity of radius, r. If the 
material is incompressible, the conditions for equilibrium 
are identical to those for the case where a positive 
pressure, p, acts within the cavity and the material is 
unstressed at infinity, since the transformation from one 
case to the other is accomplished by superposition of a 
uniform hydrostatic stress field. 

Enlargement of the cavity by plastic flow under the 
pressure p is inhibited by: (i) the resistance to plastic 
flow, characterized by the tensile yield stress Y; and (ii) 
by surface tension forces in the cavity wall. Neglecting 
surface tension effects, Hill is has shown that a cavity 
of radius r will grow continuously in an elastic-plastic 
solid under a constant internal pressure p providing 
that : 

methanol (~) ,  isobutanol (C)), carbon tetrachloride ( I l L  (b) 
isopropanol mixtures (numbers give % isopropanol) 
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J-o as a function of temperature for PMMA in water 

P > 2 ; I I + I n ( 3 ( I E -  If 2Y v) y~ ~ - ¢ (7) 

where v is Poisson's ratio. The variation of ¢ with Y 
is slow, and ¢ will be considered constant to a first 
approximation. The effect of this on the ensuing calcula- 
tion is small and is discussed later. The surface tensional 
resistance is, of course, 2~,/r where 7' is the interracial 
tension between solvent in the void and the surrounding 
polymer, so that, at equilibrium: 
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p = 2y/r + 2 Y~b/3 (8) 

The work done by the internal pressure (or by the 
external hydrostatic tension) in enlarging the cavity 
from a volume v0 to a volume v is, under quasi-static 
conditions: 

I f v >> v0 

w = 4'8@re/3 + 0-67¢v Y (10) 
Consider unit area of craze, of thickness h and void 
fraction f ,  containing a total of N uniformly sized voids. 
The total work of void formation within this region can 
then be expressed as: 

Nw = 4"847 Ne 2/3 + 0"67 ¢ Nv Y ( I 1 ) 

Or, since Nv=hf: 

Nw=4.84yh2/afZ/ZN1/3+O.67~bhfY (12) 

Assuming that the work of void formation forms the 
major contribution to the minimum surface work 
2.~0 per area of surface (two surfaces involved) we 
obtain : 

~--o = 2"42y(hf)~/3N1/3 + 0.33 Y~bh.f (I 3) 

If # is the mean distance between void centres in the 
fully developed craze: 

( N~ 1/8 /,/ "p-~ 

since N/h is the number in unit volume, so that: 

J'~o = 2"42(hy/p)f 2/3 + 0-33 Y~bhf (14) 

DISCUSSION 

Equation (14) is based on the following assumptions: 
(i) that the threshold or minimum surface work for 
crack or craze propagation is the quasi-static work of 
formation of the craze matter by cavitation; and (ii) that 
the material in the crazing region can be considered 
ideally elastic-plastic. Both of these assumptions are 
reasonable and a comparison of the equation with 
experimental data is thus in order. None of the quantities 
in the equation are unknown in an absolute sense, 
being susceptible of measurement, but it must be re- 
membered that Y and E refer to the tip region which 
is probably plasticized by diffusion of the solvent under 
the high stresses obtaining there. Furthermore the inter- 
facial tension y will be that between plasticized polymer 
and solvent, since the latter will presumably fill, by 
diffusion, any cavities formed and little numerical data 
are available for such quantities. A precise quantitative 
test of the theory is therefore not possible at this stage, 
but a semi-quantitative evaluation shows a good fit with 
experimental data for reasonable values of the para- 
meters. 

Temperature dependence of f o 
The equation for .T0 contains two terms depending 

respectively upon y and Y. The first of these will vary 
only slowly with temperature whereas the fall of  yield 
stress with rising temperature in glassy plastics is well 
documented. The yield stress vanishes at the glass 
transition temperature, so that J 0  should be inde- 
pendent of temperature at T> To. It is proposed that 
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this effect gives rise to the 'characteristic temperature' 
phenomenon and that Tc is, in fact, the glass transition 
temperature of the solvated region at the tip of the 
discontinuity. 

Depression of To by swelling with organic solvents 
is a well-known phenomenon, and subsidiary experi- 
ments on the yield stresses of swollen PMMA (refluxed 
in the alcohols used in this study) have shown that the 
swollen polymer has Tg values in the region of T, (An- 
drews, Levy and Willis, to be published). Such data 
cannot be used uncritically, since (a) the tip region is 
under stress and may absorb more solvent than un- 
stressed material, and (b) the solvent content of the tip 
region may be kinetically controlled and not achieve an 
equilibrium value. 

In spite of  these reservations there appear to be 
strong similarities between the plasticized bulk polymer 
and the material at the craze tip. Plots of T,q (defined 
by Y=0) for plasticized PMMA in a given alcohol, 
against the characteristic temperature T~ obtained in 
the same solvent are shown in Figure 14 for a range 
of such solvents. Each plot relates to a given volume 
fraction 4~2 of polymer, and the curve for ¢~=0.69 gives 
a reasonably close fit to the condition Tc=Tg. Precise 
agreement can be obtained by allowing ¢2 to vary from 
0.67 for methanol to 0.70 for n-propanol and about 
0.80 for n-butanol. 

Differentiation of equation (14), assuming d~,/dT=0, 
gives : 

cl.7o d Y d~b 
dT = 0 . 3 3 t ! f ~ ¢  + ~ Y  (I 5) 

The term Y(d~b/dT) is small, affecting results by only 
10%, and will be ignored in what follows. 

The value of d Y/dT  for appropriate ¢,2 values can be 
obtained from the data already referred to. This gradient 
is constant, for a given solvent and ¢2 value, for tempera- 
tures below Ta except over the range 0 < ( T u - T ) < 3 K .  
In this region d Y/dT  increases rapidly becoming infinite 
at T= Tg. The relevant value of d Y/dT  for comparison 
with d.c--0/dT values will be taken as the constant value 
measured in the range ( T g - T ) >  3K which gives: 

dY 
d T - - 0 ' 5  MNm -2K -1 

for all solvents and for ¢2,-,0.6-0.8. 
The parameters ¢, h and f a r e  also required to obtain 

a theoretical estimate of d.Y--0/dT. The parameter 
varies slowly with temperature, both for plasticized and 
unplasticized material and lies within the range 
3 . 8 < ~ < 5 . 0  over the temperature interval 273K to 
323K, and the mean value of 4.4 will be adopted. 

The quantities h and f define the physical structure 
of the craze and are experimentally accessible. Kambour ~9 
has shown that the void fraction f for PMMA is some 
0.4. Craze thickness h is less well defined and is known 
to vary widely as conditions change. In the present 
work, independent optical measurements of craze thick- 
ness were made under the appropriate conditions of 
load, temperature and solvent system. The craze appears 
as a fine black line in transmitted light and has a thick- 
ness near the craze tip of the order of I /~m or less, a 
limit to the measurement being set by the resolution of 
the microscope and by diffraction effects. The craze 
widens at larger distances from the tip, but since -Y-0 
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refers to incipient crazing, the appropriate value of 
h should be that close to the newly formed tip. Replicas 
of the specimen surface examined in the electron micro- 
scope show the craze width to be 0.85 p.m in this region. 

Using h=0.85 t~m, and the values adopted earlier for 
¢ and f,  a theoretical value for d.~0/dT of -0 .48J  m 2 
K i is obtained compared with -0 .2  to - 0 . 4 J  m-" K -1 
from experimental data. Considering the uncertainties in 
the values o fh  and ¢, this order-of-magnitude agreement 
is quite acceptable. 

The temperature independent region J o  = .• o 

Above T,. (i.e. T~ of the plasticized polymer), Y is 
zero and : 

-7o = -7 o = 2"42(hy/p)f  2 '~ (16) 

Using the quoted values for h an d f th i s  becomes 

]-0 = l. 15 × 10-67/p 

The mean distance between void centres, p, was not 
determined in the present work, but published data ~, z0 
favour a value of the order of 0.1 to 0"25/~m. These 
figures are almost certainly too high since they refer to 
the developed craze in which originally separate voids 
have coalesced. The relevant value for our purpose is 
the void separation during the early stages of the process 
of formation. 

Kambour (personal communication) has obtained 
sections of crazes in various polymers which include 
the extreme tip region, and here the spacing of voids 
is something like half that in the developed craze, e.g. 
0-05/~m. We shall therefore use this lower figure, giving: 

Y0 = 23X (17) 

The results shown in Table 2 are then obtained for ~, 
using the known "~'-o. 

Because both polar and dispersion forces operate at 
the interface between alcohols and PMMA, it is difficult 
to calculate a reliable theoretical value for y, the inter- 
facial tension between solvent and polymer. An upper 
value for ~, is, of course, given by the Young equation: 
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~' = '}Is - -  • L  COS 0 

allowing 0 ~ 0  °, where 7s, 7L are the surface energies of  
the solid and liquid respectively, and such upper values 
are given in Table 2. Quite good agreement is obtained 
for the lower alcohols, but results for the more com- 
patible solvents do not correlate. This can plausibly be 
attributed to the fact that the polymer is swollen, so 
that ~,s is not that for dry PMMA. As ( S s - S p ) ~ 0 ,  a 
decrease in 7' would then be expected since both 7 and 
(Ss-Sp)  are measures of  the intermolecular forces 
operating across the solvent/polymer interface. 

It is now possible, finally, to explain why water-alcohol 
mixtures behave similarly to pure solvents in respect 
of  #-o but not in respect of  Te. The former parameter 
is governed, according to our theory, by the interracial 
tension between the liquid and the swollen polymer and 
is thus expected to change progressively with (Ss-Sp)  
as observed. The characteristic temperature is, in con- 
trast, controlled by the state of swelling of the polymer 
by the solvent, the latter being present as a molecular 
dispersion in the solid and not as a separate phase. 
The diffusion behaviour and compatibilities of alcohol 
and water in PMMA are quite disparate and only the 
former will penetrate the polymer in any significant 
quantity. The plasticizing effects of an alcohol-water 
mixture will therefore be mainly those of the alcohol 
and the depression of Tg caused thereby will be similar 
to that produced by the pure alcohol. A small amount 
of  water can, of course, enter the polymer and this 
would explain why the mixtures with low water content 
agree with the pure solvent data. 

CONCLUSION 

Although it is difficult to test the theory in a precisely 
quantitative manner, order-of-magnitude calculations 
establish that the theory is physically plausible whilst 
its qualitative predictions are in excellent agreement 
with observation. To summarize, therefore, the threshold 
conditions observed for craze formation are attributed 
to a cavitation criterion which involves both the work 
necessary to produce plastic yielding and that necessary 
to create the void interfaces. The first of these contribu- 
tions is strongly temperature dependent whilst the latter 
is not and this gives rise to a characteristic shape for 
the curve of Y-0 against temperature. An important 
step in the argument is the identification of the tip 
region as a solvent plasticized region, containing 60 to 
80?/0 polymer by volume, which is a precursor of the 
craze matter itself. 

Table 2 Values of 7 in different solvents 

Solvent 7 x 10-a (d m-2) Ys--~'L 

Methanol 19.7 17.4 
Ethanol 13.8 17.2 
Propyl alcohols 5.0 16.2 
Butanol 3.5 15.4 

The practical implications of this work are as follows: 
(i) temperature is a vitally important parameter in 
solvent-stress crazing and should be included as a 
variable in all tests for crazing behaviour; (ii) the crazing 
behaviour of a glassy polymer in solvents follows a 
pattern dictated by the difference (3s-3~)  in solubility 
parameters and by the swelling propensities of  the 
solvent for the polymer (affecting the yield stress of the 
solvated tip region). 

These results are in good agreement with the con- 
clusions of  Bernier and Kambour  16 who studied the 
effects of solvent solubility parameter and interfacial 
energy up to the critical strain for crazing of poly(2,6- 
dimethyl-l,4-phenylene oxide). The present work goes 
considerably further, however, in investigating tem- 
perature dependence and in defining the actual mechanism 
of solvent induced crazing in glassy plastics. 
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Elastic behaviour of rubber under small 
uniaxial extension and compression 
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An apparatus has been designed which allows measurement of the length of a 
lightly crosslinked rubber sample in relation to the acting force from the range of 
small uniaxial elongation to small uniaxial compression, passing through the 
undeformed length, in one experiment. Elongation ratios 0.88~< )̀ ~< 1"18 have been 
produced at 20°C and 40°C. An accurate determination of the unstrained length 
has been achieved. The results show Gaussian behaviour for this range without 
any discontinuity at )`=1. Some additional data at higher elongation continue the 
measurements up to ),=1.73 and are in good agreement with those of other 
investigators. Mooney-Rivlin plots are linear for )`> 1.1 but tend to flatten in the 
transition to compression. 

INTRODUCTION 

In recent years a large amount of work has been done in 
investigating the relative energy contribution, fe, to the 
retractive force, /;  of  rubber specimens stretched to 
various degrees. Considerable discrepancies appear 
frequently in the range of small elongations. These are 
caused by the difficulty in determining the unstrained 
length of the sample exactly. Therefore it seemed to be of 
interest to examine the elastic behaviour of rubber in the 
vicinity of the unstrained state, applying uniaxial exten- 
sion as well as uniaxial compression. 

Whereas there is ample documentation of extension 
measurements in the literature, very few compression 
experiments have been reported. One of the principal 
difficulties in performing one-dimensional compression is 
the tendency of the samples to buckle. Thus, if one end is 
rigidly fixed, the sample easily bends under the influence of 
a compressive force. If both ends are fixed, it tends to give 
way to one side, as has been shown for instance on testing 
the elastic stability of columns of rubber compression 
springs 1. The onset of buckling depends upon the slender- 
ness of the specimens. Therefore only relatively short, 
thick samples are suitable for compression measurements. 

A sample with a diameter of more than twice its length 
has been compressed up to 32 ~ by Forster 2. In order to 
avoid friction between the surfaces of the sample and the 
pistons of the pressure apparatus, and thus to prevent the 
sample from assuming a barrel-like shape, a special 
lubrication system was used. The other way of dealing 
with the problem is to replace compression by two- 
dimensional extension, which is basically a similar type of 
deformation, as long as volume effects are negligible. 

* Permanent address: Fritz-Haber-Institut der Max-Plank-Gesell- 
schaft, D1 Berlin 33 (Dahlem) Faradayweg 4-6, Germany. 

Rubber sheets have been inflated to form bubbles with a 
thickness equivalent to about 97 ~ compression of their 
original dimension 3-~. Both these types of experiments are 
unsuitable for extension measurements. 

Treloar 6 points out that compression and extension 
data should fit one single curve of force against elonga- 
tion. When converting the data of two-dimensional 
extension into one-dimensional compression, the experi- 
ments z-~ give curves which show a slight shift against 
plots fitting one-dimensional extension data, although the 
slopes at zero coincide. An experiment covering both 
areas would therefore be of some interest. 

The following report describes probably one of the first 
attempts to measure in one single experiment the relation 
between the length of a rubber sample and the acting 
force from the range of small extensive forces through 
zero to small compressive forces. The idea of the com- 
bined experiment was to couple the sample to a set of 
expanded metal springs. To keep it in the neutral position 
a force, counteracting the contractile force of the springs, 
had to be generated by appropriate weights. One- 
dimensional extension and compression of the sample 
resulted from changing the amount of weights. 

THEORY 

Stored energy 
It is generally assumed that the changes of the free 

energy, F, of a macromolecular elastic body can be split 
into two terms7: 

AF=AFliq(T, V)+AFel(T, V,)`) (1) 

The first term accounts for liquid-like intermolecular 
interactions whereas the second one describes intra- 
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molecular interactions, i.e. changes of the configurational 
energy of the macromolecules. To derive a relation 
between elastic force, f ,  absolute temperature, T, volume, 
V, and elongation ratio A =L/Lo (actual length, L, divided 
by unstrained length L0) it is therefore sufficient to regard 
the term A Fel only. 

There are two approaches which lead to an expression 
for the change of the free energy that accompanies the 
elastic deformation of a specimen. One of them uses 
Gaussian statistics of macromolecular networks and 
yields 7: 

AFei=AI(A~+A~+A~-3)+Aaln(A1A2As) (2) 

where the Ai denote the elongation ratios of the specimen 
in the three principal directions. A1 and As are indepen- 
dent of the A~, and A 1 is expressed asS: 

A _ l , , , , r ( r ~ i )  
1 - ~-lv~, (r-~f) (2a) 

Here N is the number of active chains in the network, k 
the Boltzmann constant and (r~')/(r~) the so called front- 
factor, which takes into account that the mean square 
end-to-end distance (r~) of the macromolecules under the 
conditions of the actual experiment does not normally 
coincide with the mean value (r~) for the free macro- 
molecules under the conditions where crosslinking took 
place. Aa is regarded to be of similar shape to A 1 despite a 
numerical factor. 

An important assumption is that the mean square end- 
to-end distance of the crosslinked macromolecules varies 
according to the geometrical dimensions of the specimen s , 
which means in terms of the volume V0 of the undeformed 
specimen: 

(r~) ,,, Vo 2/3 (2b) 

The value (r~) of free chains is implicitly assumed to 
depend on the temperature T only. Thermoelastic 
measurements therefore provide an insight into molecular 
properties by determining dln(r~)/d T. 

The other representation of the elastically stored energy 
is a function of the strain invariantsg: 

A Eel = BI(A12 + A2 2 + A2 - -  3) + 

2 2 2A2 2 2 + AaA1 - B2(A, A2+Az 3 3)+Ba(AIA~A~-I ) (3) 

A comparison between equations (2) and (3) points to 
AI--B1. Furthermore A3 and Bs are similar apart from a 
factor 2, as may be shown by expanding the relative 
volume into a power series: 

V AV (3a) 
A1Av~a = V0 = 1 + V~ 

Since in the scope of this paper only uniaxial deforma- 
tion is considered: 

AI=A=L/Lo (3b) 

• , z 1 V (3c) 
A~ = A 3 = ~ Vo 

Force laws 
According to thermodynamics infinitesimal changes of 

the free energy are given by: 

dE-- - Sd T-pd V+fdL (4) 

with entropy S, pressure p and refractive force f of the 
deformed sample. Force laws are obtained therefore by 
differentiation of A Fel with respect to the actual length L 
so that Gaussian statistics lead to the force dependence: 

f =  c (A- A-s) (5) 

where the volume changes A V/Vo on deformation, which 
are typically of the order of 10 -4 , are neglected and 

c=NkT~:~-f /(A-A -2, ( ,a,  

From the approximation (2b) it follows that C is pro- 
portiona110 to V01/a Experimental support for this 
relationship comes from measurements on rubbers swollen 
by a solvent 11,12. 

Differentiating the series of strain invariants and 
neglecting the volume changes, the phenomenological 
Mooney-Rivlin equation is obtained: 

f ~  {c1+C-2} (A- A -2 ) (6) 

Both the approximations (5) and (6) will be used in this 
paper for the evaluation of experimental data. 

Expressions with the volume anisotropy ~ instead of A 
are quoted frequently, but since only A is obtained directly 
in the experiments the approximation ~=A is used 
normally, which leads to the equivalent of equation (5) or 
(6). Conversions between different sets of variables are 
given for instance by Roe x°. 

In this paper theoretical calculations will be confined to 
the Gaussian approximation (5) of the force law. They 
are facilitated by an equation similar to that given by 
Gee s: 

f = C [ --~V LS°I=c(L-q~ 2 (7) 

Then c = c (T)  depends on T only, and q is a constant, 
equal to one for cubic samples: 

Lo ~ 
q - ~  =Ao (7a) 

Ao being the cross-sectional area. 

Young' s modulus 
If  the tension ~- is calculated from the force f per 

unstrained cross-section A0 of the sample, Young's 
modulus E can be evaluated in the vicinity of the un- 
strained state according to the theory of infinitesimal 
deformations. Then with A= 1 + c and Hooke's law: 

E~3C= 3cL0 (8) 
- A o  A0 

In the limit A= 1 the shear modulus G is equal to one 
third of E, but since the deformation is mainly longi- 
tudinal, and since Poisson's ratio m in the relation 
E =  2G(l +m) is equal to ½ only in this limit, the use of the 
shear modulus should be restricted. With increasing 
elongation m diminishes considerably is. 
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Volume effects 
The volume changes which accompany the uniaxial 

deformation of a sample can be determined on the basis 
of the force law (7) from 

(_~_),, _ (~ f )  eq 
T-- T, L = L YVKt" (9) 

with the compressibility at constant length: 

_ [ a q  (9a) 
, ~ L =  V~ aPlT, L 

The compressibility ~cL has been found to be independent 
of the elongation A for lightly crosslinked butyl rubber la. 
The same is the case for natural rubber. 

Then 

(01nV~ Locq *eL f 
(9b) 

~ - . ]  ~, ~' . . . .  } y - - L  = ~ ~3_ l 

or using the slope of the curve force against length: 

(O~nOf)p, r : L ( ~ ) v ,  T : L  c (La+2qV, (9c) 

Oh ]p, r-Aoo Aa+2~O[~]~, r (9d) 

The total amount of the volume change results from 
integration of equation (9) and yields: 

Af t~  KL f (10) 
Vo - A o  h + l + h  -z 

An equivalent equation has been given 7, 15. 

Bulk expansion coefficient 
The bulk thermal expansion coefficient at constant 

pressure and force: 

/3 /Oln V\ :=t-O-T-),,: (11) 

can be determined from the linear thermal expansion 
coefficient at zero force: 

alnL 
3/3un(f =O)= 3 ( ~ . - )  ,.:=o= /3 , ( l la)  

where/31 is almost equal to the coefficient/3L measured at 
constant length: 

?lnq 
f~L = ! ( T ~  I ~,L (1 lb) 

The latter has been found to be constant 16 within the 
experimental error of + 1% up to A = 2.2. Since the rela- 
tive difference between/31 and/3L is of the order 10 -4 in the 
range of moderate elongations either of them can be 
regarded as being independent of h. 

EXPERIMENTAL 

Apparatus 
The apparatus (Figure 1) consisted of a metal frame (A) 

from which a metal plate (B) was suspended by means of 
four metal springs (C) from the upper end. In the centre 
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® 

I / 
Figure ! Apparatus with sample under compression 

of the top of the flame an adjustable clamp (D) was pro- 
vided to fix the upper end of the sample (E) rigidly in a 
vertical position. The lower end of the sample was 
clamped (F) to the centre of the metal plate, so that it 
could move in a vertical direction together with the plate. 
The latter was guided by ball bearings (G) which, to avoid 
mechanical friction, hardly touched the vertical parts of 
the frame, but prevented the plate from tilting. Further- 
more, tilting would have produced a counteracting 
moment of the springs. 

The sample was compressed by the contractile force of 
the springs to the maximum amount of uniaxial compres- 
sion, which then could be decreased and even converted 
into uniaxial elongation by hanging weights (H) from a 
hook in the centre of the metal plate. The retractive force 
of the springs was calibrated against their length at dif- 
ferent temperatures using reference marks on the clamps 
provided for the sample. Excellent linearity was obtained 
at each temperature, though the measurements were 
somewhat time-consuming due to hysteresis effects. 
When the sample was connected to the metal plate, these 
effects became negligible. The device of coupling the 
sample to a set of contractile springs produces a result 
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intermediate between creep and stress relaxation. In 
elongation for instance creep leads to an increase of the 
length of the sample, which automatically enlarges the 
contractile force of  the springs and thus gradually 
reduces the acting force; in compression the effects are 
reversed. Thus smaller creep is achieved at the cost of 
some stress relaxation. 

The frame with the sample was housed in an air thermo- 
stat made of expanded polystyrene with a double-glazed 
window. To minimize temperature differences in the 
thermostat, an air blower and heater, controlled by a 
contact thermometer, was provided. 

To read the length of the sample a cathetometer was 
used. Its accuracy was improved by a number of minor 
additional devices, which amongst others prevented 
backlash. Thus measurements of any mark were repro- 
ducible with an error of less than +0.001cm, which 
improved normal readings of  that kind TM 17, xs consider- 
ably. Since lighting was found to increase the temperature 
of the sample, a low-voltage spot light, travelling together 
with the telescope of the cathetometer, was used to light 
up just a small area for the time necessary to take a 
reading. 

Sample 

Lightly crosslinked natural rubber was used in the 
experiment. The curing conditions were 45 min at 140°C 
for dicumyl peroxide and the average molecular weight 
between crosslinks (as determined by swelling in benzene) 
was 750011. The sample was a rod 1.27 cm in diameter and 
4.2cm in length, bonded to mild steel end-pieces to 
facilitate clamping 17. All measurements were taken on 
this sample because of the difficulty of getting consistent 
values when using different samples 19. At about 0.4 and 
0.8 cm from either end reference marks were fixed to the 
sample in a way similar to that described by Mark and 
Flory TM. The distance between the outer pair of marks was 
then about 3.4cm in the undeformed state and between 
the inner pair about 2.6 cm. The arrangement of  two sets 
of reference marks is useful because it helps to detect any 
appearance of inhomogeneous deformation caused by the 
rigid connection of the sample to the steel end-pieces. 
From observation it appeared that non-uniform deforma- 
tion was limited to a portion of about 0.2cm from either 
end in extension as well as in compression. 

As mentioned before, only rather short, thick samples 
can be employed for compression measurements. The 
sample under investigation could be compressed without 
buckling to about 85 ~o of its undeformed length. There- 
fore the range to be covered by measurements was limited 
to approximately 15 ~o deformation in either direction. 

Since the upper end of the sample was fixed to the 
frame, a force equal to half its weight was regarded as 
acting at its centre of gravity in addition to any other 
weight. This, together with the lower steel end-piece and a 
bolt amounted to 26.2 g. 

Measurements 

The distances between both pairs of  marks were mea- 
sured directly by means of the cathetometer, which type of 
measurement was expected to yield a higher degree of 
accuracy than any transducer method, and to be pre- 
ferable with regard to non-uniform deformations at the 

ends of the sample. The position of each mark was first 
read three times while shifting the vernier each time and 
averaged if necessary. After the positions of all marks, 
including the reference marks for the elongation of the 
springs, had been read this way, the whole cycle was 
repeated. Thus 36 readings, taking about 15 rain, led to the 
determination of three length differences: one for either 
set of marks and one for the elongation of the springs. 
The reproducibility of these lengths between both cycles 
was A~<0.001 cm. 

The force was calculated from the weights suspended 
from the plate. 26.2g were added as mentioned above, 
then the contractile force of the springs according to their 
actual length had to be subtracted. Maximum compres- 
sion and elongation were achieved by forces of about 
_+2250g. The force was changed normally in steps of 
200g or less. Then at least 20rain were allowed to estab- 
lish mechanical equilibrium. Readings were taken starting 
from zero force and from both maximum fcrces of either 
sign. in the vicinity of zero force more readings were 
taken changing the force in smaller steps than in the 
region of the maximum forces. After any direct change 
from zero force to one of the maximum forces or vice 
versa the sample was allowed to relax at least for one day. 
Extension and compression were produced alternately 
and at two different temperatures. All these measurements 
were reproducible to within less than 0-1 ~o. 

Except during the measurements the sample was kept 
at approximately zero force all the time. No chemical 
relaxation could be detected, which had been found to 
become important at temperatures above 80°C, but to 
account for the failure to reach equilibrium even at much 
lower temperatures 20. 

After the measurements at small deformations had 
been finished, the metal plate, which limited extension to 
about 18 ~o was removed from the frame, and some single 
measurements were carried out at higher elongation 
ratios up to A= 1.73. Since it becomes more difficult to 
reach mechanical equilibrium without the contractile 
springs, several hours up to one day were allowed for 
relaxation before any length was measured. Scattering 
between values read with increasing or decreasing load 
was found to be less than + 0.1 ~o. 

The temperature was read to 0-1°C from a thermo- 
meter, placed inside a dummy specimen, it was proved 
that the temperature could be held constant within 
-' 0.1"C at the actual measuring temperatures 2 0  and 
40~C. 

RESULTS 

Altogether 115 data points of length against force were 
obtained for each pair of marks from the measurements 
made at 20°C. Similarly, 91 points were taken at 40°C. To 
fit them, 4th degree polynomials were calculated by a 
least-square method computer program. Since the range 
of A for all these data was between 0.88 and 1.18 this will 
be called 'small deformations'. A similar method has been 
used 'zl fordata in the range I • I < A < 2.0 to extrapolate the 
unstrained length, but even so a correction of about 1 
had to be made for L0. For the inner and outer pair of 
marks curves of almost identical shape were obtained. 
No points of inflection could be detected, which proved 
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that there had been no buckling in the compression 
range. 

Apart from these data for small deformations, single 
readings at higher elongation ratios were taken for 5 dif- 
ferent forces at both temperatures. The lowest of these 
forces was chosen to be still in the range of small deforma- 
tions. Excellent consistency between these values for 
'moderate deformations' and those for small deformations 
was found. 

The computer calculations showed that the standard 
deviation for a single measurement was about 0.03~o. 
Hardly any point had a deviation of more than 0.1 ~o- Since 
in the vicinity of zero force there were at least 10 data, the 
determination of L0 could be expected to be accurate to 
0.01 "~/o. A change of _+ 0. I ~'C in temperature, which would 
influence Lo to about + 0-002% is implicitly contained in 
this assessment. 

The curves for one pair of marks are shown in Figure 2. 
The following undeformed lengths in cm were calculated : 

Temperature Inner marks Outer marks 

L~ (20.0) 2.664 77_+0.01% 3.477 44+0.01% 
L~ (40.0) 2.676 68+0.01% 3.492 31_+0.01% 

deviate much more from the tangent to the curve at A = 1. 
Figure 4 gives the Gaussian plot at 40°C for the range of 
small deformations on a larger scale. 

From the slopes at A= I the following values of the 
factor C as in equation (5a) are obtained, where the data 
originating from the inner marks are given first and those 
from the outer marks in brackets: C(20 )=5804 [5765]g 
and C(40°)=611916065]g. According to equation (8) 
Young's modulus amounts to: E(20 ) = 1.340 [I .349] × 107 
dynes/cm~- and E(40:) = 1.410 [1.422] x t07 dynes/cm% The 
difference between the results for either set of marks is Jess 
than I °/ /o, 

To represent the results of moderate elongations the 
Mooney-Rivlin plot is more appropriate. It is drawn for 
2 0 C  and 4 0 C  in Figure 5. Since in the vicinity of zero 
force this plot is extremely sensitive to even minute errors in 
the length measurements, it is not surprising that the 
computer data for snmll deformations lead to curves 
rather than straight lines. 

Another test of the experimental data comes from the 
evaluation of volume changes due to elastic deformation. 
The dilation coefficient at both temperatures as evaluated 
bymeans ofequations(9b and d) is represented in Figure 6. 
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Whether the accuracy really is of that order can be 
tested by evaluating the bulk thermal expansion co- 
efficient ,Sf. According to equation (1 la) the coefficient /3f 
is obtained from: 

Le-LI 
/~/`= 3/'~lil, = 3.10{L2 < L i )  

Even w i th  the accuracy o f  the undefo rmed lengths the 
er ror  in the difference ( L 2 - L 1 )  turns out  to be about  
3-2 ~;~. Thus the fo l lowing/3/ - [  x 10 -4 deg -1] are evaluated, 
which coincide within the limits of their experimental 
error: 6.69_+0-21 for inner marks and 6-40_+0.21 for 
outer marks. The average of/3/-=6.55x 10-4deg -i  is in 
excellent agreement with the value obtained by Allen, 
Bianchi and PricO 6 for a similar rubber. 

The polynomials L(f )  were used to plot some graphs. 
Figure 3 reproduces the Gaussian plot of force against 
(A-A-2) at 20°C according to equation (5). As expected, 
this plot represents the elastic behaviour fairly closely in 
the range of small deformations 0.88 < A < 1.18. The data 
taken at moderate elongation fit the same curve but 

Figure 3 Force, fagainst (A- A -e) at 20'C 
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Figure4 Force, f against (A-A -e ) at 40 C 
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Figure 6 Volume dilation coefficient 

It shows some scatter in the range of moderate elonga- 
tions. The relative change of volume as calculated from 
equation (10) is given in Figure 7. The following values 22 
of the isothermal compressibility were used: ,q,(20°)= 
5.0 x 10 -xt and •t,(40 °) = 5.4 × 10 11 cm"/dyne. 

DISCUSSION 

Length agahlst.force plot 
The data of this relationship are represented by a 

monotonic function in Fi,7ure 2. The absence of a point of 
inflection in the compression area proves that no buckling 
occurred in the sample. The curves show no inconsistencies 
in the transition from elongation to compression. This is 

hardly surprising, but it underlines the conclusion drawn 
from two dimensional extension experiments, that 
extension as well as compression data should fit the same 
curve. 6 Sheppard and Clapson 4 applied one-dimensional 
and two-dimensional extension, the latter subsequently 
referred to as 'quasi-compression', to the same rubber 
specimen. They found that the equivalent compression and 
elongation curves coincided fairly well, though the 
compression curve had to be shifted towards increasing 
force (tension) to go through zero. No data have been 
obtained in the interval 0.91 < A< 1.25. 

The experimental device described here overcomes the 
difficulty of accurately determining the unstrained length 
Lo of a sample. This quantity is available with high 
accuracy, if extension and compression are carried out 
alternately. The range of compression, of course, is 
limited by the shape of the sample and by the maximum 
contractile force of the springs. For elongation there are 
no such well-defined limits of elastic stability, but it was 
thought that the range of deformation should be kept 
equivalent in both directions to have a similar scale of 
relaxation times. Another restriction comes from the fact 
that rigidly clamped, short, thick samples show the 
appearance of secondary tensions even in their centres 
when stretched too much. According to Sekiguchi et al. a'~ 
this is the case for a sample with a length to diameter ratio 
Lo/bo=l from A=2.2 onwards and for Lo/bo=3 from 
A>4.6. Besides that the frame did not allow the metal 
plate to travel tou far, because otherwise problems of a 
mechanical nature, like differences in the width of the 
frame, might have arisen. Therefore elongations higher 
than A= 1.18 could only be achieved after the plate had 
been removed. 

Another important feature of the device is the 'negative 
characteristic' of  the springs, which by reducing the creep 
of the sample improves the reproducibility of data read 
after different experimental cycles. 

Gaussian plot 
The Gaussian plots in Figures 3 and 4 also show no 

inconsistencies in the vicinity of zero force. They yield 
another check for the absence of buckling in the corn- 
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pression range in that there is no intersection of the actual 
curve with the tangent at the origin. This intersection 
would have shown, if A had decreased under the influence 
of a constant force, the onset of buckling x. 

The compression part of the curve obtained from the 
inner marks shows less deviation from the tangent at both 
temperatures and leads to the conclusion that some 
secondary effects may have occurred at the ends of the 
sample. Therefore the inner marks are thought to better 
represent undisturbed uniaxial compression. 

The relative deviations & f r o m  the tangents at 20 ° and 
40°C are: 

the ratio Geomp/Gext as measured by van der Hoff and 
Glynn is time dependent though both moduli decrease in 
the course of time. They quote a decrease of the compres- 
sive force (,pressure) of 3-8~o between measurements 
after 2 and 10 min relaxation respectively. Furthermore, 
shifts in the time dependency can be expected with varying 
crosslink concentration. 

The comparison between elongation as one-dimensional 
and compression as two-dimensional extension of the 
molecules is useful to explain the dependency of (7 on A, 
but there is no reason why (7 should have a bend or a 
jump for A= I. 

A= O. 88 1.16 1.73 

8f (inner marks) 1% 3% 13% 
8f (outer marks) 3% 3% 13% 

These deviations are of the same order as mentioned in 
other investigations, for instance, 
Woode:~: 4° ,  deviation from the Gaussian plot for 

A> 1.15, better coincidence in quasi-compres- 
sion, 

Forstere: good agreement with Gaussian theory for 
quasi-compression to 3`=0.68, though slightly 
S-shaped curve, 

Treloara: good agreement with Gaussian theory for 
quasi-compression, but for elongation only to 
A< 1'5. 

An interesting point is to study the effects of time- 
dependent relaxation in the Gaussian plot. In elongation, 
creep leads to higher elongation and stress relaxation to 
lower force, so that there is a progressive deviation in the 
course of time from the tangent at the origin which repre- 
sents ideal Gaussian behaviour. On the contrary, in com- 
pression creep produces more compression and stress 
relaxation smaller compressive force, so that the time- 
dependent relaxation processes tend to give data approach- 
ing ideal Gaussian behaviour. This may be the reason 
why better agreement with equation (5) is found in 
compression than in elongation. 

The Gaussian plots regarded here represent the be- 
haviour of samples under uniaxial compression in accor- 
dance with the findings of van der Hoff and Glynn e4 
although their conclusions cannot be followed in all 
points. From equations (5a) and (8) they come to the 
definition of r/(3`- A z) as the shear modulus which will be 
called (7 here. Then (7 for any deformation is equivalent 
to the slope of the secant from the origin to the actual 
point on the Gaussian curve. Since the curve is monotonic 
any secant in the range of compression will yield a higher 
(_7 than in elongation. Their so-called 'initial modulus" 
Gvomp in compression was determined at approximately 
?, = 0 . 9 2 . . .  0.95 and compared with G~×t in elongation at 
,\-- 1 .05 . . .  1.08. Therefore a ratio Geomv/Gext > I can be 
expected for lightly crosslinked natural rubber. The 
appearance of values less than one which they have found 
on cis-l,4-polybutadiene samples with low crosslink con- 
centrations is not as easy to understand, It may, of course, 
be due to inaccuracies in the determination of the un- 
deformed lengths in compression and/or in elongation 
which can be avoided by the combined experiment. 

Then, there is no guarantee that time-dependent effects 
are equal on either side of?,= 1. In any case it is likely that 

Mooney-Ridhl plot 
The Mooney Rivlin plot (Figure 5) shows no dis- 

continuity in the vicinity of 3, = 1, but it is not linear there. 
Towards higher elongation straight lines are obtained for 
each set of marks at both temperatures. In compression 
the curves for the inner marks tend to flatten, whereas 
those for the outer marks show an upward trend. 

The tendency to approach a horizontal line points 
towards better agreement with Gaussian theory. This, 
indeed, has been found for the inner marks in the com- 
pression region. Rivlin and Saunders a detected a similar 
behaviour in the area of quasi-compression, where their 
results between 1/3,_~2 and I/A_~12 showed an almost 
horizontal curve, slightly lower in the middle than 
towards either end. In elongation they obtained a straight 
line, but unfortunately no data for the intermediate range 
were quoted. The same applies to a Mooney plot for the 
compression range of lightly crosslinked natural rubber 
by van der Hoff and Glynn 24 which is almost a straight 
horizontal line from 1/3` = I to 3 apart from a slight mini- 
mum in the range 0.9>3`>0.7. This can probably be 
accounted for by uncertainties of the force (pressure) and 
L0 determinations. 

The Mooney-Rivlin plot turns out to be extremely 
sensitive in the vicinity of 3`= 1. An estimation shows, 
that an experimental error of 0.1% in 3, causes quite 
drastic relative changes A of the quanti ty/) ' (A- A "): 

a A- .AA ', 

1.01 1- 0090 10.5% 
1.10 1' 0989 1 ~ 0% 
1 • 50 1 " 4985 O' 24% 

Therefore it can be concluded that F(gure 4 represents 
approximately the behaviour of a sample even in the 
region of very small deformations, and that in compres- 
sion there is a trend towards smaller slopes. 

An evaluation of the constants (7"~ and C., in equation 
(6) from the straight portion of the elongation curves 
yields : 

Ct (g) C~ (g) CI!Ao (N/m ~) C._,/AI, (N/m e) 

2 0  4040 1810 3.13× 10:' 1 . 40×  10.-' 
4 0  4280 1920 3 .32 × 10:' 1 .49 × 10 .~ 

The temperature dependence of ('~ and (-e comes out to 
be similar in the small temperature interval of the 
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investigations. After dividing by the undeformed cross- 
section A0 of the sample and conversion of the units they 
compare fairly well with the values for sample C given by 
Allen et al. u ,  which had been cured in a similar way. 

Volume dilation coefficient 

The coefficient (OlnV/OA)~, 7, as given in Figure 6 has 
been calculated using equations (9d) for the range of small 
deformations and (9b) for moderate elongation ratios. The 
latter values show some statistical scatter. Good agree- 
ment exists with the curve for sample C in ref. 11 repre- 
senting Gaussian behaviour, though experimental points 
in that plot tend to give higher values of the coefficient. 

Volume changes 

The volume changes AV/Vo given in Figure 7 agree 
with values by Christensen and HoevO 5 for small 
elongations, whose experimental values deviated from the 
curve calculated on the basis of  Gaussian theory for 
elongation ratios A> 1.2 only. Even though experi- 
ments11, is yield higher volume effects than predicted by 
Gaussian theory, this approximation is valid in the range 
of small deformations. At elongation ratios A < 1.5 the 
volume changO 5, 16, 25, 26 of rubbers of  sufficiently high 
molecular weight remains AV/Vo < 10 -4 and can therefore 
normally be disregarded. 

CONCLUSIONS 

The experimental device of  coupling the sample to a set of  
metal springs allows the sample to be uniaxially stretched 
and compressed. It  partly compensates for the tendency 
to creep of rubber specimens and provides the means for 
an accurate determination of their undeformed lengths. 
Gaussian theory is sufficient for the evaluation of data 
obtained in the range of small deformations. 

Using Gaussian theory the relative energy contribution 
fe  to the retractive f o r c e f o f  deformed rubber samples can 
be calculated from the force against length data at dif- 
ferent temperatures. The necessary theoretical considera- 
tions and the results will be reported in a subsequent 
paper. 
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Crystallization of. high molecular 
weight fractions of poly(ethylene 
oxide) from dilute solution in ethanol 

D. R. Beech* and C. Booth 
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The kinetics of crystallization of high molecular weight poly(ethylene oxide) 
fractions from dilute solution in ethanol have been investigated by means of 
dilatometry. At low extents of crystallinity the crystallization isotherms are well 
represented by the free growth Avrami expression with exponent n=4. Crystal- 
lization rates increase with increasing molecular weight in the manner predicted 
from the established thermodynamic properties of polymers in dilute solution. 

INTRODUCTION 

The kinetics of crystallization of fractions of high 
molecular weight polymers have been investigated pre- 
viously by measurement of single crystal growth rates 1 
and by dilatometryL Other investigations have involved 
polymers of wide molecular weight distribution 3 or block 
copolymers of moderately low molecular weight 4. Here 
we present the results of a dilatometric investigation of 
the crystallization kinetics of several high molecular 
weight fractions of poly(ethylene oxide) from dilute 
solutions in ethanol. 

EXPERIMENTAL 

Polyox WSR-35 and WSR-205 (Union Carbide Ltd, 
Chemicals Division) were fractionated by precipitation 
from dilute solution in benzene by addition ofiso-octane 5. 
Intrinsic viscosities were measured in benzene at 25°C. 
Molecular weight distributions were studied by gel 
permeation chromatography by methods discussed 
earlier 6. Viscosity-average molecular weights 7 and molecu- 
lar weight ratios for the fractions are given in Table 1. 

The dilatometers were similar in design to those used 
by Kovacs and Manson 4. A poly(ethylene oxide) fraction 
(~0 .4g)  was mixed with outgassed ethanol (,,~150cm 3) 
and the solution was further outgassed before being 
confined with mercury. A nail-in-glass stirrer was incor- 
porated in the dilatometer to permit gentle stirring of the 
mixture prior to crystallization. 

The poly(ethylene oxide) was dissolved at 55-60°C and 
the dilatometer was then transferred to a water bath held 
at the appropriate crystallization temperature (to 

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

+0.001deg.). Temperature equilibration took (with 
stirring) some 10-15 min. The contraction due to crystal- 
lization (of about 7cm) was followed by means of a 
cathetometer (to +0.04ram). Since the dilatometer 
dimensions were such that a temperature drift of 0.01 deg. 
produced a change in meniscus height of 1 ram, an 
identical dilatometer containing pure ethanol was placed 
adjacent to the crystallization dilatometer and the 
meniscus height also measured. 

RESULTS AND DISCUSSION 

Crystallization isotherms 
We have studied the crystallization from dilute solution 

(0-27 g/dl) in ethanol of the four fractions (Table 1) and 
a mixture of 2 7 ~  fraction 2 x  106 and 73~o fraction 
2 x  105 (this mixture has a viscosity-average molecular 
weight of 6 z 10 -5 and is denoted M : 6 x 105). Measure- 
ments were made within the temperature range 27 to 
33°C. In all cases the termination of crystallization was 
abrupt, which is in contrast to the crystallization of high 
molecular weight fractions of poly(ethylene oxide) in 
bulk for which a slow increase in crystallinity is evident 
over a long period of time towards the end of the crystal- 
lization s . We also found that the total contraction 
(dilatometer meniscus height at zero time less that at 
completion) was practically independent of crystalliza- 
tion temperature whereas a marked increase with 
increasing crystallization temperature of the total con- 
traction was noted for high molecular weight fractions 
crystallized in bulk s . These observations suggest that 
secondary processes (of crystal perfecting) are absent in 
the crystallization of poly(ethylene oxide) from dilute 
solution and also, within the molecular weight range 
encompassed by sample M : 6 z 105, that the rejection of 
lower molecular weight species during the crystallization 
is unimportant. 
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Table I Molecular  characterist ics of poly(ethylene oxide) 3 
fract ions 

Intrinsic 
viscosity 

F racti o n (d I/g) N1v Mw/Mn 

7 x  104 0"87 7"4x104  1"2 X 
2 x  105 1"92 2"4x105  1 '2  o, 
l x  106 5"29 1"0x106  1 '2  
2 x  10 G 7-58 1"7x  10 s 1"2 ' 

The crystallinity at time t is defined in terms of 
dilatometer meniscus heights read at times O, t and oo 
(completion) by: 

X=(ho-ht)/(ho-hoo) (l) 

Crystallization isotherms ( X  versus log t) obtained for 
fraction l x 10 ~ at several crystallization temperatures are 
illustrated in Figure 1. These isotherms are not all the 
same shape; there is a noticeable attenuation of rate 
during the crystallizations carried out at the higher 
crystallization temperatures. This effect was noted in 
crystallizing other samples. 

There is every indication in other work 1-s that crystal- 
lization from dilute solution, at least in its early stages, 
meets the primary requirement of Avrami analysis 9, 10, i.e. 
that the rate of growth of the crystalline entities is inde- 
pendent of the extent of crystallization. In bulk systems it 
is necessary to allow for impingement of growing crystal- 
line bodies. In dilute solution, because of the mobility of 
the system, this is unnecessary and a form of the Avrami 
equation appropriate for free growth is best applied to 
our data. We have in fact used the simplest free growth 
approximation: 

X = k t n  (2) 

which should hold over the initial part of the crystalliza- 
tion. It would in any event be inappropriate, since theory 
is lacking, to extend the analysis of the data to the later 
stages of the crystallization. In equation (2) k is the rate 
constant and the value of the exponent ,7 is related to the 
mode of nucleation and the geometry of the growing 
crystalline entities in the usual way 9, 10. 

Experimental difficulties, principally of temperature 
equilibration, limited the number of crystallizations which 
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Figure 1 Crystal l ization isotherms for dilute solutions of fraction 
1 x 106 in ethanol. Crystallization temperatures : A, 29°C; B, 30.1 °C ; 
C, 31°C; D, 32°C; E, 33°C 
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Figure 2 Free growth Avrami  plots for dilute solutions of poly- 
(ethylene oxide) fraction 2 x  106 in ethanol.  Lines are for equation 
(2) with n = 4 .  Crystall ization temperatures:  /k, 29 .8°C;  O ,  31°C; 
D ,  32°C 

could be usefully analysed over the initial 15 to 25 ~ of 
crystallinity. Plots of log X versus log t obtained for 
fraction 2× 106 are illustrated in Figure 2, and the 
reliable values of the Avrami exponent n obtained from 
such plots are given, to the nearest integer, in Table 2. The 
evidence predominantly favours a value of the Avrami 
exponent of 4, in agreement with the finding of Devoy and 
Mandelkern 2 for a fraction of polyethylene. We note that 
the attenuation in rate noted for fraction 1 × 10 ~ (Figure 1) 
is substantiated by a lower value (3) of the Avrami 
exponent. We find no changes in isotherm shape which 
are directly attributable to changes in molecular weight. 
Insofar as we test the effect of molecular weight distribu- 
tion, by use of sample M : 6 x 105, we find no differences 
in crystallization isotherms which can be attributed to this 
parameter. 

An Avrami exponent of 4 points to a three-dimensional 
growth process. The lack of morphological information 
about crystals of high molecular weight poly(ethylene 
oxide) fractions grown from solutions of the concentra- 
tion used here precludes further discussion of this finding. 
Nor would we, at this time, pursue an explanation of the 
lower n values observed at high crystallization tempera- 
tures. Such effects have been attributed 11, 12 to settling 
out of the crystalline phase during the long time periods 
covered by crystallization at high To. We were unable to 
observe this visually. 

Table 2 Avrami  exponents for crystall ization of poly(ethylene 
oxide) fractions from dilute solution 

Crystal l izat ion 
temperature 7 x 1 0 4  2x105 M : 6 x l O  s lx10"  2xi06 

29"0 4 . . . .  
29 '6  - -  4 - -  - -  - -  
29 '8  . . . .  4 
30" 1 . . . . .  
31 '0 - -  4 4 - -  4 
32.0 - -  - -  - -  3 4 
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Table 3 Crystal l izat ion half-l ives (min) of poly(ethylene oxide) 
f ract ions in dilute solut ion 

Crystal l izat ion 
temperature 7 x i 0  t 2 x 1 0  s M : 6 x I O  s l x 1 0 "  2x108 

27"8 37 . . . .  
28" 6 62 . . . .  
29" 0 125 64 50 44 -- 
29" 6 -- 89 -- 65 - -  

29.8  - -  - -  100 - -  50 
30-1 - -  125 - -  81 - -  
31.0 - -  450 361 133 118 
32' 0 - -  1200 - -  446 308 

Effect  o /molecu lar  weight on co'stall ization rate 

Overall rates of  crystallization are given in terms of  
crystallization half-life (t~/,_,) in Table 3. The rates increase 
with increasing molecular weight, even at molecular 
weights exceeding 10 6 . The molecular weight distribution, 
provided all molecules are within the high molecular 
weight region as in sample M : 6 x l0 s, is unimportant.  
The effect of  molecular weight is similar to that found by 
Holland and Lindenmeyer 1 who measured single crystal 
growth rates for polyethylene fractions in the molecular 
weight range 10 4 to 1.2 × l0 s. By contrast the crystalliz- 
ation rates of  poly(ethylene oxide) fractions in bulk are 
independent of  the molecular weight when this is high va. 

In common  with crystallization in bulk the temper- 
ture coefficient of  crystallization rate is negative (Table, 3), 
It is usual to discuss the rate temperature relationship in 
terms of  nucleation theory, suitably modified to apply to 
polymeric materials ,~, 10. If it is assumed that the crystal- 
lization is controlled in rate by a single nucleation step 
then : 

( 1/t I 2) = (1/tl..",.)o e x p ( -  5 F * / R T c )  (3) 

where (l/tx/zl0 is a constant (over the temperature range 
considered) and AF* is the activation free energy, i.e. the 
free energy of  formation of  a nucleus o f  critical size at the 
crystallization temperature T,.. If, as is possible, the rate- 
determining step is the formation of  a monolayer  nucleus 
then, for polymer of  high molecular weight: 

AF* 4~, O'e T e 
= " (4) 

AH. (T£ , -Tc )  

where A H ,  is the heat of  fusion (per repeat unit), T'~, is 
the equilibrium melting point of  the polymer in the 
system, and e,, and c,e are the lateral and end interfacial 
free energies. For  high molecular weight polymers in bulk 
T;I ' is equated with T° ,  the thermodynamic melting point 
(that o f  a crystal of  infinite dimensions composed of  
polymer of  infinite molecular weight). For  polymers in 
solution, T,5 , is equated with T(J, the dissolution tempera- 

* If the chemical potential of the solvent is given by: 

I*l - t ~°, = RTV1 [( C~/ M2) + A~C]] 

where C2=concentration of polymer, Me=molecular weight of 
polymer, Vl=molar volume of solvent and A2=second virial 
coefficient for the system, then use of the Gibbs-Duhem relation 
leads to the e x p r e s s i o n :  

1,2 - l* ° = RT In (Mlk2Cz/ Mzpz) + 2R TA 2M2C~ 

where M~=molecular weight of solvent, p2=density of liquid 
polymer, and k,_, is the Henry's law constant for the system. 

ture of  a crystal of  infinite dimensions composed of  
polymer of  infinite molecular weight. 

None of  the variables in equation (4) (i.e. ¢, ,  m>. _ktt,, ) 
seem likely to be significantly dependent on molecular 
weight when this is high, nor would ~e inlroduce any new 
parameters of  significance if we considered nuclei other 
than monolayers. Consequently the insensili~hy io 
molecular weight of  the crystallization rates of high 
molecular weight fractions i ,  bull, is readily explained. 

Combinat ion of  equations (3) and (4) leads to 

4 c,, ,~,, T~ 
log(t1 ~ ) =  log(& e)0+ R_kft,, 7;._k T (5) 

and so a plot of  log(tl.~) against T'I,//;..A T should be a 
straight line provided the rate controlling step is the for- 
mation of  a monolayer  nucleus. For crystallization in 
bulk la plots of  log(t1._,) against 1I,~'7~.3T for high 
molecular weight fractions of  poly(ethylene oxide)lie on a 
single straight line the slope of  ~hich c(wresponds ~:~ to a 
value of  ~re-l"7kcal(mol of  chains emerging) 1 [\~hen 
T ° - 7 6  C, ,_kH,=2kcal(mol of  repeat units) l a n d  c~,, is 
taken to be 0.2 kcal(mol of  repeat units) t]. l l is necessary 
to know T ~) in order to carry out this analysis for crystal- 
lization from dilute solution. The evaluation of  f'.~ is 
difficult and we have not pursued the matter experi- 
mentally. Rather have we chosen T'~= 50 C as a reason- 
able value on the grounds that this leads to ,~,, values 
(with /',H,, and at, as before) in the region 1.5 to 2.0 kcal/ 
mol. Correspondence between the interracial free 
energies for nuclei in crystallization from bulk and lrom 
dilute solution has been noted for polyethylene :~, H 
T ° = 5 0 ° C  also leads to minimum curvature in plots 
according to equation (5). These plots are illustrated in 
Figure 3. 

It is clear, from the nature of  Figure 3, that the data for 
the various fractions cannot be brought into coincidence 
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Figure 3 Temperature  dependence of crystallization half-life, 
according to equation (5) with T ° = 5 0 ° C .  Points are for samples:  
O, 7x104;  A ,  2 x  105; 0 ,  M : 6x  105; [ ] ,  I x  108; m, 2x  108 
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Figure 4 Temperature dependence of crystallization half-life, 
according to equation (5) with T e adjusted to achieve superposi- 
tion. Points are for samples: C), 7× 104; A, 2x 105; O, M : 6x105; 
C], 1 x 106; I I ,  2 x  106 

by changes in ee (or ~,ee) but only by changes in the dis- 
solution temperature (T~) of the sample. In Figure  4 we 
plot log(t1/2) against T]/T~A T(A T =  T ~ -  Tc) where T~ is 
chosen so as to bring all the data into approximate 
coincidence with that for fraction 2 x l0 s; i.e. T~ = 50.0°C 
for 2 x l 0  s , T~=49.5°C for 1 x l06, T~=49.0°C for 
M : 6 x l 0 5 a n d 2 x l 0 5 , a n d T ~ = 4 8 . 5 ° C f o r 7 x 1 0 4 .  The 
increase in T~ of some 1.5 deg. when the molecular weight 
varies from 7 x 104 to 2 x l0 s is explained as follows. 

The chemical potential of a polymer in solution (/~2) is 
related to that of pure crystalline polymer (/x~) by the 
equilibrium condition 

/x2=F~ (6) 

and to the free energy of fusion of pure crystalline 
polymer (AGI) by: 

2 0 _ _  e ° t z - F 2 -  t% - F ° = - A G f  (7) 

where/~o is the chemical potential of pure liquid polymer. 
The quantity /zz-/~ ° can therefore be determined by 
measuring the dissolution temperature (T~) since, to an 
acceptable degree of approximation 

AGt= AHf[1 - ( T~/T°,)] (8) 

We have already referred to the lack of this kind of data 
for our system. 

It has been suggested 9 that the chemical potential of 
polymer in dilute solution should be obtained from the 
chemical potential of the solvent by use of the Gibbs- 
Duhem relation. However, solvent activities covering the 
whole concentration range from pure liquid polymer to 
dilute solution are seldom available. Solvent activities 
within the dilute solution range are available from 
osmometry, light-scattering, etc., but conventional treat- 
ment of such data by the Gibbs-Duhem relation leads to 

an expression for the chemical potential of solute involving 
the Henry's law constant for the system.* Such an expres- 
sion cannot be directly applied in equation (7) without 
independent assessment of the Henry's law constant, 
particularly of its dependence upon molecular weight. 

Rather than introduce a theoretical estimate of the 
Henry's law constant it is simpler, and probably no less 
accurate in the present context, to use the Flory-Huggins 
equation 15 which gives an explicit expression for/~2-/~0. 
In doing this we ignore the excluded volume effect. This 
effect will not be large in our system since ethanol is a 
poor solvent for poly(ethylene oxide). In any event we 
will relate our calculations to similar calculations in 
which the Flory-Huggins equation is applied to results for 
the chemical potential of the solvent and so compensate 
for the omission. 

According to the Flory-Huggins formulation15: 

1 1 

where m = x V u / V 1  (x  being the number of chain units of 
molar volume Vu per polymer molecule), ¢1 and ¢2 are 
volume fractions of solvent and polymer, and x is the 
Flory-Huggins parameter. If we consider two polymers, 
A ( M = I 0  s) and B (M=1 0  5) then the quantity 
A T s  = T~, A -- T~,B can be written: 

- R T e T ° ' V "  [(~l+lnq~2)(m! ~ L ) - d 2 A X ]  (10) 
A 1's = AHuVT 

where A x = x a - - X B  and where it is assumed that A T s  is 
small, i.e. T~, a ~ T, e, B ~ T]. The introduction of suitable 
values for the parameters into equation (10) (i.e. 
A H u = 2 k c a l / m o l ,  T~=323K, T°,=349K, Vu~48 is, 
V1 ~ 59 cm3/mol, ¢2=0'003) gives the equation: 

.X T s =  -0'24-90(XA--XB) (11) 

Thus it is seen that a value of -X X of 0.01 will lead to a 
value of A Ts of about 1 degree. 

An increase in parameter X of 0.01 between molecular 
weights of 106 and 105 is entirely reasonable. We do not 
have data for the chemical potential of ethanol in dilute 
solutions of poly(ethylene oxide) fractions, but data are 
available for dilute solutions in methanol, a somewhat 
better solvent. The second virial coefficients for poly- 
(ethylene oxide) fractions in methanol, as determined by 
light-scattering 17, vary from 10 -8 to 6 x 10-4cm 3 g-2 mol 
as the molecular weight increases from 10 5 to l0 s . Since, 
in the Flory-Huggins formulation, the second virial 
coefficient is given by: 

.42=(½-x)/Vlp  

where p2 is the liquid polymer density, the difference in .42 
of 4 × 10 -4 cm a g-2 mol corresponds to a difference in x of 
about 0-02. 

We conclude that the rates of crystallization of high 
molecular weight fractions of poly(ethylene oxide) from 
dilute solutions in ethanol vary with molecular weight as 
expected from our knowledge of the properties of dilute 
polymer solutions. No special effects, such as adsorption 
or other molecular weight dependent surface effects 1, need 
to be invoked in order to rationalize our data. In that the 
course of crystallization of poly(ethylene oxide) fractions 
from ethanol is similar to that found for the crystallization 
of a polyethylene fraction from several solvents 2 we 
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anticipate that our conclusion will have general applica- 
tion. 

We have reported earlier 5 that the crystallization f rom 
dilute solution in ethanol (and other solvents) of  samples 
of  poly(ethylene oxide) of  wide molecular weight distribu- 
tion is accompanied by a fractionation effect in the sense 
that the lower molecular weight species precipitate most 
rapidly (provided the molecular weights are sufficiently 
high to preclude significant depression of  the melting 
point by chain ends). This observation has been confirmed 
by use of  our  fractions. The present investigation of  
overall crystallization rates of  fractions and mixtures of  
fractions sheds no new light upon the cause of  this effect. 
It may well be that a model for crystallization of  polymers 
from dilute solution which is properly founded on 
morphological information (such as that in ref. 1) will 
provide an explanation. 
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trans-polydodecenamer 

E. Martuscelli and V. Vittoria 

Laboratorio di Ricerche su Tecnologia dei Pofimeri e Reologia, CNR, 
Via Toiano 2, Arco Fefice, Napofi, Italy 
(Received 11 October 1971) 

The annealing behaviour of single crystal aggregates of two samples of trans- 
polydodecenamer with a trans double bond content of 96 and 75% is examined. 
Quantities such as density, long spacing, apparent enthalpy of fusion and 
crystallinity are measured. Two different mechanisms of thickening of crystal- 
lites, are involved in the annealing process, corresponding to two different 
regions of temperature and long-spacing. The temperature and the long-spacing 
at which the transition occurs are dependent upon the configurational purity of 
the polymer increasing with the percentage of trans double bonds (TA_~63°C, 
L-~ 111]k; TA-~67°C, L---137]k for samples having trans double bond content of 75 
and 96% respectively). The equilibrium melting points T~, and the surface free 
energy ~e of the crystallites of the two samples of trans-polydodecenamer have 
been calculated thermodynamically by using the slope method. Values of 88 and 
80°C for the thermodynamic temperature and of 20 and 19 erg/cm 2 for the end 
surface free energy are found for the two samples of trans-polydodecenamer 
with high and low trans double bond content respectively. 

INTRODUCTION 

In preceding papers 1, 2 we described the crystallization and 
the morphological characterization of solution grown 
single crystals of trans-polydodecenamer and trans- 
polydecenamer as part of a study in which the single 
crystals of the polymers were subjected to oxidative 
attack by ozone and nitric acid. These studies were 
performed in an attempt to determine the number of 
double bonds in the crystals which are more accessible to 
the oxidative agents. The apparent rate of the reaction of 
the ozone on the double bonds in the case of trans- 
polydodecenamer was shown to be strongly dependent 
upon the percentage of trans double bonds in the chain. 

In the present investigation we have studied the effect 
of heat treatment or annealing on the physical properties 
of samples of oriented chain folded single crystal aggre- 
gates of trans-polydodecenamer 

-[-CH = CH--(C H z) lO-]-n. 

The overall density, the apparent enthalpy of fusion and 
the overall crystallinity of the single crystal mats were 
measured and their values were correlated with the 
annealing temperature and the thickness of the crystal- 
lites. Using samples of polydodecenamer with different 
percentages of trans double bonds in the chain, we 
studied the effects of the configurational purity of the 
polymer on the annealing behaviour and on some 

thermodynamic quantities such as the equilibrium 
melting point T,~ and the free energy of folding ae. 

We find these studies interesting, together with those 
previously reported, because the physical and techno- 
logical properties of this kind of material are strictly 
dependent upon the configuration of the vinylene double 
bond. In fact, depending on the type of steric configura- 
tion assumed by the double bonds during polymerization, 
a thermoplastic crystalline polymer (high content of trans 
double bonds), or an amorphous elastomer at room 
temperature (low content of trans double bond) may be 
obtained. 

Finally, we discuss briefly the mechanisms of thickening 
of the crystallites involved in the dry annealing of 
oriented single crystal mats. 

EXPERIMENTAL 

As starting material, two samples of unfractionated poly- 
dodecenamer with trans double bond content of 96 ~ and 
75 ~o were used. Henceforth, these samples will be called 
P12(a) and P12(b) respectively. Single crystals were pre- 
pared according to the method reported in a previous note 
by Keller and Martuscelli 1. Some relevant characteristics, 
such as crystallization conditions and some thermo- 
dynamic quantities of the two samples ofpolydodecenamer 
a r e  summarized in Table 1. After precipitation, the crystals 
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Table 1 Molecular and thermodynamic properties of the two 
samples of trans-polydodecenamer. Crystallization conditions 
used to grow single crystals are reported 

Polymer 

P12(a) P12(b) 

trans-doub!e bond contenta(%) 96 75 
Melting point of bulk polymers (C)  82 69 
Fusion enthalpyb(cal/mol of repeating unit) 9700 8800 
Concentration of the polymer used for 0.10 0.12 
crystallization, n-octane as solvent (wt. %) 
Temperature of soeding (C)  54 50 
Temperature of crystallization (C)  23 22 

a trans-double bond content was determined by i.r. spectroscopy 
on 0.5% solution in CSe :: 
~; By diluent method using Flory's formula :~ 

,~ere fihercd flom the suspension at room temperature to 
!'orm oriented crystal mats in which the lamella of the 
individual crystals lies essentially in the plane of the film. 
To minimize the possible effect of trapped solvent, the 
mats were first pumped down on a diffusion pump for 
several days. X-ray photographs taken with the beam 
parallel to the mat show fibre orientation over a wide 
angle. The fact that the reflections (110) and (200) are on 
the equator indicates that the molecular axes stand almost 
perpendicular to the fihn. Low-angle X-ray diffraction 
maxima are observed on the meridian. 

o2 

240 
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o 

I l I l 

30 6 0 
l I I 1 I I 

90 IOO 

r A (oc)  

Figure 1 Long spacing of trans-polydodecenamer single crystal 
aggregates as function of the annealing temperature. Annealing 
time 24h. ©, P12(a): trans double-bond content 96%; LI, P12(b): 
trans double-bond content 75%. 
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Figure2 Apparent enthalpy of fusion of tm, ns-polydodecenamer 
single crystal aggregates as function of the annealing temp,,,r~t- 
ture. , P12(a): trans double-bond content 96gfl,; , P12(b) : b<,/,~s 
double-bond content 75% 

These fi lms were used for the lhcr i>al  cxpcr inwnts  
reported in tile present now. 

For the purpose of annealing, porti~>n~ t,l the crystalline 
aggregates were wrapped m alunainiunl foil ,:tnd placed in 
thin walled test-tubes. These tubes wcrc first e\acualect, 
then sealed, and finally placed in constalal temperature 
baths for 24 hours. By evacuating the tubes it ~as hoped 
that any possible degradation of the salnples would be 
avoided or at least redtlced. The thickness of the lamellar 
crystals was calculated from their lo~-angle X-ray dif- 
fraction using Bragg's law. The small angle X-ray pat- 
terns were recorded at room temperature, by means of a 
pinhole collimated Rigaku Denki camera. A Perkin- 
Elmer differential scanning calorimeter DSC-1 was used 
to obtain melting points T,,,, apparent heats of fusion 
,",H* and crystallinities x~, of the polymer single crystal 
samples. For every measurement, 2-4rag of weighed 
polymer were heated. Heating rates of 16 and 32 C m i n  
were used for P l2(b)and Pl2(a)respectively. The calori- 
meter was calibrated in the temperature scale, at the 
scanning speed to be used. using substances with standard 
melting points. The peak maximum temperatures were 
assumed to correspond to the melting temperatures of the 
samples. They could be measured with a precision of 
+_0.5~C. The apparent enthalpy of fusion A l l *  was 
computed by comparing the area under the fusion curve 
of the polymer samples with that obtained from a known 
weight of indium heated tinder the same conditions. 
Finally, the overall crystallinity was obtained as the ratio 
between AH* and the true enthalpy of fusion &t t  whose 
values for the two polymers are reported in Table I. 
Overall densities were measured at 23 C by using a 
gradient column with isopropyl alcohol and ethylene 
glycol as miscible liquids. Results are accurate to 
_+ 0,001g/cm a. 

RESULTS 

In Figures 1 and 2 the long period L and the apparent 
enthalpy of fusion AH* of Pl2(a) and Pl2(b) single 
crystal mats are shown as functions of the annealing 
temperature. The overall density of P12(b) versus the 
annealing temperature is plotted in Figure 3. 
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In order to discuss the data, it is appropriate to divide 50 
the relationship illustrated in Figures I to 3 in two regions 
of high and low temperature sides. For convenience, the 
high temperature sides with a large slope are called 
region I and the low temperature sides with a small slope, "~ 
region II. The annealing temperature corresponding to ~ 30 
the transition from region II to region I is _~63°C for 
Pl2(b) and ~67°C for P12(a). Above these characteristic ~ i 
temperatures, the long spacing abruptly increases while ,a 
the apparent enthalpy of fusion and the overall density IO ~ 
(only density data of P12(b) are reported) sharply 
decrease falling below even their initial values at higher 
temperatures. In Figures 4 to 6 the apparent enthalpy of 
fusion, the overall crystallinity and the overall density of 
samples of  Pl2(a) and P12(b) single crystal mats are 
plotted versus the reciprocal of the long-spacing 1/L. The 
quantities mentioned above at first increase with 1/L up 
to a maximum value and then they begin to decrease. The 
fall off is more drastic in the case of P12(b) single crystal 
mats. 

The long-spacing values relative to the inversion in the 
trend of the curves, henceforth called 'transition long- 
spacing', is _~137A and ~ l l l A  for P12(a) and P12(b) 
respectively. Ioo 

The values of the crystallinity of the single crystal mats 
(ranging between ___ 30 % and "-~ 50 %) as determined by 
differential thermal analysis (d.t.a.) measurements, seem 70 
to be rather low especially if, as in the case of P12(b), the 
density of the samples can be compared with the crystallo- 
graphic density value. 

The crystallographic density of trans-polydodecenamer as 
deduced from X-ray analysis is 1.001 g/cm a 4. If the density of 
the amorphous polymer pa is assumed equal to that of the 
completely amorphous polyethylene (0.85 g/cma), then the 
mass crystallinity xc of the unannealed single crystal mat of 
Pl2(b) (p = 0.952 g/cma), calculated by using the expression: 

( ] /p~)-(1/p)  
xc= ( l / p , , ) - ( l / pc )  

turns out to be _~ 0.70. 

I I ,  I I I 

5 7 9 
L-IX 40 3 (~-'1 

Figure 4 Apparent enthalpy of fusion of trans-polydodecenamer 
single crystal mats as function of the reciprocal of the long 
spacing. ©, P12(a): trans double-bond content 96%; EJ, P12(b): 
trans double-bond content 75% 
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Figure 5 Crystallinity of trans-polydodecenamer single crystal 
mats (d.t.a. method) as function of the reciprocal of the long 
spacing 

This discrepancy, however, is not surprising and could 
be ascribed to either an overestimation of the true 
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Figure 3 Overall density of trans-polydodecenamer single crystal 
aggregates of P12(b) sample as function of the annealing 
temperature 
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Figure 6 Density of trans-polydodecenamer single crystal mats 
(P12(b) sample) as function of the reciprocal of the long spacing 
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Figure 7 Melting temperature of trans-polydodecenamer single 
crystal aggregates as function of the reciprocal of the long 
spacing. ©, P12(a): trans double-bond content 96%; ~, P12(b): 
trans double-bond content 75% 

enthalpy of fusion AH and/or to a systematic under- 
estimation of the area of the d.t.a, endothermic peaks. 

In Figure 7 the melting points are plotted against the 
reciprocal of the crystal thickness L. Good linear relation- 
ships are obtained for both polymers throughout the 
temperature range examined. 

Finally, we wish to point out that the orientation of 
crystals determined by the X-ray method does not change 
drastically either before or after the heat treatment 
although a broadening of the low-angle reflection is 
observed in samples heated at higher temperatures. 

DISCUSSION 

The experimental data reported in the previous section 
suggest that two mechanisms of thickening are involved 
in the annealing process of single crystal mats of Pl2(a) 
and Pl2(b). The corresponding temperature and long- 
spacing of transition can easily be deduced from the 
abrupt change in the trend of the plots of density, crystal- 
linity, and apparent enthalpy of fusion versus the anneal- 
ing temperature and the reciprocal of the long-spacing 
respectively (see Figures 1 to 6). This characteristic tem- 
perature and long-spacing, in the case of polydodece- 
namer, seems to be dependent upon the configurational 
purity of the polymer. As matter of fact, these values 
increase with the percentage of trans double bonds 
(TA-~63:C, L~-I I I ,~  for Pl2(b); T.~±67°C, L~137/~ 
for PI 2(a)) and thus with the melting point of the polymer. 

A similar transition temperature located at about 
117~C was found while annealing single crystal rnats of 
polyethylene 5,6. At this temperature the density, the 
tensile modulus, the solvent swelling capacity as well as 
the morphology suddenly changed. The morphological 
studies were performed by means of electron microscopic 
observations on cleft lamella of single crystals of linem 
polyethylene obtained by supersonic irradiation of the 
samplesa. 

On the other hand, in the annealing of bulk polyethylene 
the overall density continuously increases with the an- 
nealing temperature 7. [his implies a mechanism of 
thickening of crystallites m the bulk polymers different 
from that of a single crystal in oriented aggregates. 

As far as the kind of mechanism involved in the low 
temperature region (region lI) is concerned, it is likely 
that the thickening of the lamella, from between 10 and 
20,/~, proceeds through the motion of the polymer 
chains in the crystal along the backbone of the mol- 
ecule according to the 'sliding diffusion mechanism' 
postulated by Hirai et al. s and by Peterlin 9. Defects in the 
crystal, such as point dislocations of the type suggested 
by Reneker 1°, could contribute in lowering the energy 
barrier to the motions. The lamella retain their crystal 
lattice and individuality in the mat. The slight increase 
observed in the overall density, crystallinity and apparent 
enthalpy of fusion could mainly result from an improve- 
ment in the packing of lamella in the mat since the pre- 
existing holes can be filled by refolding chains. This, in 
effect, leads to a more intimate interlamellar contact. The 
possibility of the creation of an interlamellar link of the 
type postulated by Blackadder and Lewell ~ for poly- 
ethylene single crystal aggregates must also be taken into 
account when the mats of polydodecenamer are annealed 
at a temperature below that of transition, 

Above the transition temperature the crystalline lattice 
is first destroyed, partly at least, and then reformed again, 
provided that the annealing time is sufficiently long. In 
other words, at higher temperatures the thickening 
proceeds through melting and recrystallization of the 
crystallites. A mechanism for that has been worked out 
by Kawai 1°, It is logical to conclude that during this 
process the lamella lose their individuality and the result- 
ing material assumes a texture very similar to that of bulk 
polymers. This partial melting process is accompanied by 
a sharp decrease in crystallinity, overall density and 
apparent enthalpy of fusion. 

It is interesting to point out that the apparent enthalpy 
of fusion and density of unannealed polyethylene single 
crystals, crystallized in a rather wide temperature range 
with the same morphology, increase linearly with the long 
spacing12a a. 

This is a further indication that the transition observed 
while annealing single crystal aggregates is not an intrinsic 
property of the polymer single crystals but is chiefly due 
to the fact that the process of melting and recrystalliza- 
tion, in this case, leads to a rather abrupt change in the 
morphology of the material. 

The initial lameller single crystal texture of the mat is 
almost completely lost at higher temperatures of anneal- 
ing and becomes similar to that of semi-crystalline bulk 
polymer although the orientation of the crystallites 
remains almost the same. 

The equilibrium melting temperatures ( TII ,) and the end 
surface free energies (~e) were calculated for Pl2(a) and 
PI2(b) by applying to the experimental data presented in 
Figure 7 Hoffman and Week's expression for the melting 
point lowering due to fold surfacer1: 

Tm = T,;, I - ~ H L _  ] 1) 

The equations of the straight lines interpolating the 
experimental points are: 

/ 
T, , ,=361-600~-  for Pl2(a) 

l 
T,~=353-600 L for Pl2(b) 
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Table 2 End surface free energy of the crystallites of series of 
polymers calculated according to the thermodynamic method 

Polymer ~e(erg/cm 2) 

Polyethylene: 
melt-crystallized 5715; 90 TM 

single crystals 891~; 7017 
Nylon-6: 

melt and solution crystallized 33 ~ 
drawn filaments 42 t9 

trans-1,4-polyiso prene : 
single-crystals 

61% of LMF 47 ~0 
29% of LMF 7220 

melt-crystallized 
100% of LMF 10221 

Polypropylene: 
melt-crystallized 1752e 

trans-polydodecenamer 
96% of trans double bonds 20* 
75% of trans double bonds 19" 

| m  

* Present paper 

Consequently, the thermodynamic melting temperatures 
of Pl2(a) and P12(b) crystals are found to be 88 and 80°C 
respectively. Values of TII , of -~ 82 and _~ 70°C are obtain- 
ed from interpolation of the plot published by Giannotti 
and Capizzi 3 of melting temperatures of polydodece- 
namers versus their trans double bond content. The 
method used by the above mentioned authors was Flory's 
method concerned with melting point decreases in the 
presence of diluents. 

From the slopes of  Figure 7, and by using the following 
crystallographic data 4: monoclinic crystalline modification 
of the single crystals, c-axis period 14.85,~, with one 
structural unit in the period and 2 chains in the unit cell 
of volume 550.6A 3, we obtain the values of 20 and 
19erg/cm ~ for the surface free energy ~e of P l2(a) and 
Pl2(b) crystallites. This finding seems to indicate that the 
configurational purity of the polymer has no appreciable 
effect on the Cre of the crystallites. The values of ~e found 
for the two samples of polydodecenamer are rather low if 
compared with the ae values of some other polymers (see 
Table 2) and could be accounted for by a more disordered 
crystallite surface. This finding is in agreement with oxida- 
tion and degradation studies performed by Keller and 
Martuscelli 2 on the single crystals of polyalkenamers. 
Most probably the surface disorder must be ascribed to 
the macrocyclic structure of these polymers 2a, z4. It is also 
noteworthy that, for the same thickness of the crystallites, 

the values of the overall crystallinity and the apparent 
enthalpy of fusion of P12(b) are constantly lower than 
the corresponding values of PI 2(a) samples (see Figures 4 
and 5). Assuming that when the long-spacing is the same, 
the relative mass amounts of the crystalline and amor- 
phous phases are equal in the two polymers, we have to 
conclude that the deficiency in the overall crystallinity of 
PI 2(b) is principally due to the higher number ofcis double 
bonds incorporated as defects in the crystalline lattice of 
this polymer. 
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Rubber modified polystyrene: structural 
variation induced during pre-polymerization 

G. F. Freeguard 
Department of Chemical Engineering, University of Nottingham, Nottingham NG7 2RD, UK 
(Received 13 March 1972) 

Different structures for the two phase system polystyrene-polybutadiene are shown to be 
produced at constant rubber concentration by varying the shear rate during the pre- 
polymerization stage in the bulk polymerization of styrene in the presence of dissolved 
rubber. Two distinct structural forms are identified: in one the dispersed phase is particulate 
with the overall aggregate particle size varying with the shear rate, whereas the other 
structure is in the form of a three-dimensional semi-regular network throughout the whole 
polymer. 

INTRODUCTION 

The role of agitation in the production of high impact 
polystyrene (HIPS) during the bulk polymerization of a 
styrene solution of a butadiene rubber has been pre- 
viously discussed in the knowledge that the system 
is non-Newtonian 1 and that there exists a minimum 
shear requirement for phase inversion 2. The present 
paper describes in more detail how the final polymer 
structure can be related to the shear rate operating 
during the post-inversion period and links the observed 
structural variation with the previous hypothesis that 
at phase inversion the dispersed phase does not consist 
of simple droplets, but clusters or aggregates z. By 
adopting the design and operating procedure published 
previously z the phenomena of multiple inversion 4 is 
apparently suppressed and therefore an additional 
complication in this preliminary structural correlation 
is avoided. Thus this work is concerned with the particular 
case in which phase inversion apparently occurs at the 
earliest time that this is possible, due at that time to a 
favourable combination of thermodynamic, interfacial 
and rheological parameters. Unfortunately at present 
it would not appear possible to predict the phase volume 
ratio at inversion as a function of those parameters, since 
the mechanism is complex and not well understood. 
In a separate investigation a correlation between rheo- 
logical properties and inversion point has been attempted 
together with a study of the effect of mass transfer, and 
these results will be discussed later in this series. For 
convenience therefore, the particular case considered 
is referred to as a 'smooth non-delayed inversion system'. 

EXPERIMENTAL 

The polymerization conditions, apparatus and dimen- 
sions of the helical ribbon agitator were as previously 
described 3. The polybutadiene rubber used in the 
investigation was Intene 55NFA, selected because of its 

high initial solution viscosity, which increases consider- 
ably during pre-polymerization and thereby offers a 
wide choice of shear rate range for structural investi- 
gation. The rubber concentrations used were up to 
10 ~ wt/wt, because this gives a viscosity range within the 
limits of the design of the apparatus. The shear rate 
conditions were changed by varying the rev/min of the 
agitator either immediately after phase inversion or at 
some fixed interval of time, and then allowing an hour 
for the system to reach equilibrium before removing a 
representative sample. This was then polymerized in a 
glass tube at 100°C and subsequently a thin ultra- 
microtomed section used for structural analysis by 
electron microscopy using osmium tetroxide as fixing 
medium. 

It is important to ensure that no polymerization occurs 
during the shear studies, since a relatively small addi- 
tional conversion can lead to a large change in the 
apparent viscosity of the system. Two techniques were 
adopted and shown to give comparable results. More 
usually the polymerization was carried out at 70°C 
using benzoyl peroxide as catalyst to give a rate of 
4 ~ h -1 to the required point, and then the polymerization 
was carefully inhibited by the addition of a minimum 
quantity of t-butyl catechol. Otherwise the reaction 
was carried out at 90°C under similar catalysed rate 
conditions to the required point, when the temperature 
was dropped to 70°C so that the conversion is insignificant 
during the shear rate variation period. The advantage of 
the second technique is that it is considerably easier to 
re-initiate the polymerization under controlled con- 
ditions for the final finishing stage for conversion to 
solid polymer. 

RESULTS AND DISCUSSION 

Consider first the structure that exists at the phase 
inversion point. Rubber solution droplets will have been 
formed by a shearing action on what was the continuous 
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Figure 1 8% polybutadiene, shear 
rate 40 rev/min, agitation discontinued at 
inversion to give semi=regular network 
magnification, x 7000 

phase, and it is likely that these droplets will account for 
approximately half the total volume of the system, and 
in size be of similar magnitude to the previous poly- 
styrene droplets. Since these droplets are stabilized by 
graft copolymer 5 and do not readily coalesce, it is 
possible that on contact they exhibit a tendency to 
adhere, which is counteracted by the shearing force 
between droplets. At this stage in the process the con- 
tinuous phase of swollen polystyrene and the dispersed 
phase of swollen rubber can be treated as separately 
polymerizing systems, particularly since the polymeriza- 
tion rate is lowered in the presence of dissolved rubber. 
Additionally, because of the viscous nature of the 
dispersed phase, transfer of styrene monomer from this 
phase to the continuous phase will be impeded, particu- 
larly if agitation is stopped. Thus on further polymeriza- 
tion there can be a volume reduction of the continuous 
phase which under controlled conditions is sufficient to 
cause the rubber solution droplets to touch in such a way 
that small volumes of polystyrene solution become 
trapped and there is no longer a truly continuous phase. 
Then the system consists of polystyrene solution and 
rubber solution as discrete volumes of comparable size 
separated by graft copolymer. During the polymerization 
of the rubber phase there will be an incompatability of 
the forming polystyrene with the rubber present. When 
the polymerization rate is low there exists the possibility 
that diffusion of rubber molecules to the more com- 
patible graft interfacial boundary can occur at a rate 
whereby the majority of the rubber then present is finally 
concentrated at the former phase boundary. The conse- 
quence of such a mechanism is the building up of a 
rubber-rich network through the whole polymer system, 
as shown in Figures 1 and 2. In one case shearing was 
discontinued before phase inversion was complete, so 
that some large polystyrene droplets survived until they 
eventually became incorporated into the network as large 
holes. However, it is generally not possible to assign 
which areas are continuous or dispersed phase in origin. 
Such a network can show remarkable stability to high 
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shearing action in the later stages of the polymerization, 
when the bulk viscosity has increased appreciably. 

With sufficient shearing after phase inversion there is 
little tendency to form the network structure described; 
however, there is a marked tendency for rubber particles 
to aggregate and form large and complex clusters. At any 
time the size of such aggregates is a function of the shear 
rate and the system viscosity as is clearly demonstrated 
from the three sets of electron micrographs which 
comprise Figures 3, 4 and 5. 

In these the effect of varying the shear rate is compared: 
(i) just after phase inversion, using 8 ~ rubber (Figure 3); 
(ii) 1 h after phase inversion after a time interval when 
the viscosity of the system is higher due to an increase in 
polystyrene conversion (Figure 4); (iii) just after phase 
inversion but using 10~ rubber to increase the system 
viscosity (Figure 5). In general it is seen that there is a 
correlation between aggregate size and shear rate and 
that the higher the system viscosity the lower the shear 
rate to produce a comparable aggregate structure. 
Furthermore because of the stability of the droplets it 
can be shown that once a required structure has been 
obtained, the shear level may be somewhat reduced to a 
level sufficient only to ensure good mixing and heat 
transfer without any further structural variation in 
aggregate particle size. 

These findings may now be examined in relationship to 
the observations of other workers. Molau and Keskkula 6 
have shown that the mechanism of rubber particle 
formation leads to two types of occlusions. Their type I 
is due to the formation of a multiple emulsion at the 
phase inversion point which survives the further poly- 
merization, whereas the type II postulated is considered 
to be a consequence of polystyrene formed within 
droplets forming a separate phase because of incompati- 
bility with the coexisting rubber. 

Ballova et al. 7 have observed that in systems of low 
viscosity, on discontinuation of stirring the rubber 
solution droplets adhere, and that on increasing con- 
version there is a size reduction due to a reduction in the 
rate of adhesion, until at high conversion and high 
viscosity the droplets do not adhere even without 
agitation. Unfortunately their microphotographs are at 
low magnification and do not show droplet structures in 
sufficient detail to fully support their argument. 

Figure 2 8% polybutadiene, shear rate 
40rev/min, agitation discontinued before 
inverted structure completed. × 3500 
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a b 

c d 

Figure 3 8% polybutadiene, ×7000. Shear rate varied immediately after inversion. 
(a) 50rev/min; (b) 80rev/min; (c) 150rev/min; (d) 200rev/min 

a b c 

Figure 4 8% polybutadiene, x 7000. Shear rate varied one hour after inversion. (a) 50 rev/min; (b) 110 rev/min; (c) 200 rev/min 

Moore s varied rubber type, concentration and poly- 
merization temperature at constant (but unquoted) shear 
rate using an anchor stirrer. He obtained a wide range of 
structures and concluded that final and overall particle 
size increased with viscosity of  the initial rubber in 
styrene solution, provided that rubber type and concen- 
tration and pre-polymerization temperature were con- 
stant. However, Moore also concluded that the effect 
of  these three variables could not be related to viscosity 
changes. 

If  these s micrographs are re-interpreted in terms of the 
findings of this investigation the variation in structure and 
particle size fit the pattern as previously discussed, since 
the effect shown is one of varying the system viscosity at 
roughly constant shear rate. Thus it would appear that a 
network structure with holes as shown with 10 ~ Intene 
55NFA at 60°C (see Fig. 9 of ref. 8) is a consequence of 
low shear, as shown here in Figure 1. 

Similarly the complex particles shown for the lower 
rubber concentration of  5 70 (see Figs 5 and 6 of  ref. 8) 
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a b c 

Figure 5 10% polybutadiene, x 7000. Shear rate varied immediately after inversion. (a) 50rev/min; (b) 120rev/min; (c) 150rev/min 

Figure 6 8% SBR rubber, ×7000. Shear 
rate 40rev/min 1 hour after inversion 

Figure 7 Aggregate rubber particle. 
× 40 000 

are consistent with the structures shown in the present 
paper in Figures 3 and 5 for shear rates close to the 
minimum for phase inversion. For rubber solutions of  
much lower viscosity at phase inversion the less complex 
structural patterns are also shown, together with examples 
in low viscosity solutions of coalescence within particles. 

It must, however, be noted that agitation conditions were 
apparently maintained constant to about 35~o con- 
version s , so that the structural pattern to be compared is 
essentially that produced in the higher viscosity solution 
at the higher conversion level. Furthermore Moore has 
followed the industrial practice of conducting the 
polymerization in the presence of a chain transfer agent. 
In this way the system viscosity is lowered, and therefore 
illustrates a modified approach to varying the overall 
particle size, particularly in systems where there is a 
limit to the power available for agitation. 

For comparison purposes the structure obtained with 
Duradene, a solution SBR containing ~259/oo bound 
styrene and an /~t+ of 130 000, is shown in Figure 6. 
The simple structure shown here is obtained at a lower 
shear rate than in the case of the polybutadiene system, 
and is in fact close to the minimum shear rate for a 
'non-delayed' phase inversion of the system. This 
illustrates a difficulty that can arise if it is desired to 
obtain large complex particles in systems of low viscosity 
without a considerable delay in the phase inversion. 

Consider next the detailed structure of the particles. 
It will be apparent that there is an implied presumption 
that Type I and II occlusions of  Molau and Keskkula 
are absent from the structures shown, which are, 
however, interpreted as being formed by the aggregation 
of  solution droplets. The evidence for this can be sum- 
marized as follows: (a) the electron micrographs pre- 
sented in this paper can be interpreted as showing the 
breakdown of large complex particles to simpler particles 
by the application of increasing shear. In addition 
whereas the sub-particle size is somewhat dependent on 
rubber concentration it is apparently not dependent on 
shear rate: (b) some structures show evidence of coa- 
lescence within particles, particularly in systems of  low 
viscosity (see Fig. 11 of ref. 3 and Figs 7 and 15 of  refi 8) ; 
(c) certain particles retain the appearance of aggregate 
droplets, as shown in Figure 7. 

Slow polymerization rates should favour the concen- 
tration of the rubber phase in the droplet interface, 
particularly when the viscosity of the droplet is lowest 
since diffusion should occur more readily, and this will 
be the case in 'non-delayed' inversion systems. 
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CONCLUSION 

By adjusting the shear rate immediately after the phase 
inversion in the bulk polymerization of a rubber solution 
of  styrene, the structure of the final polymer can be 
controlled. Several distinct structures have been identified, 
as follows. 

1. Semi-uniform network, which may contain large 
holes. 

2. Large composite particles which may contain 
several hundred sub-particles. 

3. Medium composite particles of less than a hundred 
sub-particles. 

4. Simple aggregate particles containing few sub- 
particles. 

5. Highly sheared structures in which the sub-particles 
have either been coalesced or sheared to below the 
original sub-particle size. 

Provided that a minimum shear requirement is met, 
multiple inversions and hence Type I occlusions of Molau 
and Keskkula may not generally be expected to be 
associated with these structures. Type II occlusions could 
be obtained superimposed on the structures shown, and 
would be most likely to occur when both solution viscosity 
and polymerization rate are high, since they originate 
from a diffusional problem. 

Particle size control by the use of chain transfer agents 

or mixtures of  grafting/non-grafting catalyst systems are 
postulated as functioning by reducing the viscosity of  the 
system primarily to obtain a desired shear profile in the 
reactor and secondary for promoting diffusion of  the 
rubber to the interface under conditions of  high rates of  
polymerization. 
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A study has been made of thermally stimulated conduction processes in poly(vinyl fluoride), 
mainly with a view to providing information on the nature of trapping processes in polymers. 
Stored charge, injected by a previously applied field, was found to be released from this 
polymer in the form of a single peak at ~120°C. It is deduced however, that the charge- 
carriers are not stored in discrete traps, but are simply slow-moving under ambient condi- 
tions. On raising the temperature, mobility is increased to give a detectable current, which 
increases with temperature to a peak at 120°C and then decays as the reservoir of charge is 
depleted. The peak temperature is thus determined not by a trap-depth, but by the activation 
energy of the mobility process. Two further thermally stimulated processes have also been 
observed. The first involves charge displacement (probably associated with dipole orienta- 
tion) and results in a series of four current peaks, associated with second order transition 
processes. The second is a thermoelectric effect, arising from a temperature gradient 
formed across the sample on heating. 

INTRODUCTION 

Over the past few years evidence has accumulated to 
indicate that the currents which can be detected in most 
polymers (including those such as polyethylene, poly- 
styrene, and poly(ethylene terephthalate) which are 
normally considered as insulators) can be ascribed to the 
movement of electronic charge rather than of ions 1-~. 
More recently still there have been indications that some 
quite simple vinyl polymers can show quite high dark 
currents, to an extent that they can no longer be con- 
sidered as insulators 4. Thus Viton (the copolymer of 
perfluoropropylene and vinylidene fluoride) gives a level 
of  current seven orders greater in magnitude than 
polyethylene; and poly(vinyl fluoride) gives photocurrents 
of  up to 10-rA. 

The question thus arises as to the explanation for these 
differences in conductivity between different polymers. 
In particular it is of  interest to know whether bulk 
physical or chemical structure is responsible; or whether 
impurity centres or defects are involved, acting as donors 
or traps. If  the latter is the case, control over behaviour 
is possible in principle through the manipulation of  
impurity concentration. 

The present paper explores the possible existence of 
traps, and uses the method of thermally stimulated 
conductivity to establish whether they are present in 
polymer films. In view of the fact that a considerable 
amount of information has been obtained on other 
aspects of the conduction process in poly(vinyl fluoride) 
this polymer is considered exclusively in this paper. The 
findings will be generalized in a later paper by studies 
using other polymers. 

Thermally stimulated conductivity (t.s.c.) has been 
used as a technique for characterizing organic solids 

fairly extensively and in the case of polymers it is now 
well established that multiple peaks are frequently 
observed in the t.s.c, spectrum 5-14. 

The present trend is to interpret these in terms of a 
number of  discrete trapping levels. This conclusion is 
reasonable and of course well-accepted for the case of  
highly ordered materials such as silicon; but is somewhat 
surprising when applied to polymeric materials which 
invariably contain a significant fraction of a disordered 
component. This point is given particular consideration 
in the following reported study. 

EXPERIMENTAL 

Materials 
The poly(vinyl fluoride) (PVF) samples used were 

Tedlar films, usually 50/zm in thickness, obtained from 
Du Pont. They contained a small amount of u.v. stabiliz- 
ing additives, and are designated Type B (additive- 
containing) in another paper in this series 15. 

Electrodes in general were formed by evaporating 
silver onto each side of  the polymer to form discs 3.1 cm 2 
in area. The electrical leads were attached to the elec- 
trodes by means of  silver 'dag'. 

Apparatus 
The thermally stimulated conductivity apparatus is 

shown diagrammatically in Figure 1. The instrument 
consisted of a cylindrical brass vacuum chamber and a 
stainless-steel cold finger, insulated thermally by an O ring 
and Tufnol annulus. The sample, which was clamped 
between two brass rings and held in contact with the 
finger, was ~ 3 mm from a silica window. This window 
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Cold finger Thermocoupl¢ 

Electrical ~ vacuum 

Radiation source 
Cooling air 

Figure I Apparatus for the determination of thermally and 
optically stimulated currents 

allowed illumination of the sample from an MB/U lamp 
situated directly underneath. 

The initial experiments in which the thermally stimu- 
lated conductivity plots were obtained had the top elec- 
trode of the polymer in contact with the bottom of the 
cold finger. This was done to ensure good thermal 
contact with the polymer sample. 

Heating system. The temperature range with which the 
sample could be studied was from -196°C to +200°C. 
The low temperatures were obtained by the addition of 
liquid nitrogen to the cold finger and subsequent heating 
was effected by means of a Variac controlled, resistance 
wound heating element. This element gave an almost 
linear rate of temperature increase which could be varied 
over the range 1-15°C/min. The temperature of the 
sample was measured by means of a chromel-alumel 
thermocouple placed directly underneath the cold finger. 

Optical system. The standard source of light used was 
a 125 W MB/U mercury lamp positioned ~ 5cm under- 
neath the sample. The overall intensity was 50mW/cm 2 
and since the outer envelope of the lamp was removed, 
the energy emission ranged from 185nm to long wave- 
lengths. 

use of the Lindemann electrometer described later in 
connection with the measurement of higher steady 
voltages, was not possible for dynamic experiments. 

M e ~ o ~  

Opposed electrodes. Since the polymer was heated 
from one side only and the thickness of the sample of 
PVF was usually 50 t~m it is clear that a thermal gradient 
must exist across the film and this was the reason for the 
thermoelectric effect discussed later. This effect obscured 
the high temperature part of thermally stimulated 
conductivity plot and a system using split-opposed 
electrodes was used to minimize it. The electrodes were 
of the same total area (3.1 cm 2) but consisted of two 
semi-circular electrodes separated by about 3mm 
(Figures 2a and b). The diagonally opposite electrodes 
on either side were connected to each other so that 
current arising from the thermal gradient was counter- 
balanced. In order to prevent the two electrodes short- 
circuiting while in contact with the finger it was necessary 
to place an insulating layer of Teflon FEP (12.5/~m thick) 
between the finger and the sample. 

Owing to the poor thermal conductivity of the Teflon 
FEP, a further temperature gradient was set up relative 
to the cold finger, which could only be overcome in vacuo 
by using a very slow heating rate. To reduce this effect 
a stainless-steel jacket was fitted over the end of the 
finger enclosing the sample between two layers of Teflon 
FEP (Figure 2c). An atmosphere of nitrogen was also 
used in these experiments to improve the heat transfer 
properties further. A control experiment with a sample 
of PVF with unopposed electrodes in contact with the 
finger showed no difference to that carried out under 
evacuated conditions. 

a b 

Plan Elevation 

Current measuring system. Current was measured with 
a Vibron 33B2 vibrating reed electrometer by measuring 
the voltage drop across fixed resistors of values 106, 10 s, 
101° ohms in a B33B current measuring unit. Difficulties 
were encountered during short-circuiting measurements, 
when the effective voltage generated became < 1 V; and 
when the sample resistance fell below 106 ohm. This was 
an important potential source of experimental errors and 
arose because the voltage drop across the measuring 
resistor became comparable with that across the sample. 
The effect was apparent above 100°C. It was possible to 
check that the instrument was giving correct readings at 
temperatures below this point since there was some 
overlap on the scales used and consistency could be 
checked on switching from one measuring resistance to 
another. Above 130°C, however, meaningful results 
could not be obtained. 

Measurements were made in a vacuum of less than 
10 -3 mmHg or in an atmosphere of nitrogen. 

Voltage could also be determined using the electro- 
meter, but only for values below 2 V. Unfortunately the 

C 

co,d,,n  r  I 
Sa mple...~lJ J . . . . . . .  ~ i  JJ 

7 ' 11 
I 

[7 Teflon FEP insulation 

d 
_I_ 
Y i 
T 

Lindemann 
electrometer 

Figure 2 Use of split-opposed electrodes ((a) and (b)) and steel 
jacketting (c) to minimize the effects of thermal gradients. (d) 
Experimental set-up for measuring voltage drop across PVF with 
blocking electrodes 
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Blocking electrodes. In experiments where it was neces- 
sary to prevent injection of  charge into the polymer films 
from the metal electrodes a system using blocking 
electrodes was devised. The blocking electrodes, made of 
]2.5tzm thick Teflon FEP were pressed into contact 
with the PVF under a pressure of  20 000 Ib (1 lb = 0.45 kg) 
and at a temperature of  60°C for 30rain. This was to 
ensure good contact between the polymer and so improve 
heat conduction across the system. Silver electrodes 
were then evaporated onto the outside of the sandwich 
arrangement and the system was enclosed in the stainless- 
steel jacket in the same way as described previously. 

A thermally stimulated conductivity control experiment 
using Teflon FEP was carried out and this showed that 
this polymer was thermally inert in that no measurable 
peaks in the range of temperatures used in the experiments 
were observed. 

In order to keep the results comparable, a voltage of 
320V was applied across the sandwich equivalent to a 
voltage of 120V across the PVF. This was checked using 
a Lindemann electrometer. 

Effect of heating rate on the thermally stimulated 
conductivity plots. Experiments were carried out to 
determine the effect of heating rate on the positions and 
heights of the peaks of the thermally stimulated conduc- 
tivity plots. The heating rate was varied between 2°C/min 
and 15°C/min and it was found that the positions of the 
peaks below room temperature were displaced towards 
a higher temperature with increasing rate, by an average 
value of 10°C. However, the charge calculated from the 
area under the current-time curves was constant at 
~ 3 × 10 -s coulombs. 

At high heating rates (>  5°C/min) it was found difficult 
to obtain the high temperature peak unequivocally 
without experiencing the difficulties in current measure- 
ments which have been mentioned earlier. 

Also inaccuracies arose in the blocking electrode and 
opposed electrode temperature measurements owing to 
the presence of the Teflon FEP layer between the thermo- 
couple and the film sample. 

Because of  these inaccuracies and the difficulty with the 
high temperature peak it was decided to use a heating 
rate in the region of  3°C/min. 

RESULTS AND DISCUSSION 

The study of  thermally stimulated currents as a means of  
obtaining information on trapping levels is usually based 
on the following experimental procedure. A source of  
energizing radiation (e.g. ultra-violet light) is applied to 
the material at low temperature, in order to excite charge- 
carriers (e.g. electrons) either from the valence band or 
from donor centres to the conduction band. The carriers 
then migrate under the influence of an applied field or 
trapping centres where they are localized in the trapped 
state at low temperature. On removing the radiation and 
raising the temperature under short circuit conditions, 
the associated thermal energy is eventually sufficient to 
release the trapped carriers, and a current is observed 
corresponding to their movement to recombination 
centres. The current rises to a peak and then decays as 
the traps are thermally emptied. The temperature at 
which the peak occurs depends on the trap depth, and 
on the heating rate, but can be analysed to determine 
the value of the former. 

In the present case with PVF, this type of effect was 
not observed. Thus although PVF shows evidence of  
photoeffects at room temperature, the application of  
u.v. or visible light at - 196°C  to, for example, a 50t~m 
film at 120V, does not give rise to any detectable current 
when the sample is subsequently warmed under short 
circuit to + 30°C. Work reported elsewhere 3, 4 has indi- 
cated that the explanation probably lies in the fact that 
PVF, and indeed most simple polymers, do not contain 
inherent charge-carriers. The currents observed in the 
dark and on optical stimulation in fact arise by injection 
of carriers from the external electrode. With this in mind 
an experimental sequence was used which did in fact 
give rise to thermally stimulated effects in a range of  
polymers, including PVF, polyethylene, poly(ethylene 
terephthalate) and Viton (a copolymer of perfluoro- 
propylene and vinylidene fluoride). The results are least 
complicated below room temperature, and studies in this 
region are discussed first in relation to PVF, in the 
following section. 

Thermally stimulated current below room temperature 
The following experimental sequence designated 

sequence I was applied to a 50 t~m PVF film, onto which 
had been evaporated silver electrodes. A voltage of 120V 
was applied at 20°C in vacuo for 104see. The film was 
then cooled to -196°C,  and short circuited. On heating 
the sample at 2.5°C/min, the current-time relation 
shown in Figure 3(I) was obtained. It was argued that the 
application of  a field at 20°C, which is known to give 
rise to detectable current (~10-11A/cm z in the above 
case), should result in the injection of charge-carriers, 
which may subsequently be trapped. By lowering the 
temperature to -196°C  with the field still applied, the 
charge may remain trapped on short-circuiting. It is 
thus possible that the peaks observed in Figure 3(I) 
correspond to the thermal release of  the charge, and its 
subsequent return to its image charge on the electrode. 
The direction of  the current in Figure 30) was in the 
correct direction (namely opposite) to that observed 
during the application of the field at 20°C. It might thus 
be deduced that there are at least three discrete trapping 
levels in PVF. 

However, if this explanation were correct, it should 
follow that on applying a field at - 196°C  to a fresh 
sample and then raising the temperature (sequence II), 
the current should increase progressively and that there 
should be no regions of decreasing current. Thus, no 
peaks should be observed in this type of experimental 
sequence. In fact the plot shown in Figure 3(II) was 
obtained, which is similar in shape but opposite in sign 
to Figure 3(I). 

An alternative explanation for these peaks which is 
consistent with the above results is that the application 
of a field at room temperature, or in sequence II, (Figure 
3), displaces charge to a limited extent16; and that this 
charge returns to its original position on short circuiting, 
during sequence I (Figure 3). Such limited and reversible 
charge displacement is of course typified by dipole 
orientation, and the amount of charge displaced (3 × 10 -8 
coulombs/cm 3) is consistent with this explanation in the 
present case. I f  it is assumed that the dipoles are only 
partly oriented under the above conditions, the applica- 
tion of higher field strengths should result in higher 
current peaks in Figure 3, with the amount of charge 
associated with the area under the peaks, proportional 
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Figure 3 Thermal ly  st imulated currents in PVF below room 
temperature 
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Figure 4 Current- t ime relat ionships in PVF fi lm at 20°C: 120V 
across a 50/Lm film. (I), Si lver electrodes evaporated onto PVF; 
(11), blocking contacts; (111), (I) and (11) 

to (voltage) t'°. This was in fact found to be the case. 
The effects below room temperature thus do not involve 
the injection and trapping of a localized space charge, 
which would be expected to have a voltage dependence 
involving a square, or higher power. 

In order to confirm this point, the experiments discussed 
above were repeated using a sample of PVF film which 
was sandwiched between two quartz plates, with the 
silver electrodes evaporated onto the quartz, and only 
in light contact with the PVF. A separately reported 
study 15 has shown that electrodes of this kind are not 
injecting (and this point is confirmed in the next section), 
but in spite of this fact identical plots to those shown in 
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Figure 3 were obtained. Hence, the charges involved in 
these thermally stimulated current experiments below 
room temperature cannot arise by injection, and are 
probably associated with dipole orientation. Their 
orientation or relaxation at three discrete temperatures 
is more likely to be associated with second order transi- 
tions, at which various radicals or chain-segments 
become mobile. 

Various workers have in fact reported transitions in 
PVF, and a summary of these results are given in Table 1. 
The thermally stimulated current peaks at - 60°C  and 
-20°C  are thus consistent with previously observed 
transition points. The lower peak at -100°C is below 
the range used by previous workers; while the second 
order transition work indicates that a further t.s.c, peak 
may be expected above room temperature. It should be 
appreciated that there is no absolute significance to be 
attached to the t.s.c, peak temperatures, which are 
strongly dependent on the experimental conditions, e.g. 
rate of heating. 

Table I Comparison of thermally st imulated current peak 
temperatures with second order transit ions in PVF 

Method Peak temperatures (°C) 

Present work (t.s.c.) --100 - 6 0  - 2 0  +75 
Dynamic 17 - -  - -  - 20 + 41 
Dynamic TM 1 Hz - -  --75 ~ +45  
Dielectric loss max TM ~ - 6 0  - -  - -  
(mech. relax, at 
-100°c) 

Currents at room temperature 
The application of a field at room temperature (120V 

across a 50/~m film of PVF for example) with evaporated 
silver electrodes results in a current-time relation of the 
form given in Figure 4(1). The existence of a steady-state 
current suggests that with evaporated electrodes charge 
carriers are being continually injected, and transported 
through the film. The use of silver on quartz electrodes 
lightly pressed against the polymer gives rise to a contin- 
ually decreasing current, at a lower level. In this case 
injection is absent, and current is associated exclusively 
with the orientation of dipoles--a process which of 
course eventually terminates when the dipoles take up 
steady-state positions in the presence of the field. The 
area under this curve (II) is 2.5 × 10- S coulomb, and the 
fact this corresponds quite closely to the combined areas 
of the peaks in Figure 3 (3 × 10-8 coulomb) gives strong 
support to the conclusion that the low temperature t.s.c. 
peaks do not involve injection and trapping. With 
evaporated electrodes (1 in Figure 4) the dipole orienta- 
tion process is superimposed on the charge-injection 
process. 

The short circuiting of the sample with pressed, non- 
injecting electrodes, gives rise to a current-time relation 
which is equal but opposite in sign to II. Thus the oriented 
dipoles return to their normal positions on short-circuiting 
at room temperature, although a period of some 104 sec 
is required. I f  the sample with evaporated electrodes is 
short-circuited after the application of a field, a plot 
similar to II is again obtained, indicating that the dipoles 
relax as might be expected; but that if any trapped charge 
is present, it is not released to any detectable extent. 

The charge-injection process on application of the 
field can be separated from the dipole orientation process 
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by subtracting II from I to give III. The important feature 
of this plot is that it is still time-dependent in the early 
stages until a steady state has been set up, indicating that 
a detectable amount of charge is absorbed by the film. 
Insofar as this charge is probably located near to the 
injecting electrode, its effect in the external circuit will 
only be registered in proportion to the distance moved. 
Consequently the area under curve III, which is 1 x 10 -8 
coulomb (in a 1.5x 10-2cm 3 sample) only represents a 
lower limit for the injected charge. Nevertheless, the 
important point is that this charge is retained by the 
polymer on short-circuiting at room temperature, and 
so may be expected to be released at some higher tempera- 
ture. 

Thus from the above experiments, there are indications 
that a charge release peak may be observed above room 
temperature; and as there is known to be a major second 
order transition in this region it is also expected that a 
further dipole-orientation peak may be observed. 

Thermally stimulated currents above room temperature 
The two sequences involving applying a field at room 

temperature, cooling to -196°C, short-circuiting and 
warming (I); and cooling under short-circuit to -196°C, 
applying a field, and warming (II) were extended to the 
range above room temperature. In Figure 5 heating was 
in fact continued to 100°C. The low temperature peaks 
occur as before (slightly displaced owing to the use of 
different experimental conditions), and some new features 
are apparent above room temperature. Plots I and II 
in this region are no longer similar in contour although 
they are opposite in sign. In sequence I, a peak is apparent 
at 75°C, but this is swamped in sequence II (with field 
applied) by the normal conduction current, which becomes 
significant above -20°C.  This peak is of obvious interest, 
especially as it is in a region where it could reasonably 
be assigned to the main glass-to-liquid transition (Table 1). 
However, it is followed by a region of further current 
increase even in sequence I (which uses short-circuit 
conditions), which tends to overlay the 75°C peak. This 
is of some concern in that it reaches the high current 
value of 10-SA at 120°C, and decays only slowly from 
this value. The charge displaced during this period 
(10-4coulomb in a 1.5 × 10 -2 cm z sample) is far in excess 
of what might be reasonably ascribed to the release of 
trapped charge, and so an alternative explanation was 
sought. 

In a separately reported study 15 on photoeffects in 
PVF it was observed that a photoelectric e.m.f, and 
current could be obtained. The current in the present 
case could thus be thermoelectric in origin, in view of the 
fact that the sample is not only heated, but is also sub- 
jected to a temperature gradient. I f  this is correct the 
effect should also be present in a fresh sample which has 
not previously been subjected to a field, and the conse- 
quent injection of charge. This was in fact found to be 
the case, and the direction of the current was consistent 
with the flow of electrons away from the higher tempera- 
ture electrode. When the temperature gradient was re- 
versed by heating the normally cooler electrode by a 
source of radiant heat, the direction of the current was 
similarly reversed. A further feature of the effect which 
indicated its thermoelectric origin was the associated 
voltage. The voltages associated with dipole orientation 
were too large to be recorded by the electrometer used but 
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were in excess of the figure of 2V (the experimental 
limit of the instrument). (These high values are consistent 
with the high voltages (>  100V) used to produce dipole 
orientation.) For the thermoelectric effect, however, a 
much lower voltage of ,,~ 100mV, was observed. 

Thus the large persistent currents observed under 
short-circuit conditions at high temperatures are ade- 
quately explained. The effect also yields the useful piece 
of information that the charge-carriers involved are 
electrons rather than holes. It is of some inconvenience, 
however, in that it overlays the 75°C peak and so makes 
it difficult to decide whether this is a further dipole 
relaxation effect; or whether it is associated with the 
release of any injected charge in samples which have 
been subjected to previously applied field. It is, of course, 
the release of such charge, possibly from trapping centres, 
which is the main purpose of this study. 

Two approaches were used to overcome these diffi- 
culties. In the first, use was again made of non-injecting 
electrodes. The thermoelectric effect depends on the 
displacement of charge across the polymer/electrode 
interface, to differing extents determined by the tempera- 
ture gradient. The prevention of injection should thus 
eliminate the effect. Unfortunately the simple expedient 
of using pressed electrodes which is effective below 
room temperature, fails at higher temperatures because 
the softening of the polymer results in improved contact, 
so that injection becomes increasingly apparent. (This 
was confirmed in various ways including the determina- 
tion of transferred static charge on separation of the 
polymer, and measurement of the steady-state current 
under an applied field.) Teflon FEP spacers of 12.5/xm 
thickness were found to be effective, and a sandwich 
was constructed of silver-on-Teflon FEP/PVF/Teflon 
FEP on-silver. 
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Figure 5 Thermally stimulated currents in PVF above room 
temperature using injecting electrodes 
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Figure 6 Thermally stimulated current in PVF above room 
temperature using non-injecting electrodes 

From the equation: 

I/i d1~2 
r'z d2~1 

where V and d represent voltage and distance, and E is 
the dielectric constant, it was calculated that a voltage 
across the sandwich of 320V was necessary to provide 
a voltage drop of  120V across the 50/zm PVF film. The 
resulting current-time plots at 20°C, both on application 
of  the voltage, and on subsequent short-circuiting, were 
identical with plot II in Figure 4, as would be expected. 

On heating a fresh sample to 130°C no current was 
observed, indicating that the thermoelectric effect had 
been eliminated. With sequence I, involving heating a 
previously charged sample under short-circuit, the normal 
low temperature peaks were evident, and above room 
temperature one single peak was apparent (Figure 6) 
with no further effects at higher temperatures. The peak 
in fact was displaced slightly from that in Figure 5 owing 
to the different temperature measurement arising from 
the use of the insulating Teflon FEP layer. The peak 
temperature was 95°C. A similar peak was observed in 
sequence II, which gave a plot similar in contour, but 
opposite in sign to I. The charge associated with this 
peak, 7.2× 10-8coulomb, is slightly greater than that 
associated with the low temperature peaks under similar 
conditions (3 x 10 -8 coulomb). 

It thus seems reasonable to ascribe this peak to the 
main glass-to-liquid transition, determined by mechanical 
methods to lie at 41-45°C (Table 1), and to associate it 
with the displacement of  dipoles. 

The question thus still remains as to whether a peak 
corresponding to the release of  trapped charge can be 
detected at higher temperatures. The second approach 
to minimizing the thermoelectric effect involved the use 
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of half-disc electrodes evaporated onto the PVF, and 
connected in opposition in order to cancel out the thermal 
gradient across the film (Figures 2a and b). Using this 
approach it was found that the thermoelectric current 
(observed using a fresh sample) was not in fact eliminated, 
but it was reduced to the level of ~ 10-11A at 100°C, 
and this was considered to be sufficiently encouraging to 
look for the release of trapped charge. 

In order to increase the chance of detecting a charge 
release peak, voltage was applied at higher temperatures, 
in the hope of injecting an increased amount of charge. 
When 120 V was applied to a 50/zm thick film of PVF 
at 80°C, the current-time relation before a steady-state 
current was reached indicated that ~ 7 x 10 -5 coulomb 
is introduced--a significant increase over the amount 
introduced at 20°C. On cooling to room temperature 
and heating under short-circuit (sequence I) the normal 
75°C peak was observed, but on raising the temperature 
further the current increased again, beyond the level 
expected for the residual thermoelectric effect. A further 
difficulty now arose in that above 90°C the effective 
resistance of  the sample becomes less than that of the 
measuring resistor in the electrometer with the result 
that distorted current readings are obtained. In order to 
overcome this problem the temperature was held steady 
at 110°C, and the current measured (Figure 7). The cur- 
rent eventually started to decay after 600sec, and 
approached the level associated with the residual thermo- 
electric effect. It was thus only possible to estimate the 
location of  the peak on the temperature scale, and this 
estimated value was 120°C. The amount of charge 
estimated from the area under the peak was ~ 3 x 10 -5 
coulomb. 

It is thus established that a peak can be observed in 
the thermally stimulated spectrum of PVF which is not 
associated with the reversible displacement of internal 
charge (for example dipole orientation) as it does not 
appear when non-injecting electrodes are used. It can thus 
reasonably be ascribed to the release of charge, injected 
by the prior application of a field. Only one peak has 
been detected and this is located at 120°C. 

The fact that charge can be injected and immobilized 
for long periods, and subsequently released by thermal 
(or as reported elsewhere optical) energy might indicate 
that the 120°C peak can be considered as a trap. However, 
this is not necessarily the case if a trap is defined as a 
localized centre, different in nature from the bulk of the 
polymer, and occurring only to a limited extent. This 
definition is important insofar as it involves the presence 
of  physical or chemical defects in the overall structure; 
and if the latter is the case there exists the possibility of  
removing or neutralizing these impurities, and so obtain- 
ing control over behaviour. A simpler alternative explana- 
tion, however, is that the charge carriers after injection 
are slow-moving to an extent which is determined not by 
traps but by an inherently low-mobility process, such as 
hopping. The effect of increased temperature is thus to 
increase mobility and so to speed up the release of charge. 
When the half-life of this process becomes comparable 
with the time scale of the experimental method (deter- 
mined in the present case by the rate of heating) discharge 
becomes measurable and gives rise to a current which first 
increases with increasing temperature, and then decays 
when the supply of  charge is depleted. A peak is thus 
obtained which is no longer characteristic of a 
trapping energy level; but is determined by the current- 
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temperature relation for the polymer, and the experi- 
mental rate of  heating. 

In the former case the thermal energy would overcome 
the energy gap between the trapping level and that of  
the conduction level, which itself may involve a thermally 
activated mobility process. The situation is represented 
by Figure 8(a). Provided that the rate of movement of 
charge-carriers in the conduction level is sufficiently 
rapid to be non-rate-limiting (which probably means that 
AEc should be less than AEt) then the thermally stimu- 
lated current peak is determined by the trap depth AEt. 
In the second case, however, (Figure 8b), the peak is 
determined by the activation energy of the carrier 
mobility only (AEc), and hence is an inherent charac- 
teristic of the material, rather than of any defects. 

In order to distinguish these possibilities, a study was 
made of the steady state current-temperature relation in 
PVF. 
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Figure8 (a) Thermally stimulated current arising from detrapping ; 
(b) thermally stimulated current associated with the increased 
mobility of charge, which is effectively immobil ized at lower 
temperatures 

Steady state current-temperature relation in PVF 
The thermally stimulated current experiments (which 

yield current as a function of both temperature and time) 
have shown that two processes occur when a field is 
applied to a PVF film. There is a reversible displacement 
of charge, probably corresponding to the orientation of  
dipoles; and there is a time-dependent injection current, 
involving electrons injected from the electrode. It is 
obviously necessary to separate these two processes when 
attempting to study temperature dependence of the 
steady-state current. 

In order to overcome this difficulty, the voltage was 
applied at a high temperature, and the steady-state current 
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Figure 7 Thermally stimulated current ( ) and voltage 
( . . . .  ) in PVF using split-opposed electrodes to minimize the 
thermoelectric effect ( . . . .  ) 

(after 104sec) was determined at a series of decreasing 
temperatures. Using this sequence of events it was 
assumed that the dipoles would be oriented at the 
higher temperatures, and would remain so on passing 
through the second order transition point. The results 
given in Figure 9 show that under these conditions there 
is a single value for the activation energy of 1.05eV, 
between 150°C and 20°C. 

If  the explanation for the charge release peak at 120°C 
in Figure 7 is one involving traps, then it is known that 
after 104sec at l l0°C (Figure 7) this charge is released, 
and hence that the traps must be empty. At room 
temperature, however, it is also known (Figure 4) that 
the injected charge persists for 105 sec under short-circuit 
conditions. Consequently in the steady-state current 
experiments, trapping would be expected to become 
evident between 80°C and 20°C, with the result that a 
discontinuity in the plot would be expected in this region. 
In fact no discontinuity was observed (Figure 9). 

It thus follows that discrete traps, present in the poly- 
mer to only a limited extent, are not present. 

CONCLUSIONS 

Results from thermally stimulated current experiments 
using PVF are consistent with the picture that in the 
normal conduction process charge-carriers are not 
inherently generated from within the polymer, but are 
injected from the electrodes on the application of a field. 
On subsequent short-circuiting at room temperature the 
movement of these charge-carriers in the absence of a 
field is so slow that no detectable current is observed 
(<  10 -15 A). The application of thermal energy, however, 
causes an increase in mobility with the result that the 
associated current at first increases, and then decreases 
as the reservoir of previously injected charge is depleted. 
The resulting current peak has typically a value of 10 -9 A 
at 120°C. The activation energy of the process (1.05 eV) 
is such that a five order decrease is expected in the 
magnitude of the mobility between 120°C and 20°C, 
which is the reason why no detectable currents are 
observed at room temperature on short-circuiting. 

The charge is deduced to be inherently slow-moving 
at room temperature, rather than trapped at localized 
defects or impurities. The distinction is important in that 
it rules out the possibility of  controlling conduction 
behaviour through the extraction or neutralization of 

POLYMER, 1972, Vol 13, August 377 



Thermally stimulated conductivity of poly(vinyl fluoride): A. 

icf ~ 

16 8 
< 

E 

U 

i(~ I° 

Figure 9 

I I I I I 
2"2 2.6 3 .0  

I l r x  10 3 (K -l) 

S t e a d y  state current vs. temperature in PVF film 

I 
3.4 

impurity trapping centres. The mobility of  the charge- 
carriers is thus an inherent characteristic of  the bulk 
structure of PVF, and the fact that this polymer shows 
higher dark conduction levels than for example does 
polyethylene, is a function of  this overall chemical 
structure rather than of the existence of  a lower concen- 
tration of traps. 

In any picture involving trapping, the location of  a 
charge release peak is taken as a measure of  trap depth, 
and can be interpreted quantitatively to give a value for 
the latter 19. On the present picture, the peak temperature 
120°C has a different significance. Two processes are 
involved. First the charge which has previously been 
injected by a field increases in mobility with temperature. 
This is determined by the value of the mobility at a 
given temperature (/z0) and its temperature dependence 
(determined by the activation energy AE~). The rising 
current thus depends on /z0 and AE~,, and also on the 
amount of  charge previously injected. This in turn is a 
function of the field strength and time of application of  
the previously applied field. The second process involves 
the depletion of the previously injected charge with time, 
and this of course gives rise to a decreasing current with 
temperature. The result is that a peak is obtained, whose 
location in the temperature scale depends on the experi- 
mental conditions used (i.e. strength and time of applica- 
tion of  previously applied field, and rate of heating during 
the t.s.c, experiment); but also on/z0 and AE~. 

The t.s.c, peak temperature (for a given set of  experi- 
mental conditions) is thus determined by charge carrier 
mobility; to be more precise by/~0 and AEt,. If  the cur- 
rents in simple vinyl polymers can be considered generally 
to arise from injection and hence to involve space-charge- 
limited process, mobility is the only important parameter, 
and should be correlated with the peak temperature 
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when a range of polymers is considered. This point is 
considered in detail in a later paper, but it should be 
evident here that in lower conductivity polymers dis- 
charge can only be effected by raising the temperature 
of  the charged material to a much higher temperature 
(than 120°C), and probably in some cases to the point 
where chemical decomposition occurs. 

Two other thermal effects have been observed in this 
study, which can be distinguished from the charge 
release process through the use of blocking electrodes, 
and of  split-opposed electrodes. In the first case, four 
discrete peaks can be observed, three below room tempera- 
ture and one above, which are associated with the 
reversible and limited displacement of inhert charge. The 
most likely explanation is that the orientation of dipoles 
is involved 16, and that movement becomes possible 
progressively at various stages on an increasing tempera- 
ture scale, as the sample passes through a series of second 
order transition points. There is a good correlation 
with previously observed transitions detected by mechani- 
cal methods for three of the peaks; but the fourth peak 
at - 1 0 0 ° C  has not previously been observed. Peaks of  
this type have been observed by previous workers, and 
ascribed to traps6, 8. This explanation is, however, 
definitely excluded for the reasons detailed above. 

The second effect is that of  a thermally generated e.m.f., 
arising from a thermal gradient across the sample. This 
gives rise to currents as high as 10-SA across a 50/zm 
sample, and is in a direction such that electrons rather 
than holes are indicated as charge-carriers. The value of 
the e.m.f, is in the region of  100mV for the conditions 
used. 

There is reason to think that these effects and their 
interpretation are general in nature, and in a later paper 
results from other polymers are considered to support 
this contention. 
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Electron microscope investigation of 
poly(ethylene oxide) supermolecular 
particles in solution 
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Using freeze-drying methods, preparations are obtained which enable the state 
of polymer molecules in solution to be investigated by electron microscopy. With 
poly(ethylene oxide) in dimethylformamide and water evidence for supermolecular particles 
in the solutions was found. The sizes and size distributions for fractions of different molecu- 
lar weights at various concentrations were determined. The results show that poly(ethylene 
oxide) molecules give rise to polydisperse aggregates in both solvents but that only in the 
crystallizing solvent (dimethylformamide) does a growth process follow the primary 
aggregation. Indications of the probable mechanism of growth have been obtained from the 
increase of the mean particle diameter with the concentration for the different molecular 
weights, 

INTRODUCTION 

The possibility of direct, electron microscope observa- 
tion of particles dissolved in solution has been repeatedly 
exploited in the past years for directly measuring the 
sizes of dissolved macromolecules 1-4 as an alternative 
method of molecular weight determination. 

The basic difficulty involved is to preserve the original 
arrangement in solution on the surface. 

The preparation processes for electron microscope 
examination in fact usually involve the removal of the 
solvent from drops of solution directly deposited onto 
Formvar or carbon supports. This procedure may cause 
secondary agglomeration of the dissolved particles, 
unless the original solution is extremely dilute 4-6. 

In order to prevent these artefacts, a combined spraying 
and freeze-drying technique may be used 6-s. In this way, 
particles present in the solution, either single molecules 
or aggregates, will be preserved with the conformation 
they have in the sprayed droplets. Furthermore, if a low 
volatility solvent is employed, the conformation is that 
characteristic of the solution. 

On the other hand, accurate size meausrements are 
directly connected with the resolving power of the micro- 
scope and with the shadow-casting technique employed. 
A limiting size therefore exists beyond which question- 
able results are obtained 9. However, the electron micro- 
scope is of particular interest for showing supermolecular 
structures in polymer solutions. 

The present paper deals with poly(ethylene oxide) 
(PEO) solutions. The presence of supermolecular particles 
in dilute solutions has been observed in our labora- 
tories TM through light-scattering measurements, as well 
as by other authors 11, 12. It is not quite clear whether they 

are covalently bonded microgels, molecular clusters, or 
crystalline nuclei. 

Poly(ethylene oxide) is a crystalline polymer with a 
melting point of 66-69°C 13. Crystalline phase separation 
can therefore take place in dilute solution in certain 
solvents at lower temperatures. 

The crystallization process follows a well identified 
path 14, a nucleation process being involved in the initi- 
ation. Nucleation is initiated by transient structures 
brought about by thermal fluctuations, which lead to 
persistent clusters and eventually to entities with a solid- 
like configuration of molecules. The subsequent growth 
to macroscopic crystals can start only if such embryos 
exceed a certain critical size, thus acting as crystallization 
'nuclei'. 

It has been ascertained in a general way t5 that suspen- 
sions of polymer crystals give rise, above the clearing 
point, to solutions containing submicroscopic entities 
capable of nucleating single crystals on subsequent 
cooling. Such entities exist usually in a limited tempera- 
ture range above the clearing point (10 to 15°C) well 
below the melting point of the bulk polymer. Their 
characterization has been attempted z5 for polyethylene 
but several uncertainties exist, especially regarding their 
polymolecularity and morphology. Furthermore it is 
uncertain if they are equilibrium entities. If this is the 
case they should also exist in a solution cooled to a 
temperature in the range reported from a temperature 
above the melting point of the bulk polymer. A 
study of such apparently homogeneous solutions would 
give useful direct information on the nucleation mecha- 
nism. 

Electron microscope investigations on sprayed and 
freeze-dried solutions can be usefully employed to 
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ascertain the presence of supermolecular entities as well 
as to determine their sizes and shapes and their depend- 
ence on some solution parameters such as concentration 
or type of solvent, which may aid in elucidating the 
nucleation mechanism. 

Direct evidence for the presence of large particles and 
their dimensions in visually homogeneously dispersed 
solutions of poly(ethylene oxide) in dimethylformamide 
and water are reported in this paper. 

chloroform/n-hexane at 25°C was chosen for the 
fractionation. 

Table 1 reports the molecular weights of the samples 
used in this study, as calculated from the intrinsic 
viscosity in benzene at 25°C by means of the equation17: 

[~7]~, = 3"97 x 10-4M 0"687 

Reagent grade dimethylformamide (DMF) was doubly 
distilled under high vacuum and twice-distilled water was 
used for the aqueous solutions. 

EXPERIMENTAL 

Poly(ethylene oxide) can be particularly useful when 
spraying solutions at room temperature owing to its 
low melting temperature. The spraying of a hot solution 
is in fact quite impracticable. 

Dimethylformamide has been chosen as a solvent 
because the polymer is reported to crystallize from dilute 
solution 13 at a temperature around 10-12°C. Submicro- 
scopic nuclei might therefore exist up to 20-25°C if the 
knowledge gained for polyethylene 15 can be directly 
applied to poly(ethylene oxide). 

Water, on the other hand, does not give a crystalline 
phase separation; therefore, only single molecules or 
non-crystalline aggregates might be evidenced. 

Both dimethylformamide and water have a sufficiently 
low vapour pressure to guarantee that at room tempera- 
ture spraying is not accompanied by noticeable solvent 
evaporation thus avoiding molecule coalescence in the 
droplet 4. 

The highly crystalline character of poly(ethylene oxide) 
guarantees furthermore that, whatever the sublimation 
temperature in the freeze-drying apparatus, as long as 
this is lower than the melting point of the polymer, the 
freeze-dried particles do not collapse in subsequent 
heating to room temperature. This is a necessary condi- 
tion if shapes and sizes of the particles detected on the 
micrographs have to be related to the particles present 
in the solution 4. If the particles in solution are crystalline 
entities no problem exists. If they are amorphous only 
a contraction due to their crystallization will happen. 

It is well known 16 that crystalline polymers quenched 
from the melt to a temperature lower than their Tg are 
amorphous, if their crystallization rate is not too high, 
but crystallize rapidly when raising the temperature above 
Tg. 

The exact amount of the volume contraction will 
depend on the degree of crystallinity attained but will 
never exceed the limits of precision in particle size 
determination by electron microscope techniques. 

For poly(ethylene oxide) the maximum contraction 
could be calculated assuming a liquid like configuration 
of molecules in the particle in solution and a crystalline 
arrangement in the particle on the support. This would 
involve the density to pass from a value of about 1.12 
to 1.17 at 25°C 9 and consequently the measured diameter 
will be equal to the real diameter times a factor 0.985. 
The maximum error in the diameter evaluation will 
therefore be equal to about 1.5 ~.  

Table 1 Intrinsic viscosities and 
molecular weights of poly(ethylene 
oxide) fractions employed in the 
electron microscope investigation 

[r/Ic6H6 

Sample (dl/g) M x  10 -5 

PEO-F1 3'92 6"65 
PEO-F2 2' 48 3" 40 
PEO-F3 1.82 2.20 

Since PEO does not dissolve in DMF at room tempera- 
ture, a standard thermal treatment of I hour at 80°C 
was adopted both for DMF and water solutions in order 
to ensure that no crystalline residues were left in the 
solutions. Such a temperature is in fact 10-15°C higher 
than the melting point of the bulk samples and complete 
dissolution should be achieved. 

Dimethylformamide solutions so obtained and cooled 
to room temperature are visually homogeneous and do 
not show crystal separation at any time. With a cooling 
rate of 5°C per hour separation of a crystalline phase is 
achieved at a temperature around I°C for the more 
concentrated solution. 

Electron microscopy 
The specimens for electron microscope examination 

were prepared by spraying the polymer solution through 
a home-made high pressure atomizer onto a cold carbon 
surface supported on a Formvar substrate, employing 
the freezing and drying technique indicated by Ruscher 4. 

A sublimation chamber connected to a trap, according 
to the description given by Horne 8 was employed as the 
freeze-drying unit. The chamber was cooled to the liquid 
nitrogen temperature before spraying. 

Spraying was performed by using a nitrogen gas flux 
after flushing the chamber with nitrogen. A pumping 
time of 15-20 min was then applied. The cooling tempera- 
ture was then raised to -70°C for DMF solutions and to 
-25°C for water solutions, a further pumping time of 
8 to 10 hours being allowed. Care was taken to allow 
sufficient time for the sublimation chamber to attain 
room temperature before admitting air. The material 
deposited was shadow-casted with Au-Pd or Cr. Blank 
specimens were also prepared in order to check that the 
solvents left no residues. 

All the electron micrographs were taken with a 
Hitachi HI 1 microscope. 

Materials and solutions 
The PEO samples employed in this investigation were 

fractions obtained from a commercial Polyox by Union 
Carbide. A fractional precipitation procedure with 

RESULTS AND DISCUSSION 

Single molecules of polymers with molecular weights 
equal to those employed in this work would have, if 
considered as spherical particles with a density equal to 

380 POLYMER, 1972, Vol 13, August 



Poly(ethylene oxide) solution particles: Carla Cuniberti and R. Ferrando 

that of the bulk polymer at 25°C is, average diameters of 
55A, 44.~ and 37.& respectively. 

If not tightly coiled the density would be lower and the 
diameters correspondingly appear larger. The radii of 
gyration of isolated coils with the molecular weights 
reported here may averagO 9 around 300A, 220.& and 
175A, corresponding to spherical particles with radii 
of 500A, 370A_ and 290A respectively. The very low 
density of such particles would presumably make them 
appear more like loosely coiled threads than like compact 
particles, though what conformation the isolated chains 
on a support may assume when taken to a temperature 
where flexibility is high can only be a matter of specula- 
tion. It will naturally also depend on the interactions 
between the molecule and the surface. 

On the basis of such observations, observed compact 
particles larger than about 100A cannot be single chains 
and aggregates can be easily differentiated owing to their 
larger sizes and higher compactness. The technique used 
guarantees that, when particles appear on the micro- 
graphs, they derive from the solution, the crystalline 
character of the polymer preventing artefacts due to 
collapse of particles. 

Figures 1 to 3 represent typical micrographs obtained 
for fractions PEO-F1 and PEO-F2 in DMF and for 
PEO-F3 in water at two different concentrations. The 
particles look more or less like flattened spheroids, much 
larger than molecular dimensions and not uniform in 
size. In order to obtain the aggregate size distribution 
only particles with a diameter larger than 100 ~ were 
considered on each micrograph. Their linear dimensions 
were measured with a x l0 microscope-millimeter rule. 

Table 2 Number average and most probable particle diameters 
for the systems PEO-F1 and PEO-F2 in DMF and PEO-F3 in water 

i 

C ~.D~ Om 
System (g/dl) (•) (~) 

PEO-F1 in DMF 0.024 720 670 
0-105 940 900 
0-204 1620 1200-2080 

PEO-F2 in DMF 0.018 320 260 
0.060 400 320 
0.09O 475 4OO 

PEO-F3 in H20 0.048 500 400 
0.082 625 550 
0.120 450 400 
0-180 440 310 

No attempt has been made to determine their thickness 
or their concentration in the solutions. 

From the cumulative number versus particle diameter 
plots, the smoothed distribution curves shown in Figures 
4 to 6 were obtained by graphical differentiation. When 
asymmetric sizes were observed, both the minor and 
major axes were measured and the geometric mean 
reported on the plots. 

Each curve may be characterized by a number-average 
diameter, (D), and by a most probable diameter, Dm. 
The difficulty of discerning the particles boundaries with 
sufficient accuracy and shadow effects 4 do not allow 
precise D values to be obtained. 

Table 2 shows ~D) and Dm values observed in solutions 
of increasing concentration for the systems indicated. 

In Figure 7, Dm data are plotted against the concen- 
tration for each system. This representation has been 

a b 
Figure 1 Electron micrographs of PEO-F1/DMF system: (a) c=0.105%, x32 500; (b) c=0.204%, x 18 500 
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a b 
Figure 2 Electron micrographs of PEO-F2/DMF system: (a) c=0.018~, × 50 000; (b) c=0.06~, × 50 000 

a b 
Figure 3 Electron micrographs of PEO-F3/H~O system: (a) c=0.082~, x 32 500; (b) c=0.18%, x 32 500 
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Figure 4 Size distribution curves of supermolecular particles in 
PEO-F1/DMF solutions: 1, c=0"024~/o; 2, c=0"105~/o; 3, c=0.204~/o 

chosen because PEO-F1 in DMF at c---0.18~ shows a 
bimodal distribution (curve 3 in Figure 4); only Dm 
related to the lowest peak appears in the plot. 

It is evident that particle sizes and size dispersions 
increase with both concentration and molecular weight 
in DMF: these findings cannot be explained by the pre- 
sence in the solutions of microgels deriving from the 
solid polymer, since in this case uniformity in size would 
be expected 3. A multi-steps association 20 would represent 
a better interpretation of the large polydispersity and of 
the concentration and molecular weight dependence. 

The molecular weight and concentration dependence 
in DMF may also be employed to gain further insight 
in the mechanism of particle growth. The slope of the 
diameter-concentration relation may be written as: 

(dDc)Mi=/dD\ /an, 

where M~ is the molecular weight of the non-aggregated 
phase and n = M/Mi is the average aggregation number. 

Equation (1) enables differentiation between particle 
shapes because it gives: 

dD\ l / l  \ - l /s  1 a / 1 dn 
dc)ii=3t6~NAp) M~I tn2/S ~tC)M i (2) 

for spherical particles, and 

dD\ l / l  \-1/2 a2 / 1 dn 
dC)M.i=2t3 rrpNAb) M~ / [niT- 2 dc)Mi (3) 

o r  

dD 2 2 -1 dn ( dc )ii=(jTrNAb ) ii(dC)M i (4) 

respectively for oblate and prolate ellipsoids with thick- 
ness, b, independent of the concentration. 

By assuming that n and dn/dc do not change with 
concentration and Mi, and plotting (dD/dc)Mi respectively 
against M~/3, M~/2 or M~ a straight line going through the 
origin should be expected only in one case, depending 
on what relation, among the three postulated, is obeyed. 

In Figure 8 the slopes of the two lines for DMF shown 
in Figure 7 are plotted against M~/2; this is in fact the 
only case showing the expected linear dependence. 

The particles grow therefore as oblate ellipsoids their 
average number of aggregation increasing according to 
the equation: 

1 dn 
n112 de=COnstant (5) 

which means that n increases as the square of the concen- 
tration. 

2 

o [ 
5oo 
D(.~) 

1000 

Figure 5 Size distribution curves of supermolecular particles in 
PEO-F2/DMF solutions: 1, c=0-018%; 2, c=0.06%; 3, c= 0.09% 
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Figure 6 Size distribution curves of supermolecular particles in 
PEO-F3/H20 solutions: 1, c=0.048~/o; 2, c=0-082~/o; 3, c-=0.12~/o; 
4, c=0.18~ 
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Figure 7 Most probable particle diameter, Din, plotted against 
the concentration: A, PEO-F1 in DMF; ©, PEO-F2 in DMF; 
[~, PEO-F3 in water  
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Figure 8 Dependence of the slopes of the lines of Figure 7, in 
DMF, on the sample's molecular weight 

Numerical values of  n have been omitted because 
such calculation would imply to assume a value for b 
and p, which would lie outside the limits of  this paper. 
The growth is similar to that characteristic of  polymer 
single crystals 21 and one is therefore compelled to con- 
elude that D M F  solutions should contain microcrystalline 
embryos that do not give rise to macroscopic crystals 
because they do not reach their critical size. This con- 
clusion is also supported by the fact that no appreciable 
differences were detected in the size distribution curves 
obtained at different times. 

However, aggregates are also evident on micrographs 
obtained f rom water solutions, where crystalline nuclei 
should not exist and only single molecules would be 
expected. On the basis of  the molecular weight depend- 
ence in DMF,  particle sizes in water should be smaller 
than the ones detected and have a (dD/dc)M value quite 
near to that for PEO-F2 in DMF,  which is well outside the 
experimentally detected constancy. 

Consequently, the primary aggregation among poly- 
(ethylene oxide) molecules seems to be determined by 
intermolecular interactions other than those involved in 
crystallization. Whether the aggregation process occurs 
at the dissolution temperature cannot be inferred f rom 
our results at room temperature. Presumably, however, 
in D M F  at lower temperature a secondary nucleation 
superimposes on the primary aggregation. 

CONCLUSIONS 

Our electron microscope investigation of poly(ethylene 
oxide) in dimethylformamide and water solutions shows 

R. Ferrando 

the presence, at room temperature, of  particles much 
larger than the molecular dimensions. 

The direct examination of the particle sizes for 
different molecular weights and concentrations eliminates 
the possible presence of covalently bonded microgels and 
indicates that a reversible association is involved. 

Whether the particles observed represent molecular 
clusters or crystalline nuclei it is difficult to say. However, 
since PEO may separate as a crystalline phase from 
dilute D M F  solutions at low temperature, while this does 
not happen in water, the presence of molecular clusters 
of  unknown density seems to be the best representation 
of the aggregates. 

From the data obtained f rom D M F  solutions a tenta- 
tive interpretation of  the mechanism of growth in this 
solvent has been made, which allows speculation on the 
concentration dependence of the shape and average 
number of aggregation of the supermolecular particles. 
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Equilibrium ring concentrations and 
the statistical conformations of polymer 
chains: Part 8. Calculation of small 
ring concentrations in polydihydrogen- 
siloxane and polydimethylsiloxane 
equilibrates 
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Theoretical molar cyclization equilibrium constants Kx for small, unstrained cyclics 
[H2SiO]x(X=4-8) and [(CH3)zSiO]x(X=4-9) in undiluted polydihydrogensiloxane and 
polydimethylsiloxane equilibrates are calculated using the dacobson and Stockmayer 
theory, without assuming that the corresponding chain molecules obey Gaussian statistics. 
The statistical conformations of dihydrogensiloxane chains are described by a simple 
rotational isomeric state model with skeletal bonds assigned to trans (¢=0 °) and gauche 
(4= +120 °) states with equal probability; and the statistical conformations of dimethyl- 
siloxane chains are described by Flory, Crescenzi and Mark's (FCM) rotational isomeric 
state model. Dihydrogensiloxane and dimethylsiloxane chains in undiluted equilibrates are 
assumed to be unperturbed by excluded volume effects, and the probabilities of intra- 
molecular cyclization are calculated by simply computing the statistically weighted fractions 
of the total number of conformations defined by the rotational isomeric state models that 
have terminal atoms in juxtaposition for ring closure. The calculated Kx values for cyclic 
dihydrogensiloxanes are compared with the published experimental Kx values for the 
homologous cyclic hydrogenmethylsiloxanes and dimethylsiloxanes. The FCM rotational 
isomeric state model of polydimethylsiloxane gives theoretical molar cyclization equili- 
brium constants for the cyclics [(CHa)2SiO]8 and [(CHa)2SiO]9 in excellent agreement with 
the experimental values. However, it is shown that before the FCM model can be used to 
calculate the molar cyclization equilibrium constants for smaller dimethylsiloxane rings, it 
must be modified so that it takes into account the mutual interdependence of sequencies of 
bond rotational states. 

INTRODUCTION 

Up to the present time, the cyclic populations of poly- 
siloxane equilibrates have been studied in greater detail 
than those of any other class of polymer. The molar 
cyclization equilibrium constants Kx for cyclics 
[R(CHa)SiO]z in equilibrated melts have been deter- 
mined for R = H ,  CH3, CHsCH2, CHsCH2CH2, 
CFaCHzCH2 and C6H5. Furthermore, the effect of 
temperature, pressure and the nature and concentration 
of added diluent on the concentrations of cyclics in some 
of these systems has also been investigated 1-6. 

The Jacobson and Stockmayer 7 theory provides an 
expression for the molar cyclization equilibrium constants 
for large, unstrained cyclics in polysiloxane equilibrates. 

In a previous study s, theoretical Kx values for cyclic 
dimethylsiloxanes [(CHs)2SiO]x were computed using 
Flory, Crescenzi and Mark's 9 rotational isomeric state 
model to describe the statistical conformations of 
dimethylsiloxane chains. Chains of all lengths were 
assumed to obey the Gaussian expression for the prob- 
abilities of intramolecular cyclization and their terminal 
bonds were assumed to be randomly oriented. Theoretical 
and experimental Kx values were in agreement for cyclics 
with more than thirty chemical bonds and differences 
between the theoretical and experimental Kx values for 
the smaller cyclics were attributed to deviations shown by 
the corresponding chains from Gaussian statistics as well 
as to the neglect of correlations between the directions of 
the terminal bonds 8. 
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In this paper, we report calculations of the molar 
cyclization equilibrium constants K~ for small cyclic 
dihydrogensiloxanes and dimethylsiloxanes by direct 
computational methods similar to those used to calculate 
cyclic oligomer concentrations in equilibrated melts of 
sulphur 1°-19, poly(ethylene terephthalate) 13 and sodium 
phosphatO 4. The results are compared with the published 
experimental Kx values for cyclics in polyhydrogen- 
methylsiloxane 4 and polydimethylsiloxane ~ equilibrates. 

THEORETICAL EXPRESSION FOR MOLAR 
CYCLIZATION EQUILIBRIUM CONSTANTS 

The equilibrium between ring and chain molecules in a 
polydihydrogensiloxane (R = H) or polydimethylsiloxane 
(R= CH3) melt may be represented as follows: 

-{-R 9SiO-]- v ~-[-R 9SiO-]- y-x + [R2SiO]x (1) 

The cyclic trimers [R(CH3)SiO]z (where R = H ,  CHa, 
CHzCHg, CHsCHgCHg, C6H5, CFaCHgCHg) have been 
found to be strained 1-5, and in this paper attentiol~ will 
be confined exclusively to unstrained cyclics with x/> 4. 

It has been established that there is a most probable 
distribution of chain lengths in polysiloxane equili- 
brates 4,15, and a similar distribution would be expected 
for polydihydrogensiloxane equilibrates. Hence, the 
molar cyclization equilibrium constants K0~ for cyclic 
dihydrogensiloxanes and dimethylsiloxanes should be 
related to the extent of reaction of functional groups in 
the chain polymers p by: 

Kx = [R 9SiO] zip ~ (2) 

For high molecular weight equilibrates (p=~ 1), the K~ 
values for small rings will be approximately equal to their 
molar concentrations. 

The Jacobson and Stockmayer theory yields the follow- 
ing expression for the K~ values (in mol/1) for cyclics 
formed by the forward step of equation (1) with zero 
enthalpy change 7, s: 

Kx=Wx/2Nax (3) 

where "¢~x is the density of end-to-end vectors r in the 
region r g0  (in molecules/l) and NA is the Avogadro 
constant. This is the expression that is required for the 
calculations to be described here. 

In the derivation of equation (3), correlations between 
the directions of terminal bonds expected for chains 
undergoing intramolecular cyclization have been neg- 
lected. Favourable orientation of termini of short siloxane 
chains undergoing intramolecular cyclization reactions 
would be expected to result in increases in the molar 
cyclization equilibrium constants for small cyclic siloxanes 
because termini undergoing the competitive intermolecular 
condensation reaction should be randomly oriented 8. 
However, in the absence of molecular structural informa- 
tion defining the solid angle within which the active 
termini of siloxane chains meet to form a chemical bond, 
no quantitative conclusions can be reached as to the 
magnitude of the corresponding changes in the Kx 
values.* 

* Correlation effects may be appreciable for very short siloxane 
chains, but they are expected to be negligible for the longest dihydro- 
gensiloxane and dimethylsiloxane chains (with 15-17 skeletal bonds) 
considered in this paper. 

Beevers and J. A. Semlyen 
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Figure I Section of the dihydrogensiloxane chain in the all-trans 
conformation. The structural parameters dsi_o=1-64~,, 0'=37 °, 
0"=70 ° are assumed to be the same as in polydimethylsiloxane 9 
and dSi-H= 1.48A 

Experimental and theoretical studies have shown that 
chains in amorphous polymers and polymeric melts adopt 
random-coil conformations that are unperturbed by 
intramolecular interactions between atoms and groups 
remote in sequence along the chain 16-18. Hence, in the 
calculations to be described, excluded volume effects are 
neglected and the dihydrogensiloxane and dimethyl- 
siloxane chains are treated as if they are free to intersect 
themselves. The only intramolecular interactions that are 
considered are those between non-bonded atoms and 
groups, which are separated by only a few chemical 
bonds. 

CYCLIC DIHYDROGENSILOXANES 

Rotational isomeric state model for polydihydrogensiloxane 
Polydihydrogensiloxane is structurally the simplest 

polysiloxane. Although the polymer is readily oxidized 
and hydrolysed and has not yet been fully characterized, 
several oligomeric dihydrogensiloxanes have been isolated 
and identified 19, 90. Furthermore, experimental informa- 
tion relating to the effect of hydrogen atoms on the 
statistical conformations of polysiloxane chains has been 
made available by the measurement of cyclic concentra- 
tions in polyhydrogenmethylsiloxane equilibrates 4. 

A section of the polydihydrogensiloxane chain is 
shown in Figure 1. Structural parameters of the chain 
were assigned using data provided by electron diffraction 
studies of two low molecular weight analogues. In di- 
siloxane (HaSi)90, the Si-O bond length dsi-o = 1.634 + 
0.002 A, the Si-H bond length dsi-a = 1.486 _+ 0.010 A 
and the Si-O-Si bond angle is 144_+0.9 ° 9z. In the tetra- 
meric cyclic, prosiloxane [H2SiO]4, dsi-o=l.628_+ 
0.004 A, dsi-r~ = 1.48 _+ 0.04 A, the Si-O-Si bond angle is 
149 °, the O-Si-O bond angle is 112 ° and the arrange- 
ments of bonds about the silicon atoms are approximately 
tetrahedralgL The Si-O bond length and the Si-O-Si and 
O-Si-O bond angles in these hydrogensiloxanes are 
similar to those in octamethylcyclotetrasiloxane 23 and 
other methylsiloxanes 94-26. Thus, with the exception of 
dsi-rl, the structural parameters of polydihydrogen- 
siloxane shown in Figure 1 are the same as those assigned 
to polydimethylsiloxane by Flory, Crescenzi and Mark 9. 

Scott and his coworkers 97 have shown that the energy 
barriers restricting internal rotation about the Si-O 
bonds in hexamethyldisiloxane are very low; and the 
unusual physical properties of polysiloxanes are believed 
to result, at least in part, from the ease of rotation about 
the skeletal siloxane bonds 98-a0. Nonetheless, as Flory is 
has argued, the statistical conformations of polysiloxane 
chains should be adequately described by representing the 
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continuum of rotational states about skeletal bonds by 
choice of a discrete number of rotational isomeric states. 
Following Flory, Crescenzi and Mark's 9 analysis of  
polydimethylsiloxane, skeletal bonds of  polydihydro- 
gensiloxane are assigned to trans (¢=0°) ,  gauche+ 
(¢ = 120 °) and gauche-  (¢=240 °) positions. Statistical 
weight matrices U' and U" are introduced to take 
account of the mutual interdependence of rotational 
states for pairs of bonds centred on silicon and oxygen 
atoms respectively. The elements of these matrices are 
Boltzmann factors e x p ( - A E / R  T) where AE is the dif- 
ference in energy between its associated conformation 
and the all-trans conformation and R is the gas constant. 

As a consequence of the small size of the hydrogen 
atoms, the wide bond angles at skeletal oxygen atoms and 
the long silicon-oxygen bonds, steric interactions 
involving substit~.ent hydrogen atoms in polydihydrogen- 
siloxane would be expected to have virtually no effect on 
the statistical conformations of the chains; and a detailed 
analysis of the steric and Coulombic interaction energies 
between pairs of non-bonded atoms has shown that the 
only intramolecular interactions of  consequence are 
electrostatic interactions between skeletal silicon and 
oxygen atoms. Even these are relatively unimportant and 
if they are neglected, all the elements of the statistical 
weight matrices U' and U" can be taken as unity, so that 

t~ g+ g~- .1[,, ,] 
, + U =gz ~ 1 1 i • 

g~_] 1 1 1 

Table 1 Number of conformations of dihydrogensiloxane chains 
with terminal atoms in close proximity 

Number of conformations defined by 
the rotational isomeric state model, 
with bonds in trans, gauche+ ,gauche-- 
positions, that have the centres of 
terminal silicon and oxygen atoms 

Value of x within the range 0-r•  Total 
in acyclic number of 
-[-H2SiO-]-x r = 2 ~  r = 3 ~  r=4,g, r = 5 ~  conformations 

4 2 10 18 36 243 
5 38 78 160 266 2 187 
6 170 490 1332 2 260 19 683 
7 1300 3 884 8938 16 736 177 147 
8 9270 29 766 - -  - -  1 594 323 

Table 1. Densities of end-to-end vectors r in the region 
r%0 were found by dividing the fraction of the total 
number of conformations for each x-meric chain with 
terminal atoms within a reaction distance r by the volume 
(4/3)=r a (cf. the calculations in refs 10 and 13). Theoreti- 
cal molar cyclization equilibrium constants K4-Ks were 
calculated by equation (3) with r =  3 A (a distance cor- 
responding approximately to the sum of the van der 
Waals radii of the terminal atoms of the chains). In 
Figure 2, they are compared with the experimental Kx 

Monomer units, x 
4 5 6 7 8 9 I0 15 

I I I I I I I I 

ti+l gi++l g'~l 
,, &[ 1 1 1 ] 

u =g~ 1 1 1 (4) 
gi 1 1 1 

In this approximation, the characteristic ratio for poly- 
dihydrogensiloxane is given by the familiar relation for a 
polysiloxane chain with free rotation about its skeletal 
bonds 16 : 

,(r2>0 (1 +cos0 ' ) (1  + c o s 0 " )  
nl 2 - (1-cosO'cosO") (5) 

where (r  2)0 is the mean-square end-to-end distance of the 
unperturbed chain of n bonds each of length l in the 
limit n-* oo. Using the bond angle supplements 0' and 0" 
quoted in the caption to Figure 1, (r 2)o/ni2 is calculated 
to be 3.3 at all temperatures.* 

Calculation of  molar cyclization equilibrium constants for 
cyclic dihydrogensiloxanes 

The distances between the terminal atoms of  x-meric 
dihydrogensiloxane chains -[-H2SiO-]-x with x = 4-8 were 
calculated for all 3 2z-3 conformations defined by the 
three-state rotational isomeric state model, and the 
number of conformations of each chain with terminal 
silicon and oxygen atoms within 2, 3, 4, 5 h are listed in 

-I 

-6 
E 

-2 
O 
._3 

-3  

o16 

~b 
x 

b,  ~ b  
x 

~3~ [lx[E 1 

x r l "  El,, 

k %, 

O'-B i.O 1.2 
Log x 

* It is noted that when Carmichael and Kinsinger al calculated the 
molar cyclization equilibrium constants for [(CH3)2SiO]a and 
[(CH3)2SiO]a, they assigned skeletal siloxane bonds to trans 
(¢=0  °) and gauche (¢=  + 120 °) positions with equal probability. 
Their rotational isomeric state model is identical to that represented 
by equation (4). Thus, it would be expected to provide a good 
representation of the statistical conformations of dihydrogensiloxane 
chains but not, of course, of dimethylsiloxane chains. 

Figure 2 Theoretical molar cyclization equilibrium constants Kx 
for cyclic dihydrogensiloxanes (/%) calculated by the direct 
computational method assuming a reaction distance r = 3 A  are 
compared with the experimental Kx values for cyclics [H(CH3)SiO]x 
at 273K (D) and [(CH3)2SiO]= at 383K (©). The unbroken line 
shows theoretical Kx values for cyclic dihydrogensiloxanes 
calculated assuming that the corresponding chain molecules obey 
Gaussian statistics (equation 6) 
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values for the homologous cyclic dimethylsiloxanes and 
hydrogenmethylsiloxanes, as well as with Kx values for 
cyclic dihydrogensiloxanes calculated by assuming that 
the corresponding chains obey Gaussian statistics so 
that 7, s: 

~Wx -~ (3/2~r(r~)0) 3/2 (6) 

Unperturbed mean-square end-to-end distances (r~)0 
required by equation (6) were computed by the methods of 
Flory and Jernigan 32,33 and the corresponding ~Wx values 
were substituted into equation (3) to give Kx values shown 
as an unbroken line in Figure 2. 

Although the Kx values for cyclic dihydrogensiloxanes 
have not yet been measured, the K4-K8 values calculated 
by the direct computational method are in accord with 
those expected by comparison with the experimental Kx 
values for the homologous cyclic dimethylsiloxanes and 
hydrogenmethylsiloxanes. 

It is noted that in a more exact calculation, each 
discrete conformation defined by the rotational isomeric 
state model would be accorded a statistical weight based 
on a consideration of  all the intramolecular interactions 
between non-bonded silicon, oxygen and hydrogen atoms. 
Furthermore, correlations between the directions of  
terminal bonds in the intramolecular cyclization reactions 
would also be taken into account. However, such refine- 
ments of the calculations must await more detailed 
molecular structural information pertaining to siloxane 
molecules than is available in the literature at the present 
time. 

CYCLIC DIMETHYLSILOXANES 

Flory, Crescenzi and Mark's (FCM) rotational isomeric 
state model of  polydimethylsiloxane a 

The FCM rotational isomeric state model of  poly- 
dimethylsiloxane was set up on the basis of  a theoretical 
analysis of  the polymeric chain using all the available 
molecular structural information a. In the model, each 
skeletal bond is assigned to either a trans (¢=0°) ,  
gauche+ (¢=  120 °) or gauche- (¢=240 °) state and the 
mutual interdependence of  adjacent pairs of  bond 
rotational states is taken into account by means of  two 
statistical weight matrices U' and U". The matrix U' 
applies to rotational states about pairs of bonds centred 
on silicon atoms and the matrix U" applies to rotational 
states about pairs of bonds centred on oxygen atoms, 
thus: 

~ + 
U =gi-1 l a 0 ; 

g~-i 1 0 a 

t~+z g/~-I g / + l  

U =gi 1 cr 3 
g~ 1 3 o 

(7) 

The statistical weight parameters a and 8 are assigned 
values so as to reproduce the experimental characteristic 
ratio ( r  z)o/nl 2 of  the linear polymer and the temperature 
coefficient dln(r  z)0/d T. At 383 K, the temperature of the 
calculations to be described here, the values of  the para- 
meters are a=0.327 and 8=0.082. As noted above, the 

Table 2 Densities of end-to-end vectors r in the region r~0 for 
dimethylsiloxane chains calculated using statistical weights 
provided by the FCM model 

Value of x in 
acyclic 
-[-(CHa)~SiO-]-x 

WxX 10-24 molecules/I calculated byeqn (9) for 

r=2• r=3A r=4,~ r=5,~ 

4 0.00000 0"00044 0.00075 0.00894 
5 0.00088 0.00089 0-00483 0.00675 
6 0.00280 0.00178 0.00925 0.01210 
7 0.01270 0'02090 0.01850 0.01410 
8 0.03740 0.02990 0.02010 0"01760 
9 0"01406 0"02242 - -  - -  

structural parameters of  the chain are: d s i - o = l ' 6 4 A ,  
0 '=  37 °, 0"= 70 ° (see legend to Figure 1). 

Calculation of molar cyclization equilibrium constants for 
cyclic dimethylsiloxanes 

Molar cyclization equilibrium constants Kx for small 
cyclic dimethylsiloxanes [(CHa)2SiO]z were calculated by 
computing the distances between the terminal silicon and 
oxygen atoms of the corresponding open chain molecules 
-[-(CH3)2SiO-]-x in all 3 2x-a conformations, and using 
the FCM rotational isomeric state model to assign 
statistical weights to individual conformations. The 
densities of end-to-end vectors r in the region r-~ 0 were 
calculated by dividing the sum Zr of the statistical weights 
for all chain conformations with their terminal atoms 
separated by less than rA, by the volume (4/3)zrr 3 and by 
the total sum Z of the statistical weights of all 3 zx-a con- 
formations. The latter is simply the conformational 
partition function of the chain and is given by: 

z=[1  0 (8) 

so that 
W x = zr/Z( 4/3 )zrr 3 (9) 

Values for the probability densities W~ of x-meric di- 
methylsiloxane chains with x=4--6 calculated using the 
FCM model were found to be sensitive to the particular 
value chosen for r (see Table 2); and, when r is in the range 
2 < r < 5 A, the corresponding K4, Ks,/£6 values were far 
lower than those found experimentally (see Figure 3 for 
Kx values calculated by equations (3), (7), (8) and (9) 
assuming r = 3 A). 

An explanation for the failure of the FCM model to 
yield meaningful theoretical values for/£4,  Ks, /(6 was 
given in a previous paper a. There it was pointed out that 
in order to calculate the molar cyclization equilibrium 
constants for small dimethylsiloxane rings it is necessary 
to take account of  the mutual interdependence of  bond 
rotational states further down the chain than in the FCM 
model. This is most clearly illustrated by considering 
steric and Coulombic interactions in the tetrameric acyclic 
-[-(CH3)eSiO-]-4 when the five central skeletal bonds are 
in the following sequences of rotational states: tg+g-g+g - 
and tg-g+g-g +. There are no severe steric conflicts between 
non-bonded atoms or groups in these conformations, yet 
the FCM model accords them statistical weights of zero. 
In order to illustrate the effect of assigning such conforma- 
tions more realistic statistical weights, pairs of g+g- and 
g-g+ states centred on silicon atoms were given statistical 
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Figure 3 Theoretical molar cyclization equilibrium constants Kx 
for cyclic dimethylsiloxanes at 383K (0)  calculated by the direct 
computational method, using the FCM model and assuming a 
reaction distance r-----3~. The corresponding experimental values 3 
are denoted ©. The unbroken line shows Kx values calculated 
(using the FCM model) by assuming that the corresponding 
chains obey Gaussian statistics (equation 6) 

weights of 20 (instead of zero) whenever the adjacent 
skeletal bonds were in gauche states of opposite sign. All 
other statistical weights were those provided by the FCM 
model. Thus, for example, at 383 K sequencies of bond 
rotational states tg+g-g÷g-t and tg-g+g-g+t in the acyclics 
-[-(CH3)~SiOq-x were given statistical weights of 0.044 
relative to a statistical weight of unity for the aU-trans 
conformation. The Ks values for small dimethylsiloxane 
cyclics were calculated as described above using the FCM 
model with this single modification. The densities of end- 
to-end vectors r in the region r=~0 were found to be far 
less sensitive to the value chosen for r when 2 < r< 5 A 
(see Table 3) and the/(4, Ks, K6 values were close to the 
experimental values (see Figure 4). 

It is important to appreciate that it is only necessary to 
modify the FCM model for the calculation of the Ks 
values for cyclics corresponding to short dimethylsiloxane 

Table 3 Densities of end-to-end vectors r in the region r~0 for 
dimethylsiloxane chains calculated using statistical weights 
provided by the modified FCM model (see text) 

Wx× 10-24molecules/I calculated by 
Value of x in eqn (9) for 
acyclic 
-rC-(C H3)2SiO-]-x r=2/~ r=3]k r = 4 ~  r = 5 ~  

4 0.480 0.251 0.118 0.086 
5 0.687 0.371 0-195 0.118 
6 0"055 0.110 0.112 0"139 

chains. For longer chains, the FCM model can be used 
in its unmodified form. Thus, the FCM model yields prob- 
ability densities of end-to-end vectors r for the octameric 
and nonameric acyclics that are relatively insensitive to 
the value of r provided it is small (see Table 2), and the 
theoretical molar cyclization equilibrium constants Ks 
and/(9 (calculated using equations (3), (7), (8) and (9) by 
assuming a reaction distance r=3A)  are in excellent 
agreement with the experimental values (see Figure 3). 

In the future, it is hoped that the calculations described 
here may be extended to larger cyclic siloxanes. It will be 
interesting to discover whether the FCM model will yield 
theoretical molar cyclization equilibrium constants for 
cyclic dimethylsiloxanes with the characteristic minimum 
at x = 12 that was first reported by Brown and SiusarczukL 
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Figure 4 Theoretical molar cyclization equilibrium constants Kx 
for cyclic dimethylsiloxanes (0)  calculated at 383K by the direct 
computational method by assuming a reaction distance r = 3 A  
and using the FCM model modified so as to take account of the 
higher order interdependence of bond rotational states (see text). 
The corresponding experimental values are denoted © 

POLYMER, 1972, Vol  13, A u q u s t  389 



Calculation of small siloxane ring concentrations: M. S. Beevers and J. A. Semlyen 

A C K N O W L E D G E M E N T S  

W e  are  indebted  to the Science Research  Counci l  for  a 
Research  G r a n t  ( to M.S.B.).  W e  grateful ly acknowledge  
compu ta t iona l  facilities a t  the  Univers i ty  o f  York .  

REFERENCES 

1 Carmichael, J. B. and Winger, R. J. Polym. Sci. (A) 1965, 3, 971 
2 Brown, J. F. and Slusarczuk, G. M. J. J. Am. Chem. Soc. 1965, 

87, 931 
3 Semlyen, J. A. and Wright, P. V. Polymer 1969, 10, 543 
4 Wright, P. V. and Semlyen, J. A. Polymer 1970, 11,462 
5 Beevers, M. S. and Semlyen, J. A. Polymer 1971, 12, 373 
6 Wright, P. V. D.Phil. Thesis, University of York, 1970 
7 Jacobson, H. W. and Stockmayer, W. H. J. Chem. Phys. 1950, 

18, 1600 
8 Flory, P. J. and Semiyen, J. A. J. Am. Chem. Soc. 1966, 88, 3209 
9 Flory, P. J., Crescenzi, V. and Mark, J. E. J. Am. Chem. Soc. 

1964, 86, 146 
10 Serrdyen, J. A. Trans. Faraday Soe. 1967, 63, 2342 
11 Semlyen, J. A. Trans. Faraday Soe. 1968, 64, 1396 
12 Semlyen, J. A. Polymer 1971, 12, 383 
13 Walker, G. R. and Semlyen, J. A. Polymer 1970, 11, 472 
14 Cooper, D. R. and Serrdyen, J. A. Polymer 1972, 13, in the press 
15 Carmichael, J. B. and Heffel, J. J. Phys. Chem. 1965, 69, 2218 
16 Flory, P. J. 'Principles of Polymer Chemistry', Cornell Univer- 

sity Press, Ithaca, 1953 

17 Flory, P. J. in 'Lectures in Materials Science', W. A. Benjamin, 
New York, 1963 

18 Flory, P. J. 'Statistical Mechanics of Chain Molecules', Inter- 
science, New York, 1969 

19 Petrov, A. D., Mironov, B. F., Ponomarenko, V. A. and 
Chemyshev, E. A. 'Synthesis of Organosilicon Monomers', 
Heywood, London, 1964 

20 Campbell-Ferguson, H. J. J. lnorg. Nucl. Chem. 1965, 27, 2121 
21 Almenningen, A., Bastiansen, O., Ewing, V., Hedberg, K. and 

Traettenberg, M. Acta. Chem. Scand. 1963, 17, 2455 
22 Glidewell, C., Robiette, A. G. and Sheldrick, G. M. Chem. 

Commun. 1970, p 931 
23 Steinfink, H., Post, B. and Fankuchen, I. Acta Cryst. 1955, 8, 

420 
24 Larsson, K. Ark. Kemi 1960, 16, 203 
25 Damaschun, G. Kolloid-Z. 1962, 180, 65 
26 Yamasaki, K., Kotera, A., Yokoi, M. and Ueda, Y. J. Chem. 

Phys. 1950, 18, 1414 
27 Scott, D. W., Messerly, J. F., Todd, S. S. et al. J. Phys. Chem. 

1961, 65, 1320 
28 Roth, W. L. J. Am. Chem. Soc. 1947, 69, 474 
29 Rochow, E. G. and LeClair, H. G. J. lnorg. Nucl. Chem. 1955, 

1, 92 
30 Barley, R. H. and Haberland, G. G. J. Organomet. Chem. 1966, 

5, 320 
31 Carmichael, J. B. and Kinsinger, J. B. Can. J. Chem. 1964, 42, 

1996 
32 Flory, P. J. Proc. Natl. Acad. Sci., Wash. 1964, 51, 1060 
33 Flory, P. J. and Jernigan, R. L. J. Chem. Phys. 1965, 42, 3509 

396 POLYMER, 1972, Vol 13, August 



Accurate measurement of carboxyl 
and hydroxyl end-group concentrations 
in poly(ethylene terephthalate) film 
by infra-red spectroscopy 
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A new method which provides a rapid and reproducible quantitative determination of the 
alcoholic -OH and the carboxylic -OH end-group content of poly(ethylene terephthalate) 
film is described. The method is based on existing infra-red spectroscopic techniques and 
uses standard equipment. It may be applied over a wide range of film conditions. The 
previously unreported dichroism of various spectral features in the range of frequencies 
considered is established. A correlation is demonstrated between the dichroism of the 
hydroxyl and carboxyl absorption bands and birefringence in the visible spectrum. 

INTRODUCTION 

The concept of using infra-red spectroscopy for the 
detection of  hydroxyl and carboxyl end-groups in 
poly(ethylene terephthalate) (PET) film was originally 
demonstrated by Patterson and Ward 1. The need to have 
a simple method of obtaining a quantitative measurement 
on a range of experimental films (which included amor- 
phous, undrawn films, one-way and out-of-balance two- 
way drawn films, as we]l as films of various degrees of  
crystallinity) necessitated the development of this infra- 
red test. 

The method is based on the measurement of the 
absorption bands at 3542cm -1 and 3256cm -1, respec- 
tively attributed to the stretching vibration modes of  
alcoholic and carboxylic hydroxyl end-groups in poly- 
(ethylene terephthalate). The method was calibrated with 
reference to both model systems and a chemical titration 
method. 

In practice, this method of examination needs to be 
performed on a high resolution spectrophotometer. As 
these are usually grating instruments, there is a cor- 
respondingly high degree of instrument polarization 
involvedL The problems arising from this polarization 
effect are realized and overcome with this technique. 
There is also a marked correlation between the density of 
the sample and the apparent hydroxyl content (+  30 ~).  
This is accommodated by the adoption of  a variable 
absorption coefficient, which is calibrated against the 
density of  the film. 

It is demonstrated that a correlation exists between 
birefringence at 5896 A and the dichroism shown by the 

* The work described here has been carried out on a co-operative 
basis with the Dept. of Mechanical Engineering at Imperial College 
of Science and Technology, London SW7, UK. 

absorption bands of both the - O H  and the -CO O H end- 
groups. This correlation could be demonstrated over a 
wide range of  sample thickness (0.02-0.50 ram) because 
the absorption of  PET in the relevant spectral range is 
low enough to permit the examination of  thick films. 
During this work various dichroic features were observed, 
and these have been recorded. 

EXPERIMENTAL 

Method 
The basic method is to obtain a plot of percentage 

transmittance against frequency in the range 4000 cm -1 to 
2380cm -1. This may be carried out on any spectro- 
photometer with the necessary resolving power (for the 
experiments reported here a Grubb-Parsons Model DB3 
was used 3, see Figure 1). Because moisture strongly affects 
the spectrum obtained, samples have to be both thoroughly 
dried before testing and also prevented from taking up 
any moisture during examination. For  this purpose a 
vacuum cell was specially designed (see Figure 2); it was 
equipped with a clamp to align the sample, and with 
alkali halide windows, so that the sample could be 
examined without being removed from the cell. The cell 
also had to be made small enough to fit easily into the 
sample beam of the spectrophotometer. A criterion for 
the 'dryness' of  the sample also needed to be devised, and 
this was done (see below). The accurate determination of 
the density and thickness of a sample is also necessary for 
the numerical measurement of end-group content. These 
ancilliary measurements together with the determination 
of the directions of the principal axes of the sample need 
to be completed before the sample is placed in the cell. 

The directions of the principal axes are established by 
rotating the film between crossed polarizers until extinc- 
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Figure I Spectrophotometer layout. 1, Nernst (infra-red source); 
2, null-balance comb; 3, trimmer comb (zero adjust); 4, reference 
beam; 5, sample beam; 6, vacuum cell; 7, sample; 8, reciprocating 
mirror; 9, variable aperture slit; 10, diffraction grating; 11, Littrow 
mirror; 12, ellipsoid; 13, thermocouple (infra-red detector); 14, 
monochromator housing 

tion is obtained. In this position the principal in-plane 
axes of the sample are aligned with the polarization 
directions of the polarizer and analyser. The density 
measurement is carried out using a gradient column, the 
method being that of Payne and Stephenson 4. A column is 
set up with a gradient in the concentration of a solute in a 
solvent producing the required density gradient. For PET 
a solution of calcium nitrate in water is used to give a 
density range of l'30--1.45g/cm 3. This method yields an 
accuracy of + 0.0003 g/cm 3. The thickness of the sample is 
measured with a dial gauge micrometer, and should lie 
between approximately 0.13 and 0.60 mm. This minimum 
thickness is dictated by three considerations: primarily 
samples below this thickness give absorbances at the 
frequencies of interest too small for accurate measure- 
ment; they also have a tendency to produce significant 
interference patterns superimposed on the spectrum; and 
finally the percentage error in thickness measurement can 
become significant on thinner samples. It is possible to use 
thinner films laminated to give specimens of the required 
thickness. This is done with the use of an immersion liquid 
which holds the layers together by its surface tension, 
suppresses the formation of interference fringes, and also 
reduces reflection and scattering losses at the interfaces. 
Care has to be taken that the optical axes of each of the 
layers are aligned with the others. The immersion liquid 
used for this purpose is pure dry liquid paraffin (BP 
grade). The sample is dried by keeping it in a vacuum of 
less than 0.013 kN/m 2 (absolute pressure=0.1 mmHg) at 
room temperature for periods varying from 10 to 70h 
depending on sample thickness and condition. The usual 
time necessary is about 18 h, the dryness of the sample 
being immediately apparent on taking the spectrum. 

A few words should be said about the alignment of the 
sample. It is observed that if one of the principal axes is 
aligned with the direction of the instrument polarization 
then the absorbance measured at the frequencies used in 
this analysis significantly depends (_+ 10~o for carboxyl 
results) on which of the two in-plane axes is aligned. To 
overcome this effect one of two methods may be employed. 
Either two measurements can be made, one with each of 
the in-plane primary axes in line with the inherent 
instrument polarization direction, and the average of the 
results taken. Alternatively the well established method of 
using a single measurement with the film's principal in- 
plane axes at 45 ° to the direction of the instrument 
polarization may be adopted 2, 5, 6. The difference in the 

final numerical result is less than experimental scatter, 
and all results obtained by either method give excellent 
agreement with those obtained for carboxyl content by 
chemical titration (better than 3 ~). It proved possible to 
utilize fully the instrument polarization for the determina- 
tion of the dichroism of weak spectral features. 

To see if there is any correlation between birefringence 
and the difference in apparent end-group content with the 
sample in its different alignments, the refractive indices of 
all the samples were determined using an Abb6 60 refracto- 
meter 7 (which accurately measures the critical angle). The 
birefringences quoted are at 20°C, 5896A wavelength, 
and may be taken as accurate to 0.0005. 

Measurement of spectra 
A typical spectrum obtained from a dry PET sample is 

shown in Figure 3. The most important frequencies for the 
calculations concerned are designated A, B, C, D, E 
and F. 

We will consider first the transmission peaks at A 
(3717cm -z) and B (3663cm-1). These are taken as the 
earlier mentioned criterion for dryness, as any moisture 
present absorbs at B. It was found that if the transmission 
at B is as great as or greater than that at A then the 
numerical results given by a specimen are unaltered with 
further drying (see Figure 4 which shows the alteration of 
this part of the spectrum with sample dryness, and also 
demonstrates the corresponding change in apparent 
hydroxyl content). 

The tangent from B which is common to either E 
(2667 cm -1) or F (2457 cm -1) is taken as the transmission 
maximum base line. The tangent used is that which gives 
the highest background transmission (in Figure 3 the 

Alkali 
halide windows 

Figu~ 2 

Film clamp 

-._ lOOmm diam. _I 
Vacuum cell 

200mm 

r-1 i-i 

392 POLYMER, 1972, Vol 13, August 



iO0 

E 

E 
I,- 

80 

60 

40 

20 

0 

A B C  
f l I I I 

IX I I 
Ill I 
i I i - ~  I 

/ r  / '",, A 

} l  I I t, i V 

i t / I /  
I I_ I k,# ! 

3500 3000 2 5 0 0  

Frequency (cm -I) 
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Measurement of end-groups in PET fi lm: R. L. Addleman and V. J. I. Zichy 

I statement). The absorption band from the -COOH end- 
F groups at 3256 cm -1 is replaced by that at 2458 cm -1 for 

-COOD. Similarly the 3542 cm -1 band due to the alcoholic 
- O H  end-groups is eliminated and replaced by a band at 
2631 cm -1 arising from alcoholic -O D  end-groups (see 
Figure 6). The spectrum of the dry deuterated film directly 
gives the background absorbances of  dry PET at the 
frequencies used for the measurement of the end-group 
concentrations. The absorbance of deuterated PET film 
with no carboxyl end-groups was noted to be 0.142 per 
mm thickness of sample at 3256cm -1. Similarly the 
absorbance at 3542 cm -1 was noted to be 0.065 per mm of 
PET film. Thus if t is the thickness of film in mm, the 
corrected absorbance for the carboxyl end-group deter- 
mination, (CA) cooR is: log(OX/OY) - 0.142t. Similarly 
the corrected absorbance for the hydroxyl end-group 
determination (CA)on is: Iog(RS/RT)-0.065t  (see 
Figures 3 and 5). The number of  carboxyl end-groups 
expressed in g equiv./106g of  polymer is given by: 

Ncoo~=(CA)coo~ x 10 4 
px t x  Q1 

where p is the density in g/cm 3 and Q1 is the extinction 
coefficient. The value of Q1 used in the experiments~is 135. 
This was worked out by infra-red spectroscopy on a'model 
system consisting of  a series of solutions of  p-cresoxy- 
acetic acid in di-n-butyl phthalate. The value was further 
verified by comparison with values obtained by accurate 
chemical titration methods and a tritium exchange method 
(derived from that of Chul-Yung Chag). 

The number of hydroxyl end-groups (g equiv./106g 
polymer) is given by: 

No]] = (CA)°a-~104 
px t x  Q2 

where Q2 is the extinction coefficient for the hydroxyl 
band. It was found that Q2 was strongly influenced by 
the density of the sample, and using similar techniques to 
those described for the determination of Q1 (with a model 
of  lauryl alcohol in di-n-butyl phthalate) it was estab- 
lished that Q2 = 113 for amorphous film of density 1.338. 
It was further established that Qz= 154 for drawn and 
crystallized film of density 1.40. Assuming a direct 
proportionality between extinction coefficient and density 
we get the numerical relation: 

tangent B to E is used, in Figure 5 the tangent to F is 
chosen). The 'base line' method is well established 
spectroscopic practice s and will not be justified here. 

The quantities required for the numerical determination 
of end-group content are the absorbances at 3256cm -1 
(carboxyl) and 3542 cm -1 (hydroxyl). These absorbances 
need to be corrected in each case for the background 
absorbance of PET which contains no hydroxyl or 
carboxyl end-groups. These corrections were initially 
determined on deuterated samples using the same method 
as that of Patterson and Ward 1. Dry amorphous PET film 
was immersed in heavy water in a dry nitrogen atmosphere 
for two weeks. This procedure replaced the -COOH and 
-O H  end-groups by the corresponding -COOD and -O D  
groups (see Patterson and Ward for justification of this 
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Figure 6 Effect of deuteration on the spectrum of dry PET film. 
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dried. (Note the complete disappearance of the hydroxyl absorp- 
tion band at 3542cm -1) 

Qz=661.3p-772 

Thus: 

(CA)o~ x 10 4 
Nor~ = P x i x ~ 3 p ~ 7 7 7 2 )  

The assumption that Q2 is proportional to o is justified 
later in the paper. 

Both end-group concentration results are calculated in 
units of g equiv./106g of polymer. This may be converted 
to the more basic unit of absolute number per gramme of 
polymer by multiplying by Avogadro's Number and 
dividing by 10 6 (i.e. by multiplying Ncooa and Noa by 
6.023 x 1017). 

Calibration technique 
Four main calibrations are necessary to obtain a 

reliable end-group measurement technique: (1) the 
absorption resulting from the end-group vibrations; (2) 
the absorption resulting from the PET polymer chains at 
the frequencies where the end-groups absorb; (3) the 
effect of anisotropy; (4) the variation in absorption with 
conditions such as wetness and crystallinity of the film. 
Some of these calibrations have been mentioned already, 
but it was felt to be worthwhile to discuss these and 
others more fully. 

Calibrations (1) and (2) have already been described. It 
is important that amorphous film be used for both of 
these calibrations, as the model solution used for the 
calibration is clearly amorphous. This also simplifies the 
calibration as A0, the 'true' absorbance independent of 
molecular orientation, is directly measured. 

The effect of anisotropy becomes important for drawn 
films. To ascertain the effect of this anisotropy two of the 
most out of balance films (4-0 x 1.0 one-way drawn un- 
crystallized film, and two-way drawn crystallized film) 
were tested in order to determine their absorbances with 
the plane of the electric vector in three mutually per- 
pendicular directions, using Schmidt's 15 and Koenig's 2 
technique. The results are given in Table 1. 

Although the theoretically correct method is to 
calculate ½(Ax + Ay + Az) (which is the 'true' absorbance, 
Ao), as may be seen, a good approximation of this is given 

Table 1 Effect of film anisotropy on absorbance measured in 
each of three mutually perpendicular directions 

Ax Ay Az ½(Ax+Ay+Az)=Ao ½(Ax+Ay) 

One-way 
drawn film: 

COOH 0.178 0.099 0.112 0.138 0.130 
OH 0.079 0.106 0.100 0.093 0.095 

Two-way 
drawn film: 

COOH 0-123 0.097 0.112 0.110 0.111 
OH 0.084 0.109 0.087 0.092 0.090 

by ½(Ax+Ay). This treatment is acceptable for these two 
absorption bands because they do not have a high degree 
of dichroism. As the average of the in-plane absorbances 
may be ascertained with a single measurement, whereas 
½(Ax+Au+Az) requires six measurements 15, it is felt that 
a good enough approximation of the true absorbance is 
given by ½(Ax+Ay). 

The effect of dryness has already been discussed. Using 
the absorption band of water as a measure of wetness, 
several films were dried until no numerical difference in 
absorbances at the end-group frequencies were discern- 
able on further drying. 

To gauge the effect of crystallinity, several drawn, 
crystallized dry films were tested. These films were then 
dried, quenched, redried and retested. It was found that 
the absorbance at the carboxyl end-group frequency had 
not changed at all. However, the absorbance at the 
hydroxyl end-group frequency had changed by more than 
35~, a much greater amount than could possibly be 
explained in terms of re-orientation (see Table 1). It was 
also noticed that the absorption band resulting from the 
-OH end-groups tended to be narrower in the case of the 
crystalline material. As this technique measures the peak 
height intensity of an absorption band, rather than the 
area under the absorption band, a narrower band of 
greater peak height intensity, but of equal area to the 
amorphous band could explain the different values of the 
absorption coefficient, Q2. A possible explanation of the 
fact that Q2 alters with crystallinity, and not Q1 may be 
that the -OH end-groups are small enough to be contained 
in the crystalline regions of the polymer, whereas the 
-COOH end-groups, because of their bulk, tend to 
remain in the amorphous regions. 

Samples used 
Three series of PET films were used. They were: (a) 

melt cast, (b) plant produced two-way drawn films, and 
(c) a series of one-way and two-way drawn films produced 
on the 'Long' stretcher 10 by one of us (R.L.A.) from the 
cast film (a). 

The melt cast film (a) was approximately 0.6 mm thick. 
It showed complete extinction when viewed between 
crossed polarizers, whatever the alignment of the sample 
(showing that there is no in-plane orientation). 

The plant produced two-way drawn films were stan- 
dard 'off the shelf' unfilled polymer films, with thicknesses 
varying from 0.025 mm to 0.175 ram, and in-the-plane 
birefringences varying from 0.021 to 0.040. All these films 
were 'heat set' (Heffelfinger and SchmidO 1 define this 
term as used here) to a similar crystallinity. In the Tables 
they will be designated P1-P3. 
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Table 2 
Measurement of  end-groups in PET film : R. L. Addleman and V. J. I. Zichy 

Film characteristics with numerical end-group results 

i | iii i 

Carboxyl Hydroxyl 
Birefringence 

Sample (in-plane) Density AN 
number Draw ratio [ n l - n 2 ] ×  108 (g/cm 3) (N)=½(Nz+N2) N3 [N1-N2] NT (N)=½(NI+N2) N~ 

1 Ca st 0.43 1.3446 49.5 49.6 0.1 50 49.5 49.5 0 
2 Cast 0.39 1.3440 50.1 49.6 0.4 - -  50.1 49.8 0-2 
3 2 .0x1 .0  9.11 1.3452 49.2 - -  1.5 - -  51-2 - -  0.4 
4 2.5× 1.0 63.07 1.3493 47.6 - -  3.5 m 49-3 - -  0.8 
5 3.0× 1.0 80.47 1.3673 47.9 47.8 5.8 - -  50-0 49.8 0.8 
6 3 . 5 x l . 0  81.40 1.3714 50.3 50.1 5.9 49 51.0 50.8 1.0 
7 4.0 x 1.0 95.33 1" 3730 48.7 48.4 6.2 49 50.7 50.6 0.9 
8 3' 0 x 2.0 32" 79 1" 3708 49.9 49.7 1 • 9 - -  49.8 49.6 0' 9 
9 3 .0x2-5  12.16 1"3741 49.8 - -  1.3 - -  48'6 - -  0.3 

10 3 .0x3 .0  0.67 1.3700 50-2 - -  0.5 m 49.1 - -  0-3 
11 3 .0x3 .5  19.25 1.3709 51.7 - -  4.8 52 51.7 - -  0-9 
12 3 .0x4 .0  36-87 1"3710 49.7 49'2 10-1 - -  49.8 49.4 2.9 
13 3.0× 3.0 (s) 16.17 1 "3726 48-9 48.8 1-4 n 49.9 49.9 0.4 

P1 - -  (s) 21 '05 1 "4024 59.7 59.5 3.4 59 41.7 41.5 1.2 
P2 - -  (s) 30.05 1 "4012 60.3 60'0 6"1 59 47"0 46.6 2"0 
P3 - -  (s) 40'06 1 "4050 50.7 50.6 8-7 52 47.8 47.5 2.8 

i 

AN 
]N1-N2I 

Table 3 Spectroscopic reproducibility 
i i i i i  i 

Sample no. with draw ratio NOH (i) NOH (ii) NOH (iii) NCOOH (i) NCOOH (ii) NCOOH (iii) 

1 Cast 49.5 49-6 49.5 49-5 49-0 49.1 
49.6 49.6 49.5 49.6 49-0 49-3 
49.7 49.5 49.6 49.5 49-1 49.2 

9 3 '0×2.5  48.5 48.8 - -  50.4 49.2 
48.4 48.9 - -  50- 3 49.1 
48.6 48.8 - -  50.4 49.3 

i 

;---0.05 

The samples produced on the 'Long' stretcher were all 
drawn under identical conditions as far as practically 
allowed. They were all drawn at a temperature of 95°C 
(_+ 1 °C), and at a speed of 640 ~ engineering strain per 
second (+ 10 ~/sec) [engineering strain = (length/initial 
lengths)- l ] .  The samples were all heated for 120see 
before being drawn, and quenched by keeping them in a 
stream of air at 20°C for 90sec (with all the machine 
heaters being turned off) before being removed. These 
samples were not heat set, and therefore have a wide 
range of crystallinity and density. They were one-way 
drawn at ratios of 2.0 : 1, 2.5 : 1, 3.0 : l, 3.5 ." 1 and 
4.0 : l, with the width being held constant. Two-way 
drawn samples were also prepared at ratios of 3.0 x 2.0, 
3.0 x 2.5, 3.0 x 3.0, 3.0 x 3.5, 3.0 x 4.0. The process was 
controlled so that the draw speed in each direction was 
the same (640 ~ strain/see), and the draw in each direction 
was started at the same instant. A sequentially drawn 
3.0 × 3.0 sample was also prepared to complete the series. 

RESULTS 

As already stated most measurements were made with the 
plane of the electric vector in three directions relative to 
the film, and these should be defined: (1) this refers to one 
of the axes of draw on the 'Long' stretcher. It is the drawn 
direction for the one-way drawn film, the 3.0 (constant) 
draw direction for the two-way drawn film, and the 
primary draw direction for the sequentially drawn film. 
A similar criterion is applied for the cast and plant films; 
(2) at right angles to (1), in the plane of the film; (3) at 45 ° 
to both (1) and (2), in the plane of the film. The numerical 
results from the three sets of film are given in Table 2. 

The postscript (s) in the draw ratio column refers to films 
which were sequentially drawn. N is the end-group con- 
centration expressed in g equiv./106g of polymer. Sub- 
script 1 refers to a measurement with the direction of the 
electric vector being parallel to direction 1, with cor- 
responding notation for subscripts 2 and 3. The bi- 
refringence as tabulated is 'in-plane' birefringence and is 
]nl-n2] where n is the refractive index. Similarly AN is 
]N1-Nz] and ( N )  is ½(Nlq-N2). NT is the value of N 
given by chemical titration methods for certain carboxyl 
end-group tests. 

The reproducibility of the spectroscopic process was 
ascertained by repeating the spectra on sample number 1 
(cast) and sample number 9 (3.0 × 2.5) three times in each 
direction (giving 10 readings repeated three times). The 
sample was removed and replaced before each spectrum 
was recorded. The results are shown in Table 3. 

DISCUSSION 

End-group concentration 
It is improbable on chemical grounds that any hydroxyl 

end-groups can be formed by chain scission. In addition 
to this, at the temperature of drawing (95°C in dry air) 
hydrolytic degradation (a well known mechanism of 
producing additional hydroxyl end-groups by degrada- 
tion) is highly unlikely to occur. This means that for the 
experimental films a consistency of hydroxyl end-group 
concentration is required. This consistency is obtained 
when the absorption coefficient (Q2) is taken to be directly 
proportional to the film density. The combination of this 
consistency of results together with the known value of 
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Q2 for amorphous films (obtained by a deuterium ex- 
change method, tritium exchange method and analysis of 
model systems) both justifies the assumption of Q2 being 
proportional to density, and ensures numerical accuracy. 
In reality Q2 is obviously proportional to crystallinity and 
density is used only as a convenient measure of crystal- 
linity which is adequate for unvoided samples such as are 
described here 14-1s. 

Both the averaged hydroxyl and the averaged carboxyl 
end-group measurements vary by less than + 2 end- 
groups over the entire range of experimental cast, one- 
way and two-way drawn films (whch were all taken from 
the same cast sheet). The excellent repeatability of the test 
when applied to the same sample (better than + 0.2 end- 
groups) would imply that the variation of + 2 in end- 
group concentration is either due to lack of uniformity in 
the cast film itself, or due to variations in the ancilliary 
measurements such as thickness. It is probably due to 
both, as in two cast samples there is a difference of 0.6 
end-groups, and as thickness measurements from any one 
sample (experimental) can vary over the area used for the 
measurement. These variations appear to be random. 

The agreement in results for carboxyl end-groups as 
given by chemical titration and infra-red spectroscopy is 
indeed very good. It must be remembered that whereas 
the spectroscopic test applies only to an area of about 
1 cm 2 (0.02 g of the polymer), the chemical titration needs 
100 times the weight to get a value which can be con- 
sidered meaningful. This means that the sample used for 
titration cannot be considered identical to that used in the 
spectroscopic test, even though it contains the spectro- 
scopically analysed sample. 

¢- 
O 

Effect o f  polarized radiation on absorption bands 
As already shown dichroism of many of the spectral 

features was apparent with the radiation polarized only 
by the instrument optics. Although the fractional polariza- 
tion could have been improved by inserting additional 
polarizing devices, this would have been at the expense of 
greatly reducing intensity and making the accurate 
measurement of weak bands more difficult due to the 
reduced signal-to-noise ratio. We will define the terms 
'parallel' and 'perpendicular' dichroism as used in this 
context. Linearly polarized light with the unidirectional 
electric vector parallel to the polymer chain gives rise to 
strong absorbance by the parallel vibrational mode Or) of 
dipoles, and less or no absorbance by the perpendicular 
(~) vibrational mode. The direction of inherent polariza- 
tion of the instrument was confirmed by inserting a silver 
chloride pile-of-plates polarizer in the sample beam of the 
instrument. 

The dichroism of various spectral features is shown in 
Figure 7, which gives a typical pair of spectra obtained in 
the test on a dry film. The previously unreported absorp- 
tion bands are marked (i) to (x). They are listed in 
Table 4. On other major bands such as the carbonyl 
overtone (xi) and the highly dichroic region from 
3225 cm -t to 2858 cm -t, which includes the C-H stretch- 
ing modes, complete agreement was obtained with exist- 
ing assignments (mainly taken from Liang and Krimm 12. 
Tadakoro et al. t3 and Manley and WiUiamsr). However, 
the hydroxyl end-group stretching band (3542 cm -1) was 
observed to have weak cr dichroism (in agreement with 
Tadakoro et al. but contrary to Liang and Krimm, and 
Manley and Williams). This discrepancy may be due to 
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Figure 7 Typical spectra of a one-way drawn f i lm. ~ ,  draw axis 
parallel to the direction of inherent polarization of the instrument;  

, draw axis perpendicular to the direction of inherent 
polarization of the instrument 

the fact that samples containing various amounts of 
moisture could have been examined by these authors 
(and moisture strongly affects this region of the spectrum). 
Although the dichroism of the carboxyl absorption band 
cannot be observed directly because of interference from 
other absorption bands of PET, it can be conclusively 
deduced from Table 2 that it is a strong parallel band. 

Correlation between birefringence and the numerical effect 
o f  polarization 

The apparent intensity of the carboxyl group absorp- 
tion band depends in most cases upon which of the 
primary axes of the sample was aligned with the direction 
of the inherent polarization of the spectrophotometer. 
The difference in apparent values of end-group concentra- 
tions, ANeoori, was directly related to the in-plane 
birefringence of the sample, P. The plot of ANcooi{ 
against P is given in Figure 8a. As can be seen, for the 
plant produced films considered, ANcoo• varied from 3.4 
to 7.7 over a range of typical plant film birefringences. It 
is of considerable interest that the plant films and the 
experimental films lie on the same curve. Furthermore, it is 
interesting that there are two distinct curves. The 3 × 3.5, 
3 x 4 experimental films together with all the plant films 
have their values of ANeooR more strongly dependent on 
birefringence (P) than all the other experimental films. 

Table 4 Previously undenoted absorpt ion bands 

Number  in Wavelength Wavenumber  
Figure 7 (/~m) (cm -1) Polar izat ion 

(i) 2" 71 3690 cr 
(ii) 3' 00 3333 ~r 
(iii) 3" 03 3300 cr 
(iv) - C O O H  3'07 3257 ~r 
(v) 3' 09 3236 ~r 
(vi) 3" 57 2801 rr 
(vii) 3"81 2625 7r 
(viii) 3"88 2577 tr 
(ix) 4"03 2481 rr 
(x) 4" 19 2387 lr 

a denotes perpendicular  d ichroism, ~r denotes parallel 
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For example a birefringence of 0.032 gives a ANcoox-i of  
1.9 on the 3 x 2 film, whereas P of 0.030 (P2) gives a 
ANcooH of  6.1. Four suggestions are put forward to 
explain this difference in the films: (a) high crystallinity 
made ANcoog more sensitive to birefringence; (b) the 
ANcooH was dependent on planar orientation 
[= (nl + n2/2)-n4, where direction (4) is perpendicular to 
the plane of the film]; (c) after a certain area increase the 
sensitivity increases; or (d) the sequentially drawn films 
have a greater d(ANcoon)/dP. Theory (a) must be dis- 
carded as the densities (and hence percentage crystal- 
linities 14,16) of  the 3 x2,  3.5 x 1, and 4 x  1 films are as 
great as those of  the 3 x 3.5 and 3 x 4 films, whereas their 
ANcoon is much less. Theory (b) must also be discarded 
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as it is quite clear from Figure 9 that there is no obvious 
relationship between planar birefringence and ANcoom 
Theory (d) must also be discarded, as some of  the extra- 
sensitive films were simultaneously drawn (the experi- 
mental films). Theory (c) may certainly be possible, as all 
the extra-sensitive films have an in-plane area increase 
greater than 9, and all the other films have an in-plane 
area increase less than 9. At this specific area increase 
discontinuities can be observed in other quantities, such 
as the extended trans isomer content (see Figure 10). There 
may be further possible explanations, but as this paper is 
mainly to show a method of  measuring end-group con- 
centrations the niceties of  physical structure which cannot 
easily be proved will not be dealt with here. 

A similar trend in the apparent difference in hydroxyl 
end-group concentrations given, ANoH, may also be 
observed. ANo~I plotted against P is given in Figure 8b. 
As may be seen the shape of the curve is similar to that 
for the carboxyl apparent differences, although the effect 
is clearly very much diminished, and the dichroism is 
perpendicular rather than parallel. It should be stressed 
that the numerical values of ANcoon and ANoH are also 
a function of the degree of polarization inherent in the 
spectrophotometer used for the measurements. It is 
assumed, however, that the form of relation shown in 
Figures 8a and b will be independent of  degree of  
polarization. 

CONCLUSIONS 

A quantitative infra-red method has been developed for 
the determination of  the hydroxyl and carboxyl end-group 
concentrations in PET film. It can measure the carboxyl 
end-group concentration of a small sample with great 
accuracy and reproducibility (for a film of uniform thick- 
ness the infra-red method has an accuracy of about + 0.8 
end-groups, the normal titration method has an accuracy 
of about + 1.6 end-groups). As this infra-red method does 
not involve the use of any of the toxic chemicals necessary 
for titration, or the radioactive liquids used for deuterium 
or tritium exchange methods, it is a very safe method. 
The infra-red test may be applied to almost any PET film, 
and can be used over a very wide range of thickness, in- 
plane birefringences (nl-n2), planar birefringences 
[(nl +n2/2) -na] ,  densities, heat-set conditions and draw 
states without any prior knowledge of the polymer's 
history. It should be remembered, however, that this 
method is designed for use with films. The extension of 
the method for use with polymer in fibre or chip form may 
present difficulties. The photometric accuracy is better 
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than + 0.2 70, with a typical standard deviation of 0.05 
end-groups in 106g of  polymer (although this is applied to 
only three repeats in this report, the standard deviation 
remains at this level with further repeats). The final 
accuracy in result is therefore dependent on the thickness 
and density uniformity of  the sample combined with the 
numerical accuracy of  these measurements. 

The dichroism of  ten unknown absorption bands has 
been ascertained and duly noted. 

An unexpected form of relationship between in-plane 
birefringence and the dichroism shown by both the 
hydroxyl and carboxyl end-group absorption bands has 
been demonstrated, with various explanations as to its 
occurrence put forward. Much more work will need to be 
done on this phenomenon before any direct physical 
significance can be demonstrated. 
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Stress relaxation after steady-state shear 
flow in undilute polydisperse polymers* 

W. Conti and E. Sorta 

Snam Progetti L.M.-FIB, San Donato Milanese, Milan, Italy 
(Received 6 August 1971, revised 22 March 1972) 

The behaviour of stress relaxation after steady-state shear flow of polydisperse polymers 
was calculated starting from the experimental evidence that stress relaxation of a mono- 
disperse polymer can be expressed by an Erfc function against log t. The results of this 
analysis are: (a) stress relaxation curves for polydisperse polymers are Erfc functions, i,e. 
the experimental data plotted on log-probability paper lie on a straight line; (b) the slope of 
this straight line depends on the heterogeneity and probably also the position depends only 
on heterogeneity. These facts were experimentally confirmed and the following experimental 
conclusions were obtained : the mixing rule for the fractions is not linear; the relaxation time 
is not proportional to ~TM, its proportionality to ~7 seems to be preferable than that to q/M; 
both the slope and position of the relaxation curve, when plotted on log-probability paper, 
are linked with the heterogeneity ratio Mw/Mn in such a way that its determination from stress 
relaxation measurements is possible. 

INTRODUCTION 

The Rouse-Bueche theory 1, 2 predicts that the maximum 
relaxation time, for monodisperse polymers, is pro- 
portional to viscosity multiplied by molecular weight. 
On the basis of the Ferry, Landel and Williams extension 
of the theory ~ to the case of undiluted polymers, the 
maximum relaxation time is proportional to the 4-5 power 
of  molecular weight. This conclusion was tested indirectly 
by means of non-Newtonian flow measurements. At 
first, good agreement was found4; however, as recent 
measurements indicate, the agreement is still better 
when a correction factor is introduced 5. Tobolsky and 
coworkers 6 have performed measurements of the 
maximum relaxation time by means of stress relaxation 
after instantaneous deformation on monodisperse poly- 
mers. They found that maximum relaxation time is 
proportional to viscosity. Other authors 7, s confirmed 
Tobolsky's result, remarking that it holds true only if 
the molecular weight is sufficiently high 9. Williams 10 
derived Tobolsky's result theoretically (although his 
theory does not apply to undiluted polymers and there- 
fore the dependence of viscosity on molecular weight 
is not correct). 

Graessley's theory 11 predicts, both for undiluted 
polymers and for concentrated solutions, that the 
maximum relaxation time is proportional to the ratio 

* Paper presented at the First Italian Congress of Rheology held 
in Siena, May 1971. 

of viscosity to molecular weight. West 12 confirmed 
experimentally Graessley's result by using stress relaxa- 
tion after steady-state shear flow measurements. 

As other authors pointed out, no theory predicts the 
molecular weight dependence of  more than one rheo- 
logical parameter (viscosity, relaxation time, etc.) 
correctlyS; moreover, experimental data disagree with 
one another. 

The results of all the theories and experiments just 
mentioned, can be summarized in an equation where a 
single parameter p takes into account different theories 
or experimental data. In fact if we put 

. M~ pMp 
~-=K~ dRT (1) 

where ~- is the relaxation time, ~7 the viscosity, Mc the 
critical molecular weight for entanglement formation, 
M the molecular weight, d the density, R the gas constant, 
T the absolute temperature and K a constant, we can see 
that when the parameter p takes the values - 1 ,  0, 1 
we match all experimental and theoretical results. 

In this paper we shall try to formulate the behaviour 
of stress relaxation after steady-state shear flow for 
polydisperse polymers in such a way that an experi- 
mentally based selection of  the value for p can be ob- 
tained. This formulation, furthermore, will be made in 
an even more general manner, so that the experimental 
data will also determine the mixing rule of  fractions and 
the molecular weight dependence of  rheological para- 
meters for fractions in the whole polymer. 
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Figure 1 Stress relaxation after steady shear flow for mono- 
disperse polystyrene with different molecular weights, O, M4: 
M*=4.11x105; x ,  M3: M*=2-60x105; O, M2: M*=1.87x105; 
V,  S l l l  : M*=2.£4x 105 

log-probability paper versus the reduced variable sug- 
gested by West (tM/~7), yield a single straight line 
(Figure 1). So, in the shear range of Newtonian viscosity, 
we may write 

~ ( t )=  tr(t)_ or(t) 
?~ ~o 

1 ( ~  2" [ ] 1  t - - - -  exp(-- v )dv -Er fe , - log- - ,  (2) T0/ 
where or(t) is the decaying shear stress, ~ the Newtonian 
shear viscosity, ~ the shear rate at which the steady-state 
shear flow was measured and h and r0 are two para- 
meters. The h parameter is molecular weight independent, 
while the ~0 parameter is the characteristic time pro- 
portional to ~/M. 

Since the West data cover a small range of  molecular 
weights, in order to be sure that the h parameter is 
independent of  molecular weight, we have examined 
Tobolsky's data on relaxation after instantaneous 
deformation for monodisperse polymers 6. Tobolsky's 
data were transformed to stress relaxation after steady- 
state shear according to the linear theory of  visco- 
elasticity 14 by means of the following equations: 

0.9 

0'5 
-k, 

O'i 

0"01 

tz~ 
V& 

J i 
-6 -5 

Log t (sec p-i) 

Figure 2 Stress relaxation of monodisperse polystyrene after 
steady shear flow calculated from Tobolsky's data e relative to 
stress relaxation after instantaneous deformation, O, $111: 
M*=2.39x 105; O, $112: M*=8.00x 104; x ,  $103: M*=l.P5x 105; 
V, $108: M*=1-93x 105; A, $109: M*=2.67x 105 

STRESS RELAXATION FOR MONODISPERSE 
POLYMERS 

It is clear that a knowledge of  the relaxation function for 
monodisperse polymers is the basis for its extension to 
polydisperse polymers. Since all theories show some 
deviation from experiment, we prefer to assume an 
empirical curve to describe the stress relaxation of  
monodisperse polymers. A few authors have studied, 
experimentally, stress relaxation after steady-state shear 
flowl2, 13, but only one of them examined a small range 
of  molecular weights 12. 

The stress relaxation of  Giuliani and De Chirico was 
measured after steady flow with shear rate in the linear 
behaviour range where a substantially Newtonian 
viscosity was observed la. Besides West 12 points that, 
in the range of  shear rate used, the shape of  the relaxation 
curve is independent of shear rate. 

The stress relaxation data of  West and Giuliani-De 
Chirico 12,13, for monodisperse polymers, plotted on 

oo 

where E(t )  is the time dependent relaxation modulus in 
stress relaxation after instantaneous elongational defor- 
mation. The relaxation functions so obtained were 
plotted on log-probability paper versus the reduced 
variable suggested by Tobolsky (tfi7) and a straight line 
was obtained (Figure 2). 

It  can be seen from Figure 1 (West and Giuliani- 
De Chirico data) and from Figure 2 (from Tobolsky's 
data) that the h parameter is practically the same in both 
cases, but while in the former case ~-0 is proportional to 
~7/M, in the latter it appears to be proportional to ~7- 

This apparent conflict is irrelevant for our purposes 
since the formulation of the theory does not depend 
on an a priori choice of the molecular weight dependence 
of  T0. The experimental data will enable us to establish 
the type of correlation existing between r0 and M. It is 
important to note that the stress relaxation after steady- 
state shear calculated from Tobolsky's data confirms 
equation (2), where the h parameter is molecular weight 
independent. 

It should be mentioned that the To parameter is 
proportional to relaxation time ~- and may be expressed 
by equation (1) owing to the presence of an unspecified 
constant K. It should be further pointed out that equation 
(2) describes the stress relaxation behaviour only in the 
rubbery flow region. 

Narkis et al. 15 also obtained an empirical equation for 
stress relaxation which describes the stress relaxation 
behaviour in the rubbery flow region; this equation, 
however, is not so useful as equation (2) as the basis for 
an extension to polydisperse polymers owing to mathe- 
matical difficulties. 

EXTENSION TO POLYDISPERSE POLYMERS 

To perform this extension it is necessary, at first, to 
decide the mixing rule to be used, i.e. how each fraction, 
with weight fraction wl, viscosity ~ and molecular 
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weight Mr, contributes to the whole polymer viscosity -q b. 
At zero shear rate the mixing rule can be expressed by 

the following equation 

(3) 

where/~ is a constant which can assume the values 1 or 
3-5 according to different authors 16-z0. We shall deter- 
mine experimentally whether 1 or 3.5 is the best value. 

Multiplying both sides of equation (3) by shear rate, % 
we get the stress in steady flow 

~o= (~w,%, (3a) 

where ¢r0t is the contribution of the i th fraction to the 
total stress. 

A priori equation (3a) cannot be supposed to hold at 
all times, so we shall put: 

where v is a function of polydispersity to be determined, 
subject to the condition that it must be unity for mono- 
disperse polymers. Substitution of equation (2) into 
equation (3b) yields: 

where ¢ is given by equation (2) and rt is the relaxation 
time for molecules with molecular weight M~ and 
viscosity % 

Another problem to be solved is the molecular weight 
dependence of stress relaxation time and viscosity for 
each fraction. First of all, we may observe that this 
dependence should be different for different fractions 
according to the value of the molecular weight compared 
to the critical molecular weight Me for entanglement 
formation. We shall not take into account, for the 
moment, this aspect because it is insignificant for the 
polymers under consideration. This hypothesis will be 
justified a posteriori. 

The dependence of relaxation time and viscosity on 
molecular weight for the i th fraction is not necessarily 
the same as that observed for the monodisperse polymer, 
and such quantities are completely independent of each 
other. Theories and experimental data on monodisperse 
polymers suggest that it is reasonable to assume that 
relaxation time and viscosity for each fraction are 
proportional to unknown powers of their molecular 
weight. The dependence of relaxation time and viscosity 
of each fraction on their own molecular weight should 
be such that it reduces itself to monodisperse behaviour 
when polydispersity becomes one. It is possible to express 
the above statements by writing the relaxation time and 
viscosity for the i th fraction in terms of whole polymer 
viscosity ~/b. In fact, defining the following average 
molecular weight, 

- ~ w~M~/~ /~ , ) 

and putting 

M~. KMJ -p M? +° 
~ = 71 b ~ ,  "el = ~ b dRT M~ (5) 

where a and 7' are two possible arbitrary values of ~, we 
obtain equation (1) for a monodisperse polymer. Taking 

a continuous molecular weight distribution, i.e. substi- 
tuting a summation by an integral, we obtain for poly- 
disperse polymer the following by means of equations (2), 
(4) and (5): 

M r 1/~ 1 
~(t) [ f i ~ i  w(M)[Erfc h× 

¢(t) = 7o~ = (do \ M f f  [ 

i [ dRTM~ \],'i. I~ 

where w (M) is the polymer weight fraction with molecu- 
lar weight between M and M +  dM. 

It is quite easy to perform the integration of equation 
(6) if the molecular weight distribution (MWD) is 
log-probabilistic, that is: 

w(M)dM=(=jl i2exp[-(j lnMo)2]d(j lnL) (7) 

where/3 and 3/0 are two distribution parameters linked 
to number (/fin) and weight (Mw) average molecular 
weights by the following equations : 

Q=M:=exp(/32/2); )~w=moQ1/2 

This is the case for some polymers (linear polyethylene) 
but not for others [polystyrene, poly(methyl methacryl- 
ate)]. 

These last polymers have a Shulz 21 type MWD, i.e. 

w ( m ) d m =  ~.~(;+~)(zM)Pe-ZMd(zM) (8) 

where P is the gamma function, z and p are two distri- 
bution parameters linked to the number (3~,) and 
weight ()ff¢.~) average molecular weights by the following 
equations : 

z _ p + l  ~,  /Q,~ p + l  
-M--; ; (2 =~.~= p 

Henceforward, for convenience, we will use an asterisk (*) 
for the average molecular weight and the heterogeneity 
ratio of polymers with a Shulz MWD and no asterisk for 
the corresponding quantities obtained by approximating 
with a log-probabilistic distribution. For polymers with 
log-probabilistic distribution the average molecular 
weight and heterogeneity ratio will also be without 
asterisks. 

As long as the heterogeneity ratio remains lower than 
three in the polymers with a Shulz MWD, we can put 
without any significant error 

Mz' l//z ~ 1 ( ~ )  w ( M ) d M - ( ~ ) ~  e x p r - [ l l n ~ 2 ] x  
I \m M~/ J 

where m and M= are two suitable distribution para- 
metersZL These parameters must be calculated imposing 
the second and the third coefficients to be zero in the 
Hermite's expansion of the left side of equation (9). 
A posteriori we shall give a justification of  this simplifica- 
tion as soon as ~, 7", v and t ~ have been determined. 

By means of equation (9) we have introduced a 
lo__g-probabilistic distribution function characterized by 
Mw and Q where -~¢w and Q are connected with z and p 
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Table 1 Molecular and rheological parameters calculated from published experimental data 

Mcx 10 -4 Temp. t°'~x 10 s (sec p-z) 
Samples Ref. ~ 'wX l0  -s /~wXl0-~ Q Q* (ref. 14) (°C) ~/xl0-~(P) ~7 

t0"088 X 10 ~ (sec p-z) ~2 

PS-M4 12 4.11 1.06 3.8 227 1.39 1.4 0.66 
PS-M3 12 2.60 1.07 3.8 227 0.29 2.3 1.03 
PS-M2 12 1-87 1.06 3.8 227 0-13 3.2 1.2 
PS-P1 12 2.54 2.60 3.8 227 0-18 5-0 10.5 
PS-$111 24 2.24 1.04 3.8 180 3.6 2.65 1.07 
PS-B8 24 2.70 2.47 3.8 200 1.25 3.9 3.3 

24 2.70 2.47 3.8 180 5.4 4-8 4.1 
PS-ST 24 2.24 2.40 3.8 150 120 3.7 4.9 

24 2-24 2.40 3.8 170 11 3.5 5.6 
24 2.24 2.40 3.8 190 2.3 3.6 5.0 

PMMA 23 9-88 2.20 3.15 192 8.4 0.81 0.83 
HDPEa 13 0.9 7.0 0.38 180 0.9 30 167 

b 13 1.05 11-0 0"38 180 8.5 52 270 
c 13 1.00 7.1 0.38 180 4.0 1.2 7.5 
d 13 1.4 8.9 0.38 180 6.0 23 120 
P 16 1.12 5.0 0.38 180 1.93 4.8 12-5 

PS-M4, PS-M3, PS-M2, PS-S111= monodisperse polystyrene; PS-P1, PS-B8, PS-ST= polydisperse polystyrene; 
methacrylate); HDPE, high density polyethylene 

0.50 
0-48 
0.38 
1 "24 
0.46 
0.98 
0"97 
1-40 
1-54 
1.46 
1.04 
3.25 
3.22 
3"05 
3"30 
2"20 

PMMA, poly(methyl 

parameters which appear in the Shulz MWD, by the 
following equations : 

Q=exp [~b'(1 + p + ~ ) ]  (9a) 

where ¢ and ~' are the digamma and trigamma functions 
with the argument 1 +p  + (~,/~). 

It is possible to integrate equation (6) observing that 
we may put: 

1 ~ 1 x 
tErfcalogx I _Erfca~logf~ (10) 

With this approximation we do not introduce a significant 
error even if a and ~ can vary in a broad range. 3 c and 
fc are two coefficients depending on ~ and they can be 
mathematically determined (see Appendix). 

After the integration of equation (6) we get 

where 

¢(t)={(~ f (a~,)~og(t/t~)exp(-v2)dv}~' (11) 

E 2 = h a 3~/~ + ~3.3(~ + p)Zlog Q (12) 

_ f f~o a ,c l - -p  (l/t~)[(~+p)~,-(c,'/2)]--p/2 
- -  "11~ IV1 W 1¥1 C J l~  ~g ' )  t ~  (13) dRT 

3~/, and f~/~, depend on the ratio v/F. 
Obviously for t~= 1, ¢(t) of equation (11) is an Erfc 

function. On the basis of equation (10) we may consider 
¢(t) in equation (11) as an Erfc function also for t~=3.5 
with different expressions for the characteristic parameters 

and t¢. So equation (12) assumes the form 

~2 = A + Blog Q 

where A is a function of v/F and F, and 

B=0.87(c~+p)~ for t~=l  

B=0"44(~+p) ~ for F=3.5 

(12a) 

As far as the meaning of the parameter t¢ is concerned, 
we can observe that: (a) in the case/z = 1 we have qb(t) = 0.5 
when t=t¢ so that t¢=to.5 where to.5 is the time when 
O(t) assumes the value 0.5; (b) in the case F =  3.5 when 
t=t¢~ we have qb=(0"5)~5=0"088 so that t¢=to.o8s 
where to.os8 is the time when qb(t) assumes the value 
0.088. 

Equation (13) may be written as follows: 

lo dRT t~ = C+ DlogQ (13a) 
g ~  vb 

where C depends on the ratio v/t~ and t~, and 

In Table 1 all molecular (/~w, Q, )ff~, Q*, Me) and 
rheological (v, ~z, to.5/~, t0.0ss/~) parameters, calculated 
by us from published experimental data, are reported. 

The rheological parameters E 2, t0.5/~, t0.08s/~, were 
calculated plotting the stress relaxation curves on log- 
probability paper versus time and recording the times 
when the stress assumes the values 0.5 or 0.088 of its 
initial value. ~/ is the viscosity at very low shear rate 
where the flow behaviour can be considered still New- 
tonian. ~/is the ~/0 in the previous equations. 

Figures 3 and 4 experimentally confirm that the stress 
relaxation after steady shear of polydisperse polymers 
may be represented by means of an Erfe function. 
Only for poly(methyl methacrylate) (Figure 4) do we 
have a significant deviation from a straight line, on 
log-probability paper, but this occurs only when the 
stress is lower than 5 ~ of the initial stress. 

On the basis of the data of Table 1 it is possible to 
check the validity of equations (12a) and (13a). 

As far as the polymers with log-probabilistic MWD 
are concerned, it is sufficient to perform the linear 
regression between ez and logQ and between 
log (dRTt¢)/(Mciff4~-o~?) and log Q, using the least squares 
method, for different values of p and t~, namely p = - 1, 0, 
1 and t~ = 1 and t~ = 3.5. The index of correlation r could 
indicate which of the previous hypotheses is the most 
probable one. From B and D so determined it is possible 
to calculate ~ and y. 
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Figure3 Stress relaxation for sample PS-ST at differenttempera- 
tures (heterogeneous polystyrene24). 0 ,  150°C; O, 170°C; x ,  
190 ° C 
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Figure 4 Stress relaxation for PMMA 23 (O) and for sample 
HDPE-c (C)) (polyethylene is) 

In the case of polymers with a Shulz M W D  the situa- 
tion is more complicated. In fact Q and )ffrw can be 
calculated only if 7 and /z are known [see equations 
(9a) and (9b)]. 

In the hypothesis that v-- 1, by a method of  trial and 
error, we looked for a value of  7 equal to the one derived 
from the values of B and D obtained by the least squares 
method through experimental data, according to equa- 
tions (12a) and (13a). 

In Table 2 we report the results of  these regressions, rl  
and r2 are the indices of  correlation relative to equations 
(12a) and (13a) respectively. It  may be observed that rt 
is very close to unity; therefore within this confidence 

Table 2 Results of the regressions for the cases when t~=l and 
#=3.5 at p = - l ,  0 or +1 

t~=l tL=3"5 

p = - I  p=0 p=+l  p = - I  p=0 p=+1 

rz 0' 95 0.97 0' 97 0" 96 0" 97 0.97 
A 0' 74 0.53 0' 53 0' 65 0.58 0' 53 
B 2.74 2.85 2.85 2.73 2.8 2- 85 

3.22 0' 81 0.81 3" 5 2.52 1 • 54 
r2 0- 97 0" 61 0.72 0- 98 0' 96 0.89 
C 1 • 28 0.42 1 • 41 1 • 27 0.45 1- 48 
D 4.29 0.68 1.23 3.86 2.67 2.35 
~, 4.05 1.23 1.13 7'0 5.0 4-78 
7//~ 4- 05 1.23 1 - 13 2 1- 43 1- 37 

limit A does not depend on Q. It follows that v = 1 also 
for polydisperse polymers. 

In accordance with the values of r2, the cases /z = 1, 
p = 0 ;  F = I ,  p = l  ; F=3.5 ,  p = l ,  show a confidence limit 
lower than the other three ones. 

In order to get a better understanding of the previous 
results, we have plotted, in Figures 5 and 6, ~2 versus log Q 
and log [(dRT/Mc~)to.oss] versus log Q for the case p = 0  
and /z=3.5. The straight line, on both figures, is the 
regression line. 

Source o f  the data 

In our analysis we took into account experimental 
data from different authors. To avoid the need to refer 
to the original papers we shall briefly summarize the 
experimental conditions under which the data were 
obtained. 

'" 2 

o / o  

X / '  
I [ 

O I 
Log O 

Figure 5 E 2 as a function of log Q in the case p=0,/~=3'5.  ©, 
HDPE; O, polystyrene; x ,  PMMA 
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polystyrene; x, PMMA. p=0;/~=3.5 

The stress relaxation after steady shear flow was 
obtained by means of different rheometers. West 12 
performed his experiments at 223°C by using a Weissem- 
berg Rheogoniometer after the imposition of a steady 
shear rate of 1.42 sec -1. The samples were monodisperse 
polystyrenes (M4, M3, M2) and polydisperse polystyrene 
(P1). 

Giuliani did stress relaxation after cessation of steady- 
state flow experiments la, 24 with a similar equipment 
imposing a steady shear rate in such a way to obtain 
Newtonian viscosity behaviour of the materials. He used 
different temperatures as shown in Table 1. Peticolas 
made similar experiments using an apparatus designed 
by Menefee 16 at 180°C. Ajroldi-Pezzin 23 data were 
obtained on a Krpes rheometer at 180°C. In order to 
determine average molecular weight and molecular 
weight distribution all samples were characterized using 
gel permeation chromatography except sample P(16) which 
was characterized by column fractionation. All the data 
are summarized in Table 1. 

DISCUSSION 

The published experimental data, used in the present 
paper, are not suitable to select the most probable values 
for p and tz; in fact the cases (a) p = 1, tz = 1, (b) p = - 1, 
/~=3.5, (c) p=0, /L=3.5  have the same confidence limits. 
This is mainlydue to experimental errors and to arelatively 
low number of experimental data found. Moreover the 

polyethylene samples, with different polydispersity, 
fall within a narrow molecular weight range and branching 
may be present. In all cases the Rouse-Bueche theory is 
not experimentally confirmed as many authors pointed 
out 8-s. For all the cases where p #  1, the value of D is 
strongly dependent on the Me value; in fact this is the 
only reason for which D increases when p changes from 
0 to + 1 (see Table 2). 

We have chosen Me, the critical molecular weight for 
entanglement coupling, because this critical molecular 
weight was previously connected with steady flow 
compliance s . 

In any case the proper choice of the critical molecular 
weight is not essential as the other critical molecular 
weights, for instance the average molecular weight 
between coupling loci (Me), are roughly proportional 
and consequently do not affect the coefficient D but only 
the coefficient C which is not interesting at all. 

Mills s found that the limiting value of the steady shear 
compliance J is independent of molecular weight and 
depends only on polydispersity. Mills performed his 
analysis not only taking into account his own experi- 
mental data but also published data 7,25 relative to 
different polymers. This means that the case p=0  is 
experimentally confirmed. As to the case p=0  and 
/z=3.5, it is useful to find the relation existing between 
the reduced steady flow compliance J'=(dRT/Me)J 
and log Q in order to confirm Mills' results also from a 
quantitative standpoint. 

The steady flow compliance may be calculated from 
stress relaxation after steady flow by means of the 
following equation (14): 

J=fo,*(,)d, 
When ~(t)  is an Erfc function with argument log t the 
integration of the previous equation yields: 

t0.5 2 z 

where • is the slope factor of the relaxation Erfe function 
(Table 1). In Figure 7 we have plotted log./ '  against 
log Q. The straight line is the regression line obtained by 
means of the least squares method with index of corre- 
lation r=0.94.  So we can write 

J'oc Qa.65 

getting, for the exponent, the same value found by 
Mills s. It seems that the case p=0  and/z=3.5 would be 
better than the other cases having the same probability. 

In this case •2 and t0.0ss are both only heterogeneity 
ratio (Q) dependent. It is interesting to calculate Q from 
experimentally determined E 2 and t0.0ss according to 
equations (12a) and (13a) and compare the values with 
those obtained by means of a direct technique (Table 3). 

In Table 3 the heterogeneity ratio Q for polymers with 
a Shulz MWD was calculated using equation (9a) from 
published Q*; ~ is the geometric mean of the Q values 
obtained from •2 and from t0.os8. Generally speaking the 
agreement is satisfactory. 

From homogeneous polymers we obtained an hetero- 
geneity ratio less than unity, but this value lies in the 
range of statistical errors. 

To justify the substitution made in equation (9) we 
integrated numerically equation (6) for the particular 
case when p=0,  /~=3.5, ~=2.5, 9,//z=2, for a polymer 
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Table 3 Values of Q and ~ for 
polymers with a Shulz MWD 

Sample Q ~) 

M4 1.00 0.85 
M3 1.00 O. 89 
M2 1.00 0.91 
P1 1.48 1.93 
S111 1.00 0.85 
B8 1 • 47 1 • 37 
PS-ST 1.46 1.86 
PMMA 1.44 1.82 
HDPE-a 7.0 7.3 
HDPE-b 11.8 11.6 
HDPE-e 7.1 5'6 
HDPE-d 8.9 10.5 
HDPE-P 5'0 4.3 

PS-M4, PS-M3, PS-M2, PS-S111 
= monodisperse polystyrene; 
PS-P1, PS-B8, PS-ST=poly -  
disperse polystyrene; PMMA,  
poly(methyl methacrylate); HDPE, 
high density polyethylene 

having Q * =  3. In  Figure 8 we plotted the results o f  the 
analysis (full points) and the straight line predicted by 
equation (11). F r o m  Figure 8 we can see that, when 
Q * =  3, the approximat ion o f  equation (9) is justified and 
this will be aJbrtiori true when Q* < 3. 

,1 
r 
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Figure 8 Stress relaxation for a polymer with a Shulz MWD for 
Q=3 obtained as a numerical integration of equation (6) (points) 
compared with the straight line predicted by the theory. /z=3.5; 
c,=2.5; ~,//~= 2 

In equation (6) the lower limit o f  integration is assumed 
to be zero. This implies an overestimate of  the influence 
o f  low molecular weight molecules ( M < M c ) .  At  the 
initial time the influence o f  low molecular weight 
molecules on the stress relaxation is negligible; it will 
be even more  negligible at higher times since tz <y .  

We realize that  an understanding of  the stress relaxation 
and its dependence on weight average molecular weight 
and heterogeneity requires an additional series o f  tests 
on  polymers with a large range o f  molecular weights and 
heterogeneity;  but  the current analysis made on available 
experimental data shows that  the stress relaxation after 
steady-state shear flow can be expressed by means o f  
an Erfc function. 
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APPENDIX* 

We will assume, for the moment, that: 

[ x]° i x  
Erfe log = E r f c ~  log~-  (A1) 

ao ~ Ja, ~ 

where 8c and fa, c are two new parameters. Deriving 
equation (A1) and taking into account the values of 
equation (A1) and of its derivative when x = 1 we obtain 
the following equations for 8 c andf~, 

E r f c ( -  l l o g f . ,  , ) = 0 . 5  (A2) 

a ( 0 , 5 ) l _ L x . . / _  1 logf~ ' (A3) 

Observing equation (A2) we can see that (1/a~c)logfa, 
depends on g and consequently fa, c depends on a and 

while 8¢ only from ~ (see equation (A3)). 
In the present paper we have considered ~= 1/3.5 or 

~=3.5; in these cases we found ~z/3.5= 1/83.5= 1"5 and 
fl/z.5,, = 1/fl/z.5,,= 10 °' 96a. 

As a proof of equation (A1) in Figure 9 we have 
plotted Erfc[(1/a)logx] and [Erfc(1/a)logx] a'5 in our 
limiting cases, i.e. for homogeneous polymers where 
e2=0.59 and therefore a2=(1.4E) 2= 1.18 and for hetero- 
geneous polymers with Q=12 where e2=3"61 and 
therefore aZ = (1.4e)2 = 7.2. 

* For interested readers a copy with the detailed mathematical 
development is available from the senior author 
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Erfc[(1/a) logx] and {Erfc[(1/a) logx]} 8"5 for the limiting 
, Q = I  ; . . . . .  , Q=12. • and + are the calculated 

The points • and + in Figure 9 were calculated 
directly using the 3.5 power of the function Erfc [(1/a)log x] 
Clearly equation (A1) is satisfied from the practical 
point of view. 
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Effect of molecular weight on the rate of 
crystallization of polyethylene fractions 
at high undercooling 

d. M. Barrales-Rienda and d. M. G. Fatou 
Division of Polymer Physics, Instituto de Plasticos y Caucho, Madrid 6, Spain 
(Received 13 July 1971) 

Isothermal crystallization of polyethylene fractions by calorimetry at high undercoolings has 
been studied for a wide range of molecular weights between 1"55x106 and Cz6H74. The 
influence of molecular weight on crystallization rates as undercooling increases is very 
moderate. The crystallization temperature coefficient has been analysed according to three- 
dimensional nucleation theory and it has been shown that the crystallization is described 
by a unique function of the free energy required for nucleation when the change of the 
interfacial free energy with molecular weight is considered. The interracial free energy 
reaches an asymptotic value at high molecular weights, decreases as the molecular weight 
is lowered and reaches an asymptotic value at the lower molecular weight. 

INTRODUCTION 

The crystallization of polymers from the melt is character- 
ized by a high negative temperature coefficient, which 
shows that nucleation of the system is the predominating 
factor in the transformation t, 2, independently of  the 
mechanism involved. 

Moreover, the rate with which crystallization takes 
place from the melt can be obtained from the general 
expression for the kinetics of phase transformations 3, 4 
and for very low levels of transformation, it can be 
assumed that the critical free energy for nucleus growth is 
approximately the same as that required for nucleation, 
the overall crystallization rate depending on two energetic 
terms: the activation energy for transport and the 
critical free energy for forming a nucleus. 

The latter can be calculated for finite molecular 
weights by the expressions developed by Mandelkern 
et ak s, 6 for tri- and bi-dimensional growth mechanisms 
and this treatment has recently been applied 7, 8 to the 
analysis of spherulitic growth for different polymers, 
showing that independently of the molecular weight, the 
growth rate is a unique function of  the free energy for 
nucleation and that the excess interfacial free energy in 
the (001) face of the crystal is a function of  the molecular 
weight. 

On the other hand, the variation in crystallization rate 
from the melted state at low undercoolings has been 
attributed to a transport effect so that, when the crystal- 

lization temperature decreases and conditions for 
nucleation are less restricted, the viscosity of the medium 
is less important and there are no complicating effects by 
the energy of  transport 2, 9 

The main purpose of  this work is, therefore, to analyse 
polyethylene crystallization kinetics at high under- 
coolings and to study the temperature coefficient as a 
function of the molecular weight and of  the thermo- 
dynamic parameters involved encompassing a molecular 
weight range from 1-55 x 106 to 1-8 × 103. 

The highly purified C36H74 paraffin has been included 
in the analysis for comparative purposes. 

EXPERIMENTAL 

Crystallization kinetics were studied using the calori- 
metric technique described in detail elsewhere 9. Eight 
polyethylene fractions with the following molecular 
weights were used" 1.55×106 , 4.25x105 , 1 . 0 x l 0  s , 
2"0x104 , 12"5x103 , 5"3x103 , 3"3×103 and 1-8×103 . 
These samples were obtained using a column fractiona- 
tion technique already described 1°, using linear poly- 
ethylenes. A highly purified C86I-I74 paraffin (Fluka, 
A.-G.) was the fraction with the lowest molecular weight. 

The crystallization was studied with a Perkin-Elmer, 
DSC-1B differential scanning calorimeter. The method 
used is the same as described by us in a previous paperL 
Briefly, it can be summarized as follows. The molten 
samples were undercooled at 64°C per minute until the 
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Figure 1 Typical isotherms for molecular weight fractions of 
(a) 3300, and (b) 20 000 linear polyethylene fractions and (c) paraffin 
(C36H74) at high undercoolings. Temperature (°C) of crystalliza- 
tion is indicated for each isotherm 

desired crystallization temperature was reached. Crystal- 
lization heat was recorded as a function of time until 
crystallization was complete or the heat evolved was 
small enough to be detected. The percentage crystalliza- 
tion was obtained in the usual way 3. AHu=6.8 cal/g 
was used for the indium and AH~=(960/14)cal/g was 
used for the high molecular weight polyethylene fractions 
(Mn = 2.0 x 104). The melting heat for the lowest molecu- 
lar weights were calculated using the Flory and Vrij 11 
equation modified for a value of AHu = 960 cal/mol z2, 

AHu = 960-- AC~A T -  (2150/n) (1) 

where AHu is the melting enthalpy per -CH2- unit and 
n is the chain length, A T is the difference between the 
equilibrium melting temperature of an extended chain 
polyethylene crystal of infinite molecular weight in 
equilibrium, that is to say 145.5°C 11,13 and the melting 
temperature for a chain with n methylene groups, and 
AC~ is the difference between the heat capacity of 
extended chain polyethylene crystaP 4 and amorphous 
polyethylene 15. The melting heat of 30 900cal/mollm 17 
taken for the C46H74 paraffin corresponds to melting 
enthalpy of AHu= 853.3 cal/mol per -CHz-- group. 

Thus, the functions (1 -  At) versus t were obtained for 
each undercooling. The value (1-At)oo was obtained by 
the usual method of taking the extrapolated value of the 
curve after two decades of time, because secondary 
crystallization was extremely slow. The usual form of the 
equation of Avrami ln0--kt n was obtained by calculating 
the function O from the following relation: 

( 1  - -  At)oo. ( 1  - -  0 )  = ( 1  - -  A t )  ( 2 )  

Isotherms thus obtained for two of the fractions and 
paraffin C36H74 are shown in Figure 1. 

RESULTS AND DISCUSSION 

The results of the crystallization rates, expressed in terms 
of time ~-0.5 for 50 ~ of the transformation are given in 
Figure 2 for the various temperatures studied. 

The most important fact noted is that at the highest 
crystallization temperatures (121-123°C) a maximum in 
the crystallization rate may be observed which corre- 
sponds as a minimum when plotting z0.5 against h#n. 

This minimum is not so well defined in each case and, 
as can be seen, as undercooling increases, it moves to 
much lower molecular weights and nearly completely 
disappears at the lowest undercooling. This minimum is 
more pronounced at the highest crystallization tempera- 
ture, as may be noted for all crystallization temperatures 
used. 

Furthermore, with any molecular weight, crystallization 
rate increases when crystallization temperature decreases. 
It is a well established fact that this indicates a nucleation 
process in the crystallization is occurring. Another 
important fact is that at the lowest crystallization 
temperatures and in the range of the highest molecular 
weight, crystallization rate only seems to be slightly 
dependent on molecular weight. The nucleation theories 
developed 5, 6 have shown that the free energy for stable 
nucleus formation is independent of molecular weight 
for chains with a molecular weight above 105 whatever 
the crystallization temperature and crystallization rate 
changes with molecular weight have been attributed to 
the transport term or rate of growth 2. When the crystal- 
lization temperature decreases, the critical nucleation 
conditions diminish and the viscosity of the medium is 
not of important influence. 

This has been shown in a previous work and it is 
strongly supported by our own results which cover a 
wider range of molecular weights. 

Crystallinity, at the end of the transformation at a 
given crystallization temperature, is a function of the 
molecular weight and decreases as this increases. 
Figure 3 represents this variation after crystallization at 
115°C for fractions of molecular weight between 1.55 x 10 ~ 
and 1.8 x 103. For these limits, crystallinity varies from 
35 ~o for the fraction of highest molecular weight up 
to 85 ~o for the fraction of lowest molecular weight. 
Similar results were previously reported z0 after crystal- 
lization at low undercoolings. 

On the other hand, the crystallization rate can be 
expressed as a function of time r0.1 in which 10~ of the 
transformation takes place by the equation a, 4: 

In (~'o. 1 )  - 1  = In 0-o. 1)o I __  EI#RTe - AF*/RTe (3) 

IOO 

l.n 

o 

IO k 21 123 li9 ~ J l  

I 

67" =-\~ i ~ O -  o /  / = / n  III V."n---.--.O_O _ . . ~  X '~v ~=.A ~ 
I13 o I09 

I I I I 

o-I l° 3 i° 4 !° S l° ~ l° 7 

Figure 2 Double logarithmic plot of crystallization half-time, 
~'0.5 (minutes) against number-average molecular weight. Iso- 
thermal crystallization temperatures (°C) indicated for each curve 
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where Te is the crystallization temperature, AF* the I.O 
free energy for forming a stable nucleus and E 9  is the 
transport term. 

From equation (3) it can be deduced that a repre- 0.8 
sentation of  In(r0.1) -1 against AF*/RTe  should corre- 
spond to a straight line with a - 1 slope and independent 
of the molecular weight when the value of AF* is stipu- ©.6 
lated for the model of finite molecular weight in a "-z 
tridimensional nucleation process. ~, 

For  the case of a cylindrical nucleus, it has been shown - 0.4 
that 5: 

AF* = ~1 /2~*p*1 /2o '2  (4) 

where ~:* and p* are the critical dimensions of  the 
nucleus and au the lateral interfacial free energy per 
structural unit. 

For a finite chain with chain length x, the critical 
dimensions are related by the following expressions : 

(~:*/2) [Afu - (RTc/x) + ( R T c / x -  ~* + l) ] = 

2 a e - R T c l n [ ( x - ~ *  + l ) /x]  (5) 

and 

p.1/2 = 2~rl/Zau / [Afu - (RTc/x) - ( R T c / x -  ~* + I) ] (6) 4 

where ae is the interfacial free energy per unit in the basal 
plane and Afu is the free melting energy per repeating 
unit at Tc which is given by the approximation 

Afu  = AHu(  T ° -  Tc)/T ° (7) 3 

AHu being the melting enthalpy per unit and T °, the 
equilibrium melting temperature. 

In the limit of  high molecular weights equations (4), 
(5) and (6) are reduced to the known expression : x 2 

5 
AF* = 8rraea~( T°)2/ AH2u( T ° - To) 2 (8) 

Analysis of the experimental data according to the above 
equations require exclusively the specification of  T °, I 
AHu and ~re. In the case of polyethylene, Flory and 
Vrij n have developed the theoretical relationship 
between the molecular weight and the equilibrium 
melting temperature. This theoretical treatment and 
suggested extrapolations 12, 13 give an equilibrium melting 0 
temperature for infinite molecular weight polyethylene 
of  145.5°C. Melting enthalpy is known by independent 
measurements and for high molecular weights corre- 
sponds to 960cal/mo11L If  a value for ire is stipulated -I 
it is possible to calculate the ratio AF*/2a~ Te. The value 
chosen was that of  ae=2400cal/mol, although the O 
conclusions obtained do not depend on it if other values 
are selected. 

The representation of ln(z0.1) -1 against AF*/2a;" Tc 
is shown in Figure 4. All the analysed fractions give 
straight lines, with a common intersection, except those 
corresponding to the fraction of 1.8 x 103 and paraffin 
C36H74, which are not included. The slopes of these lines 
vary with the molecular weight and the lower the 
molecular weight, the lower the slopes are. However, the 
straight lines can be extrapolated to a common intercept, 
i.e. ln(~-0.1)oL Similar results have been described in 
bidimensional analysis of the spherulitic growth of 
different polymers 7, s 

Considered literally, variations in the slopes in Figure 4 
represent a change in the values of ae or Cru or both, if 
AHu is a constant. If  we assume that (ru is constant and 

0.2 
ic~ io ~ 

"a x 

I I I I 

1 0  3 1 0  4 1 0  S 1 0  6 

Figure 3 Degree of crystallinity (1 -At), as a function of molecular 
weight for linear polyethylene fractions after crystallization at 
115°C 

q 

\ 

I I ~' " " I 

O-Ol 0"02 0"03 0.04 

AF~/2o~rc 

Figure 4 Plot of In(~-o.1) -z against AF*/2a2uTc for linear polyethyl- 
ene molecular weight fractions, ae=2400; T°=145"5°C. Number- 
average molecular weight of fractions: V ,  3300; x ,  5300; Q, 12 500; 
[~, 20 000; V ,  100 000; A ,  425 000; ©, 1 550 000 

independent of the molecular weight, and a value of 
~e is established for the fraction of the highest molecular 
weight (ae = 2400 cal/mol) and as a result au = 15 cal/mol, 
the value of ae can be determined for each molecular 
weight. These values are indicated in Figure 5, where 
ae has been represented against number-average 
molecular weight. 
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Figure 6 In(~-o.z) -x against AF*/RTc for samples studied utilizing 
interfacial free energies shown in Figure 5. ×, C86HTa; A ,  1800; 
V ,  3300; V', 5300; 0 ,  12 500; R, 20 000; I I ,  100 000; A,  425 000; 
O, 1 550 000 

Representation of the data for the fraction of lower 
molecular weight (1-8 x 103) lead to a curve. A value of 
the slope can be estimated by extrapolation of this curve 
at the previously established value of ln(z0.1) -1. The 
value of the slope has been used analytically according 
to equations (5) and (6) for calculating AF*. 

Figure 7 Plot of AF* against interfacial free energy, ire, at various 
temperatures for paraffin C36H74. A, 67°C; B, 68°C; C, 69°C; 
D, 70°C 

The analysis of experimental data can now be made 
calculating AF* according to equations (4), (5) and (6) 
for each fraction and each crystallization temperature, 
with the corresponding ere values. The representation of 
ln(To.1) -z VS. AF*/RTc, as can be seen in Figure 6, give a 
unique straight line with slope - 1 according to equation 
(3). 

The case of C36H74 deserves special discussion. As has 
been pointed out, this paraffin presents three crystalline 
forms: monoclinic, orthorhombic and hexagonal with 
transition temperatures of 345.3 °, 347.0 ° and 349.1°C 
respectively 16-18. The melting energy corresponding to 
the monoclinic to liquid form is 30 900 cal/mo116-18. 
In the experimental crystallization conditions (341 ° , 
342 °, 343 °, and 344°C), the most stable form corresponds 
to the monoclinic form, although as has been pointed 
out by Ohlberg 19 and subsequently by Atkinson and 
Richardson 17, an intermediate component appears, as a 
precursor of the stable phase of high molecular weight 
paraffins. 

Representation of kinetic parameters as a function of 
AF*/2~r~ Tc leads to curves in the range of large values 
of this quantity when oe=2400cal/mol is used. The 
extrapolation or determination of the slope at high 
undercoolings is experimentally impossible, owing to the 
high speed of crystallization, and analytically very risky. 

The correct treatment corresponds to the analysis of 
equations (5) and (6) for different values of ~e, for which 
these equations have real values. The variation of AF* as 
a function of ere, for cru=15cal/mol is indicated in 
Figure 7, on condition that p*= 1. For values of oe 
greater than those represented, the value of AF* tends 
towards infinity as Tin, melting temperature, is lower than 
crystallization temperature, and the solutions of equa- 
tions (5) and (6) have values with no possible physical 
significance. 

If  a similar value is stipulated to that of the fraction 
of 1-8×103, that is, cre=1660cal/mol, ~*=32"05 and 
p*=14"86 for Tc=343K,  the values of AF*/RTc are 
according to equation (3), as shown in Figure 6. Small 
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variations in the value assigned to ae do not alter this 
conclusion. 

This excellent concordance shows the validity of the 
model of nucleation for finite molecular weights accord- 
ing to the theories of Mandelkern et a l ) ,  6 

The variation in ere with the molecular weight as 
shown in the analysis of the spherulitic growth 7, 8 
corresponds fundamentally to the region in which there 
is a change in morphology in the crystal, of folded chains 
to extended chains. 

The highest values of ere correspond to the areas of 
molecular weights where ~* is much less than x. When 
¢* is comparable to x, the value of ~e is much smaller 
and also reaches a constant value. The region situated 
between these two asymptotic regions corresponds to the 
molecular weights in which there is a morphological 
change 7, s and the ratio ~*/x ranges in between the 
values of 0.001 and 0.900, where ~:* has been taken 
for a constant crystallization temperature of 115°C for 
fractions and 70°C for paraffin C36HTa. 

The results described in this work show that the crystal- 
lization process of polymers is governed by the nucleation 
of the system and that when the variation in the interfacial 
energy in the (001) face of the crystal with the molecular 
weight is stipulated, the phase transformation is described 
by a unique function of the free energy required for 
nucleation. 
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Book Reviews 
Priciples of Polymerization 
George Odian 
McGraw-Hill, New York, 1970, 652 pp. $18.50 

Many textbooks dealing with synthetic high polymers give broad 
coverage to their chemistry, physics and technology. This volume 
sets out to deal in much more detail with the chemistry of the 
synthetic processes which have been developed in recent years. 

A very brief introduction serves to introduce the range of polymer 
types, the concepts of molecular weight and its distribution and 
the relationship between physical state and bulk properties. As 
might be expected a substantial proportion of the book is devoted 
to step polymerization of the condensation type and to free radical 
chain polymerization. Mechanisms for studying these processes 
are described in detail, together with the relationship of kinetic 
parameters to the physical characteristics of the product. The 
especially important emulsion polymerization is described separ- 
ately but briefly and on the whole qualitatively. Ionic polymerization 
mechanisms are described also in a fairly general manner, but with 
numerous illustrations of individual systems. 

The added complications of copolymerization are given consider- 
able space and the mathematical description of the kinetics is deafly 
developed. Attention is also given to diffusion control, solvent 
effects and the 'penultimate' effect, for example. 

Because of their recent importance, ring-opening polymerization 
mechanisms are dealt with separately and in some detail as is the 
stereochemistry of polymers where comment is made on naturally 
occurring polymers as well as synthetic. A final brief mention is 
made of reactions of polymer molecules such as grafting, cross- 
linking, vulcanization and halogenation to name but a few. This is, 
however, only a qualitative indication of what can be done by 
regarding a polymer as a reactive chemical. 

The general impression of the book is very good, the type is 
bold, diagrams and illustrations are clear and numerous tables 
present the matter in an easily assimilable manner. Individual 
chapters are referenced to important key publications enabling the 
reader to follow up selected topics in more detail. This publication 
should be of value to any final year student of chemistry who is 
specializing in the field of high polymers and can be highly recom- 
mended to anyone who has need of being introduced to this im- 
portant study. The relatively high cost of the book will no doubt 
restrict its sale to the more enthusiastic buyer. 

J. C. Robb 

Polyester fibres: chemistry and technology 
Hermann Ludewig 
Wiley, New York, 1971, 476 pp. £8.00 

This book is a translation of Polyesterfasern which was published 
in Germany by the Akademie-Verlag GmbH (Berlin) in 1965. It has 
been written in collaboration with chemists and engineers and for 
this reason is able to span the many scientific and technological 
areas involved in fibre production. The book begins with the 
chemistry of the raw materials and their transformation into 
poly(ethylene terephtha/ate), and leads on to the various processes 
involved in the production of fibres, e.g. melt spinning, drawing, 
etc. These aspects are then followed by textile processes involved 
in yarn preparation, e.g. twisting, winding, crimping, etc. The final 
chapters deal with the characteristics of polyester filaments, their 
processing, e.g. dyeing, and their end uses. The presentation is 
biased towards the technological aspects of the manufacture of 
polyester fibres. This side is comprehensive and well documented 
and much valuable information of the physical behaviour of fibres 
is included. 

The scientific background, on the other hand, is not so well 
presented. Part of this criticism arises from the fact that the book 
was published some six years ago. One would have hoped to see, for 
example, some of the background of fibre structure discussed, or 
alternatively, the importance of oligomers in the context of heat 
setting and dyeing brought out. In this context, it would have been 
advantageous if the author had given more information on poly- 
esters other than poly(ethylene terephthalate), in particular co- 
polymers. 

Nevertheless, with these provisos, the book gives an extremely 
comprehensive survey of the production and use of poly(ethylene 
terephthalate) fibres, and will undoubtedly be of great value to 
scientists and technologists in industry. On the academic side, the 
book is rather too specialist for an undergraduate, although 
many of the chapters would be of use for reference purposes. On 
the other hand, postgraduate students confronted with problems 
concerned with melt spinning would find this book a very good 
starting point for their investigations. 

The book is well presented and written. It contains only a few 
curious turns of phrase which presumably have arisen in translation. 
For  the information and in particular the number of references to 
relevant literature which it contains, the book is reasonably priced. 

R. H. Peters 

Toluene diisocyanate in industry : operating and 
medical codes of practice 
British Rubber Manufacturers Association Ltd, 
London, 1971, 52 pp. £2.00 

This report of the Isocyanate Sub-Committee of the B.R.M.A. 
Health Advisory Committee arises from the workings of a panel 
representing research, production, trade union and medical interests 
concerned with the use of diisocyanates for products based on 
polyurethanes. 

With the introduction of toluene diisocyanate and other iso- 
cyanates in the manufacture of foams, elastomers, adhesives, 
coatings, etc., there has rightly been much concern over the hazards 
associated with these extremely reactive intermediates which can 
produce distressing respiratory and dermatological effects unless 
correctly used. The scientific, technical and trade literature has 
over the years frequently drawn attention to these hazards and 
provided valuable advice but with the growth of the industry, 
particularly in large-scale production of flexible foams, the desir- 
ability of making available a comprehensive and authoritative guide 
was recognized by the B.R.M.A. 

The present report deals with the equipment, plant, handling and 
storage (but not transport) problems associated with toluene 
diisocyanate and, to some extent, with other isocyanates. Many 
recommendations made relate to health factors and safe working, 
including the medical screening applicable to the selection of em- 
ployees. It should be read and used by all responsible in places where 
isocyanates are used and the B.R.M.A. is to be congratulated in 
taking the initiative to produce this worthwhile publication. 

R. J. W. Reynolds 

Reviews of Macromolecular chemistry 
Edited by G. B. Butler, K. F. O'Driscoll and M. Shen 
Marcel Dekker, New York, 1971, Vol 6, 490 pp. $19.50 

This book is Vol 6 of 'Reviews in macromolecular chemistry' 
and like the previous volumes contains reviews of special areas or 
topics written by experts in the various fields. The particular sub- 
jects covered in this volume are" 1. Proton magnetic resonance of 
molecular interactions in polymer solutions; 2. Preparation and 
polymerization of vinyl heterocyclic compounds; 3. Catalysis of 
isocyanate reactions; 4. Thermodynamics of polymerization. 
II. Thermodynamics of ring-opening polymerization; 5. Co- 
polymers of naturally occurring macromolecules; 6. Molecular 
configuration and pyrolysis of phenolic novolaks; 7. Physical 
properties of ionic polymers; 8. Synthesis and properties of poly- 
phenyls and polyphenylenes; 9. Dependence of flow properties 
on molecular weight, temperature and shear; and 10. Synthesis 
methods and properties of polyazoles. The chapters have been 
clearly selected to cover recent advances in macromolecular 
chemistry and although of most interest to the specialist the book is 
also of value to chemists wishing to obtain an authoritative account 
of the state of knowledge in a given area. 

C. E. H. Bawn 
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Equilibrium ring concentrations and the 
statistical conformations of polymer chains: 
Part 9. Sodium metaphosphates in 
Graham's salt 

D. R. Cooper and d. A. Semlyen 
Department of Chemistry, University of York, Heslington, York Y01 5DD, UK 
(Received 20 March 1972) 

The molar cyclization equilibrium constants Kxfor oligomeric metaphosphates (NaPOa)x in 
high molecular weight sodium phosphate melts at 1000K are calculated using a rotational 
isomeric state model to describe the statistical conformations of the corresponding open 
chain molecules. The model is based on a previously published analysis of the molecular 
structure of the polyphosphate chain. Each skeletal bond is assigned to one of three 
rotational states in trans (~=0 °) andgauche(~= + 120 °) positions, and the interdependence of 
adjacent pairs of bond rotational states is taken into account by assuming that only Coulom- 
bic interactions between charged non-bonded atoms of the chain separated by eight or 
fewer chemical bonds need to be considered. The probabilities that polyphosphate chains 
-(-O-PO2-)-x (with x=3-10) will intramolecularly cyclize are calculated by computing the 
statistically weighted fraction of the 32x-s conformations defined by the rotational isomeric 
state model that have their termini in close proximity for ring formation. Molar cyclization 
equilibrium constants calculated by this direct computational method are compared with 
experimental values deduced from data of Thilo and Schfilke, as well as with values calcu- 
lated assuming that the polyphosphate chains obey Gaussian statistics. 

INTRODUCTION 

In his classic paper of 1833 entitled 'Researches on the 
arseniates, phosphates and modifications of phosphoric 
acid', Thomas Graham 1 described the preparation of a 
sodium phosphate glass with the empirical formula 
NaPOa. This glass has since become known as Graham's 
salt. It may be prepared by heating sodium dihydrogen 
phosphate NaH2PO4 above 923K for many hours and 
then chilling the melt rapidly between metal plates 2, s. The 
quenched water-soluble product has been the subject of 
many investigations 4-v and it has been shown to consist 
of long linear polyphosphate chains terminated by 
hydroxyl groupsS, 9 together with about I0~o cyclics 
(NaPOs)~ with x=3-710, it. An equilibrium between 
ring and chain molecules is established in the melt and 
the average lengths of the chains have been found to be 
greater the higher the equilibration temperature and the 
lower the water vapour pressure in the surrounding 
atmosphere a, 12. Rapid quenching is required to freeze 
the equilibrium, as slow cooling results in the formation 
of sodium trimetaphosphate (NaPOs)a is, 14. The concen- 
trations of oligomeric sodium metaphosphates (NaPOa)x 
in samples of Graham's salt have been measured by van 

Wazer and his coworkers (for x = 3-6) 10,15 and by Thilo 
and Schiilke (for x=3-7) 11. Both groups used paper 
chromatography as their principal analytical technique. 

In this paper, the concentrations of oligomeric meta- 
phosphates in sodium melts at 1000K are calculated by 
a direct computational method that has recently been 
used to calculate the molar cyclization equilibrium 
constants for oligomeric dimethylsiloxane rings in 
undiluted polydimethylsiloxane equilibrates 16. The stati- 
stical conformations of polyphosphate chains are described 
by a rotational isomeric state model that is based on a 
previously published analysis of the linear polymer17; 
and the probabilities that such chains will intramolecularly 
cyclize are calculated by computing the statistically 
weighted fraction of the total number of discrete confor- 
mations defined by the model that have terminal atoms 
in close proximity for bond formation. 

EXPERIMENTAL MOLAR CYCLIZATION 
EQUILIBRIUM CONSTANTS 

Experimental studiesla, 19 have shown that there is a 
small degree of crosslinking in high molecular weight 
samples of Graham's salt. Nonetheless, for present 
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Table I Experimental molar cyclization equilibrium constants for 
cyclic metaphosphates in sodium phosphate melts 

ROTATIONAL ISOMERIC STATE MODEL OF THE 
POLYPHOSPHATE CHAIN 

Graham's salt prepared 
by heating NaH2PO4 at 

973K for 1½ days TM 

Graham's salt prepared 
by heating NaH~PO4 at 

1073K for 94 hours zz 
Value of x 
in cyclic Kx Kx 

(NaPOs)x Wt. ~ (mol/I) Wt. % (mol/I) 

3 3"9 0.28 4-3 0"31 
4 2.5 0"14 2.6 0"14 
5 0"75 0"0,32 0"8 0'035 
6 0"5 0"018 1 "0 0"036 
7 - -  - -  0-5 0"015 

purposes, chains in sodium phosphate melts may be 
assumed to be unbranched, so that the equilibrium 
between ring and chain molecules resulting from the 
interchange of phosphate linkages may be represented: 

HO-(NaPOa)~-H~HO-(NaPOa)v-x-H +(NaPO3)x (1) 

The molar cyclization equilibrium constants Kx for 
sodium metaphosphates formed by the forward step of 
equation (1) are given by: 

[nO-(NaPOa)u-~-n] [(NaPOa)x] 
Kz = [HO-('NaP0a)v-H] (2) 

so the Kx values for oligomeric cyclics in high molecular 
weight sodium phosphate melts (where y ~ x )  may be 
obtained using the approximate relationship 

Kx = [(NaPOa)z] (3) 

The experimental K~ values (in mol/1) for oligomeric 
metaphosphates in sodium phosphate melts at ~ 1000K 
are listed in Table 1. These values were calculated from 
the data of McCullough et aL to at 973K and of Thilo 
and Schiilke n at 1073K, by using equation (3) and 
assuming that the density of the melt is 2.2g/ml at both 
temperaturesZ, z0. There is good agreement between the 
/(3,/(4 and /25 values obtained by the two groups of 
workers, and the substantial difference between their 
/(6 values is believed to be the result of the limited pre- 
cision of the paper chromatographic technique used to 
measure the cyclic concentrations. The more recent K0 
value of Thilo and Schiilke will be assumed to be the 
correct experimental value. 

It is noted that the experimental molar cyclization 
equilibrium constants for oligomeric sodium metaphos- 
phates in sodium phosphate melts at 1000K are of the 
same order of magnitude as those for the analogous 
oligomeric cyclic dimethylsiloxanes in polydimethyl- 
siloxane melts at 383K 21, with the exception of Ka for 
the cyclic trimer. The presence of only small amounts 
of the cyclic trimers (R(CHa)SiO)a (where R =  H, CHa, 
CHaCH2, CHaCH2CH~, CFaCHzCH2 or C6Hs) in poly- 
siloxane equilibrates z2 has been attributed to strain in 
the ring molecules associated with large deformations in the 
Si-O-Si bond angles z3. The far higher concentrations of 
cyclic trimer in sodium phosphate melts suggest that 
(NaPOa)a is not subject to such strain; and this conclusion 
is supported by the fact that the P-O-P bond angles in 
sodium trimetaphosphate z4 are similar to the values 
found in open polyphosphate chainsZL 

* (r2)o represents the mean-square distance between the ends o f  a 
chain of  n skeletal bonds  each of  length l taken in the limit n ~  oo. 

In common with other polyelectrolytes, polyphosphate 
chains are highly extended in aqueous solution as a 
result of long-range intramolecular electrostatic inter- 
actions between the negatively charged phosphate units t 9. 
However, Strauss and his coworkers 26, 27 have shown that 
in aqueous solutions of high ionic strength, long-range 
interactions may no longer be of consequence and 
0-point conditions may be realized. The characteristic 
ratio* (r2)o/nl 2 was found to be 6.6 for sodium poly- 
phosphate in 0.415 M sodium bromide at 298 K z6 and 
7.1 and 7.2 for two lithium polyphosphates in 1.80M 
lithium bromide at the same temperature 27. These values 
are typical of synthetic random-coil polymers, whose 
characteristic ratios commonly lie in the range 
4 < (r2)o/nl 2 < 10 (see ref. 28). 

In a paper published by Semlyen and Flory 17, the 
unperturbed dimensions of the linear polyphosphate 
chain were found to be amenable to theoretical inter- 
pretation in terms of the molecular structure of the 
polymer using the rotational isomeric state theory of 
linear macromolecules. Structural parameters were 
assigned to the chain based on several X-ray crystallo- 
graphic studies (see legend to Figure 1) and the continuum 
of rotational states about each skeletal bond was repre- 
sented by assigning each bond to one of three rotational 
isomeric states in trans (¢=0°), gauche+ (¢=120 °) 
and gauche-  (ff=240 °) positions. Long-range intra- 
molecular interactions were neglected in the analysis 
because they do not affect the dimensions of polymer 
chains under 0-point conditions. The counter-ions were 
assumed to have a negligible effect on the statistical 
conformations of polyphosphate chains under 0-point 
conditions and short-range intramolecular interactions 
were estimated using conventional semi-empirical expres- 
sions to calculate the steric and electrostatic attractive 
and repulsive energies between non-bonded phosphorus 
and oxygen atoms of the chains. Statistical weight 
matrices U' and U" were set up to take account of the 
interdependence of adjacent pairs of bond rotational 
states centred on phosphorus and oxygen atoms respec- 
tively, thus with reference to Figure 1: 

ti  g ~  g/-- h + l  g ; 1  g ~ - I  

U'=g~+_l| l  ~/~ /~/ ; . . . .  + u =gi 1 y/a 8/ (4) 
g/-_iL 1 fl/,7 c,/a] gc  1 3fir ~,/aJ 

The parameter cr depends on interactions arising from 
gauche rotations about a single skeletal bond with all 
other skeletal bonds remaining in trans positions. The 
parameters ~, /3, ~, 3 depend on interactions between 
non-bonded atoms arising from gauche rotations about 
adjacent pairs of skeletal bonds. All the parameters are 
related to conformational energy differences by Boltz- 
mann factors. Thus, for example, the statistical weight 
parameter e is given by: 

o = exp[- (Eta± - Ett) /RT ] (5) 

where R is the gas constant, T is the temperature and 
(Ete±-Et t )  is the difference in conformational energy 
between a section of a polyphosphate chain with all the 
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Figure 1 Section of a polyphosphate chain in the all-trans 
conformation. The structural parameters are those assigned in 
ref. 17, viz. 1.62A for the length of a skeletal P-O bond, 1.48A for 
the P-O bond joining a pendant oxygen to the backbone, 0'=50 °, 
0"=78.5 ° and x=121 ° 

skeletal bonds in trans positions and the energy Etg:L 
when one of the bonds is rotated into a gauche position. 
Analysis of the intramolecular interactions led to the 
conclusion that at 298K, , is of the order of unity, y is 
smaller but finite, /3=0 and o~ and 3 are close to zero. 
Strauss's value for the characteristic ratio of the poly- 
phosphate chain ((r2)o/nl 2~- 7) was calculated by Flory's 2s 
exact matrix algebraic methods by taking ~ 1, y=0.1 
and ~=/3=3=0. 

It is the purpose of this paper to describe calculations 
of equilibrium cyclic concentrations in sodium phosphate 
melts at 1000K. Although there have been no experi- 
mental studies of the statistical conformations of poly- 
phosphate chains in the high-temperature melt, the 
chains would be expected to adopt random-coil confor- 
mations under these conditions 29 and the calculations 
of cyclic concentrations described below are based on 
this assumption. A similar rotational isomeric state model 
to that set up previously 17, ~8 has been used to represent 
the statistical conformations of chains in sodium phos- 
phate melts. However, it is important to note that the 
values of the statistical weight parameters of U' and U" 
would not be expected to be the same for chains in the 
melt at 1000K as for chains in 0-solvents at 298K, 
both as a result of temperature differences and also 
because of differences in the polarities of the media. In 
order to calculate cyclic concentrations in sodium phos- 
phate melts, the statistical weight parameters of U' and 
U" were estimated for chains in the melt at 1000K by 
similar methods to those used previously 17. The counter- 
ions were assumed to have a negligible effect on the 
conformations of polyphosphate chains in sodium 
phosphate melts and partial charges of +0.9, -0 .3  and 
-0 .8  were assigned to phosphorus atoms, skeletal oxygen 
atoms and pendant oxygen atoms respectively. Intra- 
molecular electrostatic energies were calculated by 
Coulomb's law. Thus, the energy Q~ (in kJ/mol) between 
atoms i and j carrying partial charges q~ and qj separated 
by r O A was expressed by: 

Q~j = 1389 q~q~/,r~ s (6) 

The dielectric constants of sodium phosphate glasses 
have been found to lie in the range 4 < ~ < 6 (see ref. 2) 
and a fixed value of E=5 was taken as the dielectric 
constant of the melt at 1000K. 

Chains in sodium phosphate melts should be unper- 
turbed by excluded volume effects 2a and, as in the previ- 

ous study 17, intramolecular Coulombic interactions 
between non-bonded atoms were ignored if the atoms 
were separated by more than eight chemical bonds. 
Gauche rotations of opposite sign about bonds centred 
on phosphorus atoms result in severe steric repulsions 
between non-bonded oxygen atoms separated by six 
chemical bonds, so that the states g+-lgi- and g~_lg + 
must be accorded statistical weights of zero even at 
1000K. Steric interactions between non-bonded atoms 
in all other combinations of bond rotational states are 
of far less importance than electrostatic interactions and 
they were ignored. The statistical weight parameters 
a, ~, ~, $ were calculated using equation (6) with e = 5 
by including all the electrostatic interactions between 
pairs of non-bonded atoms separated by three, four, five, 
six, seven and eight chemical bonds. These calculations 
provided the following values of the statistical weight 
parameters of U' and U" at 1000K: a=0.60, ~=0.018, 
9,=0.27 and 8=0.16. These values (together with/3=0) 
were used to provide statistical weights for each discrete 
conformation of the polyphosphate chains. 

The principal source of uncertainty in the values of 
the statistical weight parameters or, ~, y, 3 is believed to 
arise from the procedure whereby all Coulombic inter- 
actions between non-bonded atoms separated by up to 
eight chemical bonds are included in their estimation 
and all longer-range interactions are excluded. The values 
of the parameters alter if longer-range electrostatic 
interactions are taken into account and to restrict con- 
sideration to interactions between atoms separated by 
three to eight chemical bonds (as in the earlier study 17) 
is reasonable but arbitrary. Hence, the calculations of 
oligomeric cyclic concentrations in sodium phosphate 
melts described below must be regarded as illustrative 
only. Further experimental information relating to the 
conformations of polyphosphate chains in sodium 
phosphate melts is required before refinement of the 
model will be possible. 

CALCULATION OF MOLAR CYCLIZATION 
EQUILIBRIUM CONSTANTS 

Theoretical K= values (in tool/l) for unstrained meta- 
phosphates (NaPOa)x in sodium phosphate melts formed 
by the forward step of equation (1) were calculated using 
the rotational isomeric state model described above 
together with an expression obtained from the Jacobson 
and Stockmayer theory 16, 30, 31. 

K~ = W x / 2 x N a  (7) 

where W~ is the density of end-to-end vectors r in the 
region r ~ 0  (in molecules/l) and Na is the Avogadro 
constant. 

The rotational isomeric state model of the polyphos- 
phate chain defines 3 2x-3 conformations for chains 
--(-O-PO2--)-x containing x monomeric units. The densities 
Wx of end-to-end vectors r of such chains in the region 
r ~ 0 were calculated by dividing the sum Zr of the stati- 
stical weights for all chain conformations with their 
terminal phosphorus and oxygen atoms separated by 
less than r A, by the volume (4/3)~rr 3 as well as by the 
total sum Z of the statistical weights of all 32x-3 confor- 
mations, thus 

W ~  = zr/Z(4/a)~rr a (8) 
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Figure 2 Theoretical molar cyclization equilibrium constants Kx 
(in mol/I) (denoted Q) for oligomeric sodium metaphosphates 
(NaPO3)x in sodium phosphate melts at 1000K (calculated by the 
direct computational method using equations (7), (8) and (9) with 
r= 3 ~,) are compared with Thilo and Sch01ke's experimental values 
(denoted ©). The unbroken line shows theoretical Kx values cal- 
culated assuming that all the chains obey Gaussian statistics, so 
that Kx=(3/2~<r2x>O)3/8(1/2x NA) [see equation (7)]. The required 
(rx2)O values were obtained by the mathematical methods of Flory 2s 
using o=0.60, ~=0.018, fl=0, .y=0.27 and 8=0.16 

The sum Z is the conformational partition function of  
the chain and it is given by: 

z=[1 o o] u- [i ] (9) 

Probability densities Wx for x-meric polyphosphate 
chains -(-O-PO2-)-~ calculated by equations (8) and (9) 
for values of  r in the range 2 < r < 5 A are listed in Table 2. 
Theoretical Kz values obtained by substituting W~ values 
(calculated with r =  3 A) into equation (7) are compared 
with Thilo and Schiilke's experimental values in Figure 2. 
The value of  3 A was chosen for r because it corresponds 
approximately to the sum of the van der Waals radii 
of  the terminal phosphorus and oxygen atoms of  the 
chains. Other small but finite values of  r could have been 
used. As expected, the calculated Kx values become 
increasingly independent of  the value chosen for r 
(provided it is small) as the lengths of  the open chain 
molecules increase (see Table 2). 

Theoretical molar cyclization equilibrium constants for 
the cyclic pentamer and hexamer are lower than the 
experimental values by factors of six and four respec- 
tively (see Figure 2). These differences between theory 
and experiment are believed to result from the failure of  

Table 2 Densities Wx of end-to-end vectors r in the region r~O 
for polyphosphate chains in sodium phosphate melts calculated 
using the rotational isomeric state model with the statistical weight 
parameters: a=0.60, ~=0.018, fl=0, ?=0.27, ~=0.16 

Total number W'--xx 10 -24 molecules/I calculated 
Value of x of discrete by equations (8) and (9) for 

in the chain conformations 
-(-O-PO~-)-x of the chain r=2A  r=3A  r = 4 ~  r = 5 A  

3 27 0.003 0'030 
4 243 0.030 0.003 
5 2 187 0 . 0 3 1  0.038 
6 19 683 0.048 0.062 
7 177147 0-113 0-077 
8 1 594 323 0" 088 0" 077 
9 14 348 907 0" 059 0.064 

10 129 140 163 0"065* 0'063* 

0.005 0"101 
0.035 0.065 
0.028 0" 051 
0.062 0" 045 

* Assignment of a value of zero to ¢ (and not 0"018) was found to 
have a negligible effect on Wx values for x=8, 9 and Wl0 was 
computed with c= set equal to zero. This approximation resulted in 
a considerable saving of computational time 

the three-state rotational isomeric state model to provide 
reliable values for the probability density Wz of  end-to- 
end vectors r in the region corresponding to the close 
approach of  chain ends ( r~  O),* as well as to the neglect 
of favourable relative orientations of chain termini in 
the highly coiled conformations 31. A favourable disposi- 
tion of terminal non-bonded atoms and groups in the 
highly coiled conformations of short polyphosphate 
chains is believed to be the important factor in increasing 
small cyclic concentrations in sodium phosphate melts 
above the values predicted by simple application of  the 
rotational isomeric state model described above. Jacobson 
and Stockmayer 3° showed that the molar cyclization 
equilibrium constants for unstrained ring molecules in 
polymeric equilibrates depend on the relative probabilities 
of  intermolecular condensation and intramolecular 
cyclization reactions; and while reacting centres of 
polyphosphate chains will be randomly oriented in the 
intermolecular condensation reactions, this situation will 
only be approached in the intramolecular cyclization 
reactions of-(-O-PO2-)-x chains for larger values of x. 
In this connection, it is of interest to note that the 
theoretical K7 value for the heptameric metaphosphate 
(NaPOs)7 (Kv=9"2x10-3mol/1) is close to the value 
deduced from Thilo and Schiilke's data (1 "5 × 10 -~ mol/1). 
Furthermore, Ks, K9 and K10 are calculated to be 
8.0 x 10 -3, 5.9 x 10 -3 and 5.3 x 10-3mol/1 respectively. 
These values are in accord with Thilo and Schiilke's 
conclusion that there are only very small amounts 
( ~  1.2 ~ by wt.) of cyclics with x/> 8 in samples of Gra- 
ham's salt. 

Molar cyclization equilibrium constants for cyclics in 
sodium phosphate melts were also calculated by assuming 
that the corresponding open chain molecules obey 
Gaussian statistics so that the densities W~ of end-to-end 
vectors r in the region r ~  9 are given bye9: 

W~ = (3/2~r(r~) o)3/2 (10) 

* Wa and W4 are calculated to be zero by equations (8) and (9) when 
r < 3 A (.see Table 2). However, finite values of Wa and W4 are 
obtained if rotational isomeric state models with six (or twelve) 
rotational states are employed. The results of calculations using 
such models will not be discussed here. 
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The mean-square end-to-end distances (r~)0 o f  the 
unperturbed x-meric chain molecules required by 
equation (10) were computed by Flory 's  mathematical  
methods 2s. In  Figure 2, molar  cyclization equilibrium 
constants calculated by equations (7) and (10) are 
compared with those obtained by the direct computa-  
tional method, The Gaussian formula  should be obeyed 
by random-coil  polyphosphate chains containing many  
skeletal bonds. Hence, the measurement o f  large ring 
concentrations in high molecular weight samples o f  
Graham's  salt would be expected to provide a direct 
measure o f  the average dimensions o f  chains in sodium 
phosphate melts. 
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Sequence peptide polymers: Part 1. 
Poly(leucyl-leucyl-aspartic acid-p-benzyl 
ester)--synthesis and some conformational 
aspects in solutions* 

M. D'Alagni, P. Bemporad and A. Garofolo 
Istituto di Chimica delle Macromolecole, Nucleo di Roma, c/o Istituto di Chimica Fisica, 
Universit~ di Roma, 00181 Roma, Italy 
(Received 6 December 1971 ; revised 16 February 1972) 

A polypeptide containing ordered sequence of leucyl and fl-benzyl-aspartyl residues has 
been synthesized via the p-nitrophenyl active ester method, Polymerization of the TFA 
H-Leu-Leu-Asp (OBzl) ONp was carried out in dimethyl sulphoxide and in chloroform by 
mixing the salt with triethylamine. The polymer obtained showed a relatively high [~7] and 
a-helical conformation in solution as well as in the solid state, as shown by optical rotatory 
dispersion and infra-red spectra, respectively. 

INTRODUCTION 

The study of the forces responsible for the stability of the 
secondary structure of  polypeptides and proteins has 
recently been the subject of  much attention 1, 2 

A general approach to this problem is to investigate 
the conformations adopted by polypeptides of known 
amino acid sequence by varying pH, temperature, solvent, 
etc. in order to clarify the factors controlling their con- 
formational stability. 

This research prompted us to prepare various co- 
polymers, containing polar and non-polar amino acid 
residues in different proportions and different sequences 
and to investigate their behaviour in water. 

We now report the synthesis and the study of some 
conformational aspects in organic solvents of  an interest- 
ing intermediate of  such copolymers, e.g. a sequential 
polypeptide containing an aspartyl-fl-benzyl ester residue, 
[Leu-Leu-Asp(OBzl)]n while the properties of the cor- 
responding polyacid in water will be published later s. 

EXPERIMENTAL 

Materials 
HC!.H-Leu-OBzl (Miles Corporation), Boc-Leu-OH 

(Fluka) and Boc-Asp-(OBzl).OH (Schwarz C.) were 

* The following amino acid abbreviations are used in this paper: 
Bzl = benzyl; Boc = t-butyloxycarbonyl; HONp =p-nitrophenol; 
DCC = dicyclohexylcarbodiimide; DCU = dicyclohexylurea; H-Asp 
(OBzl)-H=aspartic acid-fl-benzyl ester; H-Leu-OH= leucine; 
TEA = triethylamine; TFA = trifluoroacetic acid; I)MS = dimethyl 
sulphoxide. 

used in the synthesis of peptides without further purifica- 
tion. 

All the solvents were purified and distilled over PzO5 
before use. The dimethyl sulphoxide was treated with 
molecular sieve 4 A  type, previously activated at 300°C, 
and vacuum distilled. 

Synthesis of peptidest 
Boc-Leu-Leu-OBzl. HC1. H-Leu-OBzl (2-82 g, 11 m- 

mol; [n]~s = _ 8-22; c = 2.0 % in 0" 1 N HC1) was added to a 
solution of DCC (2.26 g, 11 mmol) in dichloromethane, 
cooled to - 10°C. 

To the solution thus obtained, and kept under magnetic 
stirring, a cooled solution of  Boc-Leu-OH (2.56g, 
11 mmol) and dry triethylamine (1.53ml) in dichloro- 
methane was added in portions. The reaction was kept at 
0°C, being stirring magnetically and protected from 
moisture, for about 2h, and then gradually allowed to 
reach room temperature. The reaction was followed by 
thin-layer chromatography (t.l.c.) on silica gel using 
chloroform-methanol (95 : 5 by vol.) as eluant. DCU was 
filtered off, the solvent was removed, and the dry residue 
was taken up in ethyl acetate. A crystalline solid, insoluble 
in ethyl acetate, was separated (1.2 g, m.p. 179-180°C) and 
identified by infra-red and t.l.c, analyses as Boc-leucyl- 
N,N'-dicyclohexylurea. 

The ethyl acetate solution was washed with 5% 
aqueous sodium bicarbonate, water, 0.05 N HCI, water 
again, and dried over anhydrous sodium sulphate. 

t All the elemental analyses reported were performed in the labora- 
tory of Dr A. Bernhardt. Melting points were taken in a Kofler 
apparatus. 
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Removal of the solvent and fractional crystallization of 
the residue from ethyl acetate-hexane mixtures left a 
solid (needles) in 75% yield [m.p. 92-92"5°C; [a] D250-- - 
41.65 (c=1.06% in chloroform)]. Calculated for 
C24HasN2Os: C=66.35%; H=8.75%; N=6.45%. 
Found: C=66.39%; H=8.81%; N=6.54%; and 
C=66"23~o; H=8.88%; N=6.41%. 

Boc-Leu.Leu-OH. Boc-Leu-Leu-OBzl (1.5g) was dis- 
solved in a t-butanol-dioxane mixture (4 : 1 by vol.) with 
magnetic stirring. Nitrogen was bubbled into the solution 
for 15min before and after the catalyst (Pd/C 10~, 
0.1 g) was added. Hydrogen was then bubbled in for 15 h. 
Samples of the solution were collected every 5 h for t.l.c. 
analysis to detect the end of hydrogenolysis. 

The reaction mixture was filtered on Celite, and after 
lyophilization, a chromatographically pure compound 
(dioxane-benzene-acetic acid 5 : 5 : 1 by vol. as eluant) 
was left that was used as such in the synthesis of the 
tripeptide Boc-Leu-Leu-Asp(OBzl)-ONp, as will be 
described later. 

Boc-Asp(OBzl)-ONp. Boc-Asp(OBzl)-OH (7.0 g, 
21.6 mmol) and HONp (3.0g, 21.6 mmol) were dissolved 
in dry ethyl acetate (30 ml). The solution was added in 
portions, with magnetic stirring, to a cooled (-10°C) 
suspension of DCC (4.54g) in ethyl acetate (100ml). The 
reaction mixture was magnetically stirred at -10°C for 
about 2 h and then allowed to stand at room temperature 
for 5 h. A thin-layer chromatography control on silica gel 
showed that the reaction was almost complete (95~ 
yield). The reaction mixture was filtered and the filtrate 
was evaporated to dryness. Crystallization of the residue 
from benzene-hexane mixture ( 7 : 5  by vol.) gave a 
chromatographically pure (chloroform-methanol 95 : 5 
by vol. as eluant) crystalline product: m.p. 107"5-108°C; 
[a]~°=-35.85 (c=1.97~o in DMF). Calculated for 
C~2H24OsN2: C=59"45~o; H=5"44~o; N=6"30~o. 
Found: C=59"57~o; H=5.51 ~ ;  N=6.45~o. 

TFA.H-Asp(OBzl)-ONp. Boc-Asp(OBzl) ONp (1.6g) 
was dissolved in TFA (4.5 ml) in a flask protected from 
moisture and light. After 20 min excess TFA was removed 
under vacuum; the residue (oil) was treated twice with 
dry ether and a wax-like product was obtained. The 
whole treatment had to be repeated until all Boc-Asp 
(OBzl)-ONp had disappeared (thin-layer chromatography 
control). The obtained trifluoroacetate was washed with 
ether again, dried and crystallized from dichloromethane 
and ether: yield 80~  (needles); m.p. 91.5-93°C; [~]~5"= 
48.30 (c = 1.588 ~ in CH2C12). 

Boc-Leu-Leu-Asp( O Bzl)-O Np. TFA.H-Asp(OBzl)-ONp 
(2.06 g; 4.5 mmol) was added to a cooled ( -5°C)  stirred 
solution of DCC (0.935g; 4.5mmol) in freshly distilled 
dichloromethane. A solution containing Boc-Leu-Leu-OH 
(1.55 g; 4.5 mmol) and triethylamine (0-62 ml) in 50 ml of 
dichloromethane was added in portions over a period of 
30min to the suspension previously obtained. The 
reaction mixture was kept at -5°C,  stirred and protected 
from moisture, for about 2 h. After the reaction mixture 
had slowly reached room temperature, DCU was filtered 
off (0.65g); complete removal of the solvent left a very 
impure oil that after purification on a silica gel column 
and by crystallization from ethyl acetate-hexane mixtures 

gave a compound in 45% yield: m.p. 146"5-152°C; 
[~]gs*=-46.43 (c= 0.5944 ~o in methanol). I.r. spectrum 
(Nujol) showed bands at: 1763 cm -1 (COONp); 1735 cm -1 
(COOBzl); 1680cm-1; 1640cm-1; 1540cm-1; 1527cm-1; 
1390cm -1 (tBu). Calculated for CaaH44N4Oz0: C=  
60.88%; H=6"91~o; N=8.35%. Found: C=60.72~;  
H=7"04~o; N=8-14%; and C=60.76~o; H=7"09~o; 
N=8.22~o. 

TFA . H-Leu-Leu-Asp( O Bzl)-O Np. Chromatographically 
pure Boc-Leu-Leu-Asp(OBzl)-ONp (0.6g) was dissolved 
in TFA (10ml) and allowed to stand at room temperature 
for about 30min. Excess TFA was removed under 
vacuum (external bath at 25°C) and the residue (oil) was 
treated with anhydrous ether and dried under vacuum, 
The solid thus obtained was crystallized from acetonitrile 
and chromatographically controlled using chloroform- 
methanol (95 : 5 by vol.) as eluant. 

Poly-Leu-Leu-Asp(OBzl). Chromatographically pure 
tripeptide trifluoroacetate (0.53g) was dissolved in di- 
methyl sulphoxide (0.6 ml). 

Anhydrous triethylamine (0.101m l) was added at 
room temperature. After four days the wax-like product 
obtained was dissolved in 150ml of chloroform. The 
polymer solution was washed several times with tris- 
hydroxymethyl aminomethane buffer (pH 7-2) and water 
and was dried with anhydrous sodium sulphate. Solvent 
was removed in vacuum (external bath at 26°C). The 
solid residue was extracted with dry ether to remove 
p-nitrophenol impurities, and then dried under vacuum. 
The white polymer obtained was dissolved in chloroform 
(50 ml), precipitated again with ether (500 ml), collected 
after centrifugation and dried under high vacuum at 
80°C: yield 85~;  m.p. 260°C. Calculated for 
C23Ha3N3Os: C=64"01~o; H=7.70~o; N=9 .73~ .  
Found: C=63.94%; H=7"65~o; N=9.71%. 

The obtained polymer is insoluble in acetonitrile, 
dioxane, trifluoroethanol, dimethyl sulphoxide, dimethyl- 
formamide, benzene, trimethylphosphate and hexa- 
fluoroacetone sesquihydrate, swells in m-cresol and is 
soluble in chloroform and dichloroacetic acid. 

Polymerization was also carried out in chloroform, 
using the same ratio active ester/initiator. The polymer 
showed identical properties and the same [V] as that 
obtained in dimethyl sulphoxide. 

Determination of optical purity of the polymer 
The optical purity of the polymer, as polyacid, was 

checked by hydrolysis with 5N hydrochloric acid at 
106°C for 72h in degassed sealed tubes. 

By comparison of the optical rotation of the amino 
acids obtained from the hydrolysed polymer, whose con- 
centrations were determined from the amino acid 
analyser, with that of the corresponding amino acids 
treated in the same way, the optical purity was found to 
be 93 + 2~o. In connection with this result it must be 
taken into account that acid hydrolysis can give per se 
some racemization 4 in the sample which probably was 
absent in the starting material. 

In a typical duplicate determination of the optical 
purity, the optical rotation of the mixture of amino acids 
obtained from the hydrolysed polymer in 5 N hydro- 
chloric acid was [o~]~.3=262.5, whereas that of leucine 
was [~]~.z=316"5 and that of aspartic acid was 
[~]~.a--- 212"3. 
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RESULTS AND DISCUSSION 

The synthesis of the tripeptide via the DCC method 5, 6 
and of the corresponding polymer via the p-nitrophenyl- 
ester 7, s is summarized in the following scheme: 

Boc-Leu-OH 

~ + HCI. H-Leu-OBzl + DCC + TEA 

Boc-Leu-Leu-OBzl 
(1) 

(i) 

- 2 0 0  

1 + Hz/Pd ~ Boc-Leu-Leu-OH 
(2) 

(n) 

Boc-Asp(OBzl)-OH + HONp + DCC 
Boc-Asp(OBzl)-ONp 

(3) 
(III) 

(3) + TFA --. TFA. H-Asp(OBzl)-ONp 
(4) 

(iv) 

(2) + (4) + DCC + TEA 
Boc-Leu-Leu-Asp(OBzl)-ONp 

(5) 
(v) 

(5) + TFA --* TFA. H-Leu-Leu-Asp(OBzl)-ONp 
(6) 

(vi) 

(6) + TEA ~ [Leu-Leu-Asp(OBzl)]n (VII) 

The polymer so obtained shows a satisfactory optical 
purity and a high molecular weight, if compared with 
other sequential polypeptides a, as may be inferred from 
the data reported in Table 1. The results, as it may be 
clearly seen, are strictly dependent on the solvent. 

The values of b0 shown in Table 1 strongly indicate that 
the poly[Leu-Leu-Asp(OBzl)] exhibits an a-helical con- 

Table I Properties of the tripeptide in various solvents 

Solvent [~/]25o K' bo b,e [0]2~2 x 10 -3 d 

Chloroform 5-3 0.47 -550 - 4 7  
Chloroform-dimethyl- 2.89 1.2 - -  --59.2 
formamide (0.5%) 
Chloroform-methyl- 2.25 1.4 - -  - 55 ,2  
formamide (0.5%) 
Chloroform-formamide 2.04 0.69 -606 --45.6 
(0-5%) 
Dichloroacetic acid a 0.69 - -  - 8 5  - -  

a Soon after dissolution. 
b The optical rotatory dispersion in the range 589-302 nm. 
e The refractive index at 589nm has been used. 
d The values are not corrected for the Lorentz factor. 

Sequence peptide polymers (1): M. D' Alagni et al. 
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Methods of characterization 
Viscosity measurements have been carried out in the 

conventional way (0.3 % solutions at 25°C). 
Optical rotatory dispersion curves were obtained using 

a Perkin-Elmer 141M Spectropolarimeter at 25°C 
(c=0.2-0.3 9/o, in pure or mixed solvents). 

Circular dichroism spectra were performed by a Cary 
61 apparatus using 0.1 and 0-01 cm quartz cells. 

Infra-red spectra were recorded by a Perkin-Elmer 157 
or a Beckman I.R. 9 apparatus. 

& ' 4b ' 2b ' 

,°/o C,l"lCt 3, , 
I 

4 0  60  130 I 0 0  
Vol °/o DCA 

Figure I Specific rotation, LO~Ja66!r 135o of poly[Leu-Leu-Asp(OBzl)], in 
chloroform-dichloroacetic acid solutions 

formation in the presence of helicogenic solvents. These 
data are consistent with the results of circular dichroism 
spectra, which suggest a right handed a-helical conforma- 
tion in the polymer. From Table 1 it may be noted that 
the poly[Leu-Leu-Asp(OBzl)] shows a very high intrinsic 
viscosity in chloroform. This fact may be accounted for 
by inter- and/or intra-molecular association phenomena, 
through the leucyl side-chains and aromatic-aromatic 
groups of the aspartyl-benzylester residues. However, the 
very low value of K'  (the Huggins constant) suggests 10 
that intramolecular interactions probably predominate. 

The addition of a small amount of dimethylformamide, 
methylformamide or formamide in the chloroform solu- 
tion, near their maximum solubility, gives rise to a 
remarkable decrease of the intrinsic viscosity. 

Since the b0 and the ellipticity values do not show any 
substantial variation, upon such addition, the observed 
effect may be mainly ascribed to a change of the hydro- 
dynamic behaviour of the macromolecule, rather than to 
conformational changes. 

It is reasonable to consider in fact that the adsorption 
of the added solvents on the polymer through different 
types of polymer-solvent interactions, i.e. dipoles-dipole 
interactions, hydrogen bond formations and/or screening 
of ~-~ overlaps in the aromatic substituents by the 
solvent molecules, leads to a different array of the macro- 
molecule in solution without any marked influence on the 
helical conformation. 

An estimation of the stability of the poly[Leu-Leu- 
Asp(OBzl)] s-helix in solution may be gained from 
Figure 1, where the dependence 25° of [~]38~ on solvent com- 
position, for mixtures of dichloroacetic acid and chloro- 
form, is reported. A sharp change is observed at about 
77 ~o by vol. dichloroacetic acid, due to the helix random- 
coil transition. 

This result strongly supports the idea that the s-helix 
of the polymer investigated has a rather high stability n. 

It seems reasonable to relate this property to the high 
content of leucine residues in an ordered array, together 
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Figure 2 Polarized infra-red spectra of oriented film of poly[Leu-Leu-Asp(OBzl)]. ( ) E vector parallel, (- - - )  E vector perpendicular to 
the direction of orientation 

chain ester carbonyl groups (1744+2cm -1) shows a 
perpendicular dichroism. 

Therefore 1z-z5 the poly[Leu-Leu-Asp(OBzl)] may be 
considered to be in a-helical conformation. 

Moreover, the X-ray diffraction pattern shows a high 
degree of  crystallinity (Figure 3) that is a further support 
to the stereoregularity of the peptide sequences. 
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Figure 3 X-ray diffraction pattern of film of poly[Leu-Leu-Asp 
(OBzl)], 5cm, flat camera 

with a favourable arrangement of  the phenyl groups 
capable to interact by ~r-Tr overlaps. 

Unfortunately, the very poor solubility of  the poly[Leu- 
Leu-Asp(OBzl)] in solvents transparent below 220nm 
made it impossible to extend the spectral investigation in 
the region of the amide Cotton effects. 

Studies in the solid state dearly show that the polymer 
exhibits the a-helical conformation. In fact i.ro investiga- 
tions on an oriented film casted from chloroform (Figure 
2) show that the amide A band at 3300 + 2 cm -1 and the 
amide I at 1659 + 2cm -1 have a parallel dichroism, and 
the amide II at 1553 + 2 cm -z is, consistently perpendicu- 
larly polarized. In addition the band relative to the side- 
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A new method for assessing crystallinity in cellulosic materials has been established after a 
rigorous computational analysis of X-ray diffraction traces from the highly crystalline 
fibrous forms of cellulose I and II, Ramie and Fortisan. The method involves resolution of the 
diffraction peaks into profiles which are part Gaussian (f) and part Cauchy (1 - f ) ;  crystallinity 
is then a parameter dependent on f. A plot of the residual sum of squares gives a clear 
indication of the optimum fvalues, 0.7 for Ramie and 0.4 for Fortisan; in terms of the resolved 
profiles at these fvalues, Ramie has a crystallinity of 72~ and Fortisan a crystallinity of 74~. 
Optimum crystallite sizes obtained from integral-breadth measurements are 53 A for Ramie 
and 37A for Fortisan, and from peak-width measurements sizes are 64A for Ramie and 
50A for Fortisan. The latter appear to overestimate the crystallite width when compared 
with fibrils observed in electron micrographs obtained at very high resolution with little 
phase-contrast enhancement; here electron-scattering units vary in width with mean values 
of around 50 A for Ramie and 40 A for Fortisan. There is no evidence for the concept that the 
elementary fibril in these celluloses is a discrete unit 35 A in width. 

INTRODUCTION 

Measurements of crystallinity and crystallite size in 
polymers and fibres have always been equivocal since 
they depend not only upon the experimental method 
employed but also upon the model of structure in vogue. 
Recent papers by Nieduszynski and Preston 1, and 
Caulfield z have highlighted the controversy existing in 
the cellulose field especially with respect to crystallite 
width. Essentially the contention is that some workers 
report X-ray diffraction and electron microscope evidence 
for a fundamental fibrillar unit of cellulose in the 100 to 
200A range, whereas another group, working mainly 
in electron microscopy, claim that elementary fibrils 
35A in size are the fundamental unit. Since we have 
investigated methods for estimating both relative a and 
actual crystallinity 4 in cellulose triacetate, and since the 
latter method leads to accurate estimates of crystallite 
size, we decided to apply the method to the classical 
celluloses of high crystallinity, Ramie (cellulose I) and 
Fortisan (cellulose II). At the same time it was necessary 
to compare the results obtained from X-ray diffraction 
data with results obtained by high-resolution electron 
microscopy. 

Crystallinity measurement by X-ray diffraction 
Although relative methods for assessing crystallinity, 

based upon the equivalence of the total X-ray scatter 
from standard specimens with maximum and minimum 
crystallinity, have been applied to cotton 6, poly(ethylene 

* A project supported in part by the Jordan Science Research 
Council, Amman. 

terephthalate) 6, and cellulose triacetate a, it is not always 
possible to prepare standard specimens and consequently 
a method for estimating actual crystallinity is required. 
The classical procedure for crystallinity measurement 
assumes a two-phase crystalline-amorphous structure 
and involves drawing an arbitrary background to the 
diffraction trace, thus separating an arbitrary crystalline 
phase from an arbitrary amorphous phase. Because this 
method entirely neglects the overlap of adjacent diffrac- 
tion maxima the amorphous, i.e, completely disordered, 
phase tends to be overestimated. In an attempt to account 
for the concept of lattice disorder or paracrystallinity, 
Ruland 7 has developed a method which involves a 
disorder function and integration over different intervals 
of the diffraction trace until a constant crystallinity is 
obtained. Ruland's method again requires the separation 
of peaks and background by drawing a line between the 
intensity minima and not surprisingly produces low 
values of crystallinity in polypropylene and polyamides, 
since paracrystaUine distortions of the second kind s are 
precluded. Evidently we require a method which will 
account for both peak overlap and the effect of lattice 
distortion by means of procedures which fit suitable 
functions to the X-ray profile. 

Crystallite size measurement by X-ray diffraction 
Since measurements of crystallite size are usually 

based upon peak broadening and require an estimate of 
the integral or peak breadth, valid measurements can 
only be made when interference peaks are resolved and 
separated from the background scatter. Clearly measure- 
ments made after the type of arbitrary separation dis- 
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cussed earlier must involve some error. Thus although 
Buchanan and Miller ~ have rigorously examined methods 
used to correct for experimental and distortion broaden- 
ing, they again relied upon a graphical method for 
separating the diffraction peaks. 

A method of profile fitting in terms of Cauchy func- 
tions has been carried out for celhilosesi0; more recently, 
with the aid of electronic computation, Canchy and 
Gaussian functions have been fitted to the diffraction 
traces of silk H and nylon 12. Although these methods 
were an advance on the earlier graphical methods they 
usually assume a background of straight-fine form. 
We have developed a program which fits a designated 
function to the diffraction peaks and a polynomial 
function to the background; the overall fit is improved 
in an iterative process which commences by assuming 
zero-value parameters for the background is. We have 
reported the use of this program on cellulose triacetate 4, 
a fibre with a very complex diffraction pattern; here the 
celluloses Ramie and Fortisan have much simpler patterns 
and the type of function used for each diffraction profile 
can be varied more easily. Since the peak-resolution 
procedure yields a mathematically fitted background, 
the area under the profiles serves as a measure of crystal- 
linity which will be a parameter dependent upon the 
function chosen for the interference peaks. 

Crystallite size measurement by electron microscopy 
Compared with the problems involved in the correction 

of X-ray diffraction data, it might be thought that the 
interpretation of measurements from electron microscope 
images would be straightforward. Even if we consider a 
purely geometrical concept of image formation there is 
always the possibility that overlapping structures will 
lead to a size measurement only a fraction of the true 
value ~4, however, of greater fundamental importance is 
the effect of defocusing phase contrast, which gives 
enhanced contrast for a repeat r at a defocus Afgiven by 
Af=r2/2A, where )t is the electron wavelength and r 
is greater than 10A. These defocus effects have been 
shown to give rise to spurious periodic structures in 
negatively stained microfibrilslS; in particular Fortisan 
fibrils at Af= +2.5tzm give a phase contrast repeat of 
45 A, and hence appear to be composed of elementary 
units 35A wide with negative stain between them 16. A 
more acceptable image at Af=O showed fibrils in the 
range 18 to 70 A. 

In general, phase-contrast images have much better 
contrast than images taken near to true focus, which 
have amplitude contrast only; it seems very likely that 
since phase-contrast images were chosen for measurement 
purposes by earlier workers, this might explain why the 
reported size of the fundamental fibril in cellulose fibres 
has diminished over the years as the resolving power of 
the electron microscope has improved. For the purpose 
of this investigation the only images regarded as valid 
for measurement purposes are those where the defocus 
enhances a repeat approximately one-quarter of the size 
measurement to be made. 

EXPERIMENTAL 

The Ramie fibres used in the experiment had been 
degummed and decorticated then boiled in 2 % NaOH for 
72h; Fortisan fibres were extracted successively in 

Johnson 

distilled water and ether. For electron microscope exami- 
nation specimens were cut into short lengths and then 
dispersed by ultrasonic irradiation for periods of about 
24h; specimens were placed on carbon-coated grids, 
stained with uranyl formate, and examined in a Philips 
EM300 at a wide range of magnifications; specimen 
contamination was reduced by the use of an anticontami- 
nation trap. 

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 scintillation counter whose output can be fed 
through a single-channel pulse-height analyser to a 
counter or, via a ratemeter, to a chart recorder. Correc- 
tions to the diffraction traces were made for air scatter, 
polarization, Lorentz factor and Compton scatter; they 
were then normalized to a convenient standard area. 
Corrected data for the three peaks in the range 2 to 30 ° 
(20) were analysed by the resolution program described 
earlier which fits the envelope to a function of the 
form: 

8 

Y= ~ Qt+R 
t f f i l  

where 

(I - f )At /1 +{2(X-P~)/Wt} 2 

and 

R = a' + b'X+ c'X ~" + d'X s 

The peaks are defined by the parameters At the peak 
height, Pt the peak position, and Wt the width of the 
peak at half height; the background is defined by the 
parameters a', b', c', and d'. For f =  0 we have a Cauchy 
distribution, and for f =  1 we have a Gaussian distribu- 
tion. A detailed study by Warren 17 suggests that the 
size broadening component is of a Cauchy form and the 
distortion broadening of a Gaussian form. Here the 
profiles were resolved for f varying between 0 and 1; 
in each case the program outputs the best estimate of the 
peak and background parameters, the limiting sum of 
squares S between observed and calculated Y values, 
and the areas under the peaks and background. The 
combined area under the peaks expressed as a percentage 
of total area is also output; this is our measure of crystal- 
linity. 

In order to correct for line broadening due to the 
experimental conditions the diffraction trace from 
crystals of hexamethylenetetramine compacted at 85°C 
was recorded. The line breadths can be corrected by the 
approximations for the deconvolution procedure dis- 
cussed by JoneslS; they are: 

fl2=B2-b 2 (Gaussian) 

and 

~= B - b  (Cauchy) 

where ~ is the corrected breadth, B the observed breadth 
and b the instrumental breadth. Although it is often 
convenient to work in terms of peak width as defined by 
Wt, it is more correct to use the integral breadth, that 
is the area of the peak divided by At. When flies between 
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0 and 1 we have also used the correction: 

= f ( B  9, _ b~)t/8 + (1 - f ) ( B  - b) 

In addition we have extracted the corrected profile by 
the Fourier transform method of Stokes 19 using the 
main peak from hexamethylenetetramine as the instru- 
mental-broadening profile. 

Low angle X-ray photographs of dry fibre specimens 
were recorded in a Luzatti-Baro type camera (Beaudouin) 
incorporating a double curved-crystal monochromator. 
Traces from photographs of rotated specimens were 
obtained by means of a Joyce-Loebl microdensitometer. 

Table 1 

f 

Resolved peak parameters and crystallinity for Ramie 

Peak A P W C(%)  B(%) 

O 101 21 "3 14'6 2"01 107"4 -7"4  
101 19-8 16.2 1.85 
002 69"7 22"4 1.72 

0"1 101 21 "3 14"6 1.98 101 "1 --1 "1 
101 19'4 16-2 1 "77 
0(72 68.5 22"4 1 "70 

0'2 101 21 "2 14"6 1 "95 95.3 4.7 
10{ 19"0 16"2 1 "69 
00'2 67"3 22"4 1 "69 

RESULTS 

Crystallinity measurement by X-ray diffraction 
Computed values of A the peak height, P the peak 

position, and W the peak width at half-height, are given 
for Ramie in Table I and for Fortisan in Table 2. Crystal- 
linity, the total area under the peaks evaluated as a 
percentage, is given under C, the background area is 
under B. Peak profiles computed from the data in 
Tables 1 and 2, together with the background trace and 
the experimental envelope, are given in Figures 1 and 2. 
It is immediately apparent that the Cauchy function 
(f=0) underestimates the background, especially for 
Ramie, and that the Gaussian function ( f=  1) overesti- 
mates the background; this is a consequence of the 
longer tails of the Cauchy function. 

In order to make a choice of the most appropriate f 
values, we must consider the operation of the peak- 
resolution program in more detail. This program modifies 
the peak and background parameters until a limiting 
sum of squares S is reached between the observed and 
calculated Y values, a process which involves around 
1200 calculations. These S values have been plotted 
against f in Figure 3, and it can be seen that the points 
lie on smooth curves with well-defined minima around 
f=0 .7  for Ramie and f=0-4 for Fortisan. These figures 
may be assumed to be the optimum or 'best-fit' f values 
for the particular samples under investigation. The C 
values, which are our measure of crystallinity by this 
method, are also plotted against f in Figure 3. From the 
minima on the S curves it is thus possible to obtain the 
'best-fit' C values; these are 72~o for Ramie and 74~ 
for Fortisan. 

A test run on the data from Ramie at f=0.7,  and from 
Fortisan at f =  0.4 gave values of S and C close to those 
anticipated from the data in Figure 3. The values of S 
at the 'best-fit' of f correspond to relative error in the 
data points of 3.3 and 3.5 ~ for Ramie and Fortisan, 
respectively. 

Crystallite width measurement by X-ray diffraction 
Weight-average crystallite size measurements L(hkl)  

are given in Tables 3 and 4 as evaluated by the usual 
Scherrer equation: 

L( hkl ) = 113 = KA/cosOd (20) 

where K= 1 and d(20) can be either the width of the 
peak, or more correctly, the integral breadth. Values of 
crystallite size normal to the diffracting planes (hkl) are 
tabulated in terms of both the peak width (Lw) and the 
integral breadth (Li). These are uncorrected values but 

0"3 101 21 "2 14"6 1.94 90"1 9'9 
101 18'7 16"3 1 "63 
002 66"2 22"4 1 "38 

0"5 101 21.1 14"6 1.92 80.6 19.4 
10{ 18"0 16"3 1 "52 
00'2 64.1 £2"4 1-67 

0"8 101 20-7 14.7 1 "91 68.2 31 "8 
10{ 17"1 16"3 1 "40 
002 61 "1 22-4 1.66 

I "0 101 20"4 14"7 1.9£ 60"9 39"I 
101" 16"5 16"3 1-33 
00'2 59"2 22"4 1-66 

/'=function parameter for peak profile; A= peak height (arbitrary 
units); P=peak position (20°); W=peak width (20°); C=crystal- 
linity, i.e. area under peaks; B=area under background 

Table 2 Resolved peak parameters and crystallinity for Fortisan 

[ Peak A P W C (%) B (%) 

0 101 9"1 11 "6 1 "99 88'8 11-2 
10{ 39"2 19"5 1.9'2 
002 39"7 21 "5 1.83 

0"2 101 8"6 11 "6 1 "88 81 "2 18"8 
101- 38"9 19"5 1-89 
002 39"4 21 "5 1-80 

0.3 101 8"4 11 "6 1 "64 77-7 22.5 
10{ 38.8 19"5 1.88 
002 39"2 21"5 1" 79 

0.5 101 8.0 11 '6 1.78 71.2 28.8 
101" 38.5 19.5 1.87 
00'2 38.9 21 "5 1.77 

0.8 101 7.5 11.6 1.72 62.2 37.8 
10{ 38.1 19.5 1.85 
002 38.4 21 "5 1.75 

1.0 101 7.2 11 "6 1.69 56.6 43.4 
10{ 37.2 19-5 1.85 
002 38.1 21-6 1.74 

f= function parameter for peak profile; A= peak height (arbitrary 
units); P=peak position (20°); W=peak width (20°); C=crystal- 
linity, i.e. ares under peaks; B--area under background 

it is evident that for Ramie Li(lO1-)>Li(lO1) and that 
the crystallites are roughly tablet-shaped in cross-section; 
this confirms the evidence of Mukherjee et al. 2° that the 
(I01) planes are parallel to the largest face of the section 
[the (101) and (10I) planes are approximately perpendi- 
cular]. In Fortisan Li(IO1)=Li(IOT) and the crystallites 
appear to be square in cross-section. 
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Figure I Peak resolution for Ramie, , Experimental diffraction 
trace; . . . .  , resolved peak profiles; . . . . . . .  computed back- 
ground. (a) f=0, Cauchy profiles; (b) /.=0-7, 0.7 Gaussian/0.3 
Cauchy; (c)/.=1, Gaussian profiles 
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Figure 2 Peak resolution for Fortisan. , Experimental dif- 
fraction trace; . . . .  , resolved peak profiles; . . . . . . .  computed 
background. (a) f=O, Cauchy profiles; (b) f=O.4, 0-4 Gaussian/0.6 
Cauchy; (c)/'=1, Gaussian profiles 
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Figure 3 Crystallinity C and least sum of squares 3, against the 
function parameter/'for Ramie (solid symbols) and Fortisan (open 
symbols). The minimum S value gives the 'best-fit' estimate of 
crystallinity 

Table 3 Crystallite size parameters (A) for Ramie 
i i  

f Peak Lw Lwj Lws Li Li] Lis 

0 101 44"3 47"1 45"6 29'5 30"8 31 "8 
101" 48'2 51 "6 49"8 32"1 33.5 34'4 

0"2 101 45"5 47-8 46'7 32"2 33"3 34"6 
10~ 52"7 55"9 54"4 37"1 38'7 39"7 

0-5 101 46'5 48'1 47"1 36"3 37"2 38"7 
101" 58"7 61 '2 60-3 45-4 46"9 48"1 

0.7 101 46.5 47-6 47.2 39.2 39-9 41.0 
107 62.1 63.8 65.7 51-9 53.1 54.6 

1.0 101 46.5 46.6 47.4 43.6 43.7 45.9 
10i 66.9 67.2 68.6 63.1 63.3 66.6 

f= function parameter for peak profile; Lw= crystailite size from 
peak widths; Lwj=Lw corrected by the Jones approximation; 
Lws=Lw corrected by the Stokes deconvolution procedure; 
Li= crystallite size from integral breadths; Lij= Li corrected by the 
Jones approximation; Lis= Li corrected by the Stokes deconvolu- 
tion procedure 

Table 4 Crystallite size parameters (A) for Fortisan 
i 

f Peak Lw Lwj Lws Li Lij L/s 

0 101 44.7 47.6 47.2 30'0 31-3 32"8 
10i 46'8 50.0 48.2 31.4 32"8 33"1 

0.2 101 47'3 49.9 48.6 33-5 34"8 35'9 
101 47"4 50.0 48.7 33"3 34.5 35.3 

0.4 101 49.1 51 "3 49.9 37-2 38.4 39-6 
101 47.8 49.8 49.0 36.2 37.3 38.1 

0"8 101 51 "7 52"5 52-8 45-0 45-6 46"6 
101- 48"3 49'1 49"3 42"0 42"6 43-6 

1 '0 101 52"5 52"6 53-5 49'6 49"7 51 '3 
101" 48"5 48.6 49"2 44"9 45"0 46"3 

f=function parameter for peak profile; Lw=crystallite size from 
peak widths; Lwj=Lw corrected by the Jones approximation; 
Lws=Lw corrected by the Stokes deconvolution procedure; 
Li= crystallite size from integral breadths; Lij= Li corrected by the 
Jones approximation; Lis= Li corrected by the Stokes deconvolu- 
tion procedure 
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Although the Cauchy function has much larger tails 
than the Gaussian function, both have similar widths at 
half-maximum intensity for any particular peak, conse- 
quently there is only a small increase in Lw asfincreases 
from 0 to 1. However, there is a pronounced increase in 
Li since the integral breadth takes into account the 
considerably greater area in the Cauchy profiles. If we 
consider the width of the 10T reflection alone, it is 
evident that the lowest uncorrected estimate of crystallite 
size would be 32 A in Ramie and 31 A in Fortisan (Li at 
f =  0); the highest estimate would be 67 A in Ramie and 
48 A in Fortisan (Lw at f =  1). All the estimates of crystal- 
lite size are increased slightly on application of the 
corrections for instrumental broadening. Tables 3 and 4 
therefore include size values based on peak-width and 
integral breadth data corrected by the Jones approxima- 
tions (Lwj and Lij respectively), and by the full Stokes 
method (Lws and Lis respectively). The value of the 
instrumental breadth used for these corrections was 
0.12 ° which gave an integral breadth of 0.104 ° . 

The best estimates of crystallite size in Ramie will be 
the corrected values of the width normal to (10T) at the 
'best-fit' f value of 0.7; these are Lwj=63.81~, Lws= 
65.7 A, L(j = 53.1 fl~, and Lis-- 54.6 A. Similar estimates 
for the width normal to (10T) in Fortisan at f=0 .4  are 
Lwj=49.8 A, Lws=49.0 A, Lij= 37.3 A, and Lis= 38.1A. 
The Stokes correction should give the most accurate 
values since it operates on the whole profile; here the 
resolved profiles are necessarily symmetrical and the 
results of the simpler Jones corrections are always within 
3 ~o of the Stokes corrections. Perhaps the most important 
result is that use of the peak width instead of the integral 
breadth will always lead to relatively high values of 
crystallite size unless the K parameter in the Scherrer 
equation is adjusted. Here K would vary from about 
0.65 to 0.95 for equivalence of Lw with Li, values which 
can be compared with Warren's estimate of K for peak 
width (0-89) assuming a Gaussian shape for the peak 
profile 2s. We may note, however, that distortions in the 
crystals will lead to further broadening of the diffraction 
peaks and hence an increase in the true crystallite size; 
unfortunately methods for the correction of distortion 
broadening are not practicable in this case since we cannot 
distinguish more than one order of reflection in the 
diffraction trace. 

So far we have concentrated on the usual 'weight- 
average' crystallite size; the Stokes deconvolution 
procedure evaluates Fourier coefficients which can be 
used to provide information about the 'number-average' 
crystallite size, a parameter often derived in metallurgical 
analyses. Normalized Fourier coefficients obtained from 
the Stokes procedure are plotted in Figure 4 against the 
harmonic number t for the 10T peaks of Ramie resolved 
at f = 0 ,  0.5, and 1.0. The Gaussian resolution ( f = l )  
gives a profile starting with the shape of the error curve 
and is considered by Warren and Averbach 21 to be an 
indication of the lattice distortion; the Cauchy function 
has a finite initial slope which is usually considered to be 
a measure of the 'number-average' crystallite size. From 
Figure 4, following Warren and Averbach's procedure, 
the straight line parts of the curves, give 'number- 
average' crystallite sizes which range from 36 A at f = 0  
to 54A at f =  1; these values compare favourably with 
the 'weight-average' crystallite sizes obtained from integ- 
ral breadths. A similar analysis of Fortisan gave a 
'number-average' crystallite size of 36/~ for both f = 0  

and f =  1,-again comparable with 'weight-average' values 
obtained from integral breadths. 

This Fourier transform approach suggests that the 
'best-fit'fvalue for peak resolution could be considered 
as a measure of lattice distortion. When the hexamethyl- 
enetetramine peak is used as the instrumental-broadening 
standard, it might be expected that it would show negli- 
gible size or distortion broadening. In fact a subsidiary 
program determined the 'best-fit' f value as 0.725, a 
figure which must be a function of the collimator geo- 
metry in the diffractometer. Consequently we may 
assume that an analysis of peak profiles in fibrous 
specimens can give no useful information on lattice 
distortion. A similar conclusion was reached by Mitra~ z 
after an analysis of peak profiles from metallurgica~ 
specimens. 

Finally in this section, we may note that there are no 
discrete interferences in the small-angle diffraction 
patterns of Ramie or Fortisan, hence no evidence for:.a 
unique elementary unit of structure. From Guinier plots 
of log/against  0 z the average size of scattering units 
can be estimated as 47 A in Ramie and 42.5 A in Fortisan. 
The results of Baltfi-Calleja reported by Peterlin and 
Ingrain 2a give a value of 55 A for Ramie using the same 
method. The validity and interpretation of this method 
seems open to question but, after a more rigorous 
analysis, Heyn 24 found a value of 45A for Fortisan. 
Our low-angle estimates are of the same order of magni- 
tude as those found by high-angle techniques, but the 
latter, despite their dependence on the form of the peak 
profile, must be considered the more reliable. 

Electron microscopy 
A general view of typical negatively stained Ramie 

fibrils is given in Figure 5a; there is a considerable overlap 
of fibrils in each ribbon but no evidence of single units 
greater than 65 A in width. A ribbon composed of three 
individual fibrils is marked, the overall width is about 
135A so that the average fibril width is 45A. Part of 
this ribbon is seen in greater detail in Figure 5b which 
was recorded at a higher magnification than Figure 5a. 
Both images making up Figure 5 are very close to focus 
and have little phase contrast. The variable width of the 
three fibrils in Figure 5b is evident, the individual fibril 
widths at the point indicated are 16A, 28A and 37A. 

Without negative staining no fine structure can be 
seen in the ribbons, but with light staining we have the 
situation illustrated in Figure 6. Figure 6a, recorded at 
an instrumental magnification of x 30 000, has phase 
contrast enhancing a repeat of about 35 A (Af= 1.5/zm). 
Figure 6b, recorded at an instrumental magnification 
of x 116 000 has slight phase contrast enhancing a repeat 
of 7 A (Af_0.8/zm). Figure 6a gives very marked indi- 
cation of a 35 A repeating fibrillar unit because of the 
phase-contrast enhancement; however, in the more 
acceptable image, Figure 6b, a regular 35A repeat is 
not indicated and fibrils can be measured in the size 
range 30 to 75 A. 

A fibriUar ribbon with a considerable amount of 
stain is depicted in Figure 7a, recorded at x 30 000, 
and in Figure 7b, recorded at × 168 000. There is again 
phase contrast in Figure 7a to enhance a 30A repeat 
which is evident in the fibrils, the negative stain, 
and the supporting membrane. In the high-resolution 
image of Figure 7b there is almost no phase structure in 
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Figure 4 Normalized Fourier coefficients F(t) against the har- 
monic number t for the 107 peaks of Ramie at f=O (0), 0.5 (11) and 
1.0 ( ~  

Figure5 Ramie dispersed by ultrasonic irradiation and negatively 
stained with uranyl formate; (a) x 100 000; (b) x 435 000 

the fibrils or in the negative stain and the image is very 
close to true focus. At the point indicated by the arrow 
we have one fibril about 60 A in width in the high resolu- 
tion image and two 'fibrils' 30 A in width in the phase- 
contrast image. The fibril is probably embedded in stain 
in this region so that the spurious periodicities can be 
anticipated by the phase contrast mechanism and are 
in fact seen over the entire micrograph of which Figure 7a 
is a part. 

The danger of interpreting images taken at low magni- 
fication with phase-contrast enhancement is clearly 
illustrated. There is no doubt that in high-resolution 
images of Ramie, fibril widths can be measured in the 
range 16 to 75A; however, there is no evidence for 
regular 35 A elementary fibrils and although an average 
size of 45-50 A can be considered reasonable in the light 
of the above evidence, there is no suggestion that there 
is a well defined unit of exactly this dimension in Ramie. 
A similar analysis of Fortisan has already been made 
with micrographs illustrating phase contrast effects 15. 
Again there was no evidence of regular elementary fibrils 
and Fortisan fibril widths were measured in the range 
18 to 70A although there is an overall tendency for the 
fibrils to be slightly smaller than in Ramie. 

DISCUSSION 

We have shown that the best mathematical function for 
resolving the three main peaks in Ramie is 0.7 Gaussian 
and 0.3 Cauchy ( f=  0.7), and for Fortisan is 0.4 Gaussian 
and 0.6 Cauchy (f=0.4). The crystallinity of Ramie at 
f=0.7 is found to be 72 ~o, and for Fortisan at f=0 .4  
is found to be 74 ~o. Figure 3 clearly demonstrates that 
crystallinity as measured by this method is a parameter 
depending upon the function fitted to the peak profiles; 
nevertheless the 'best fit' is precisely determined and we 
believe that these crystallinity figures are based on a 
sound mathematical analysis which may be considered 
as a new method for determining this parameter. We 
may also point out that the best f value will probably 
vary for different specimens and for the same material 
examined under different experimental conditions. 

The crystallinity value of 72 ~o for Ramie agrees well 
with the infra-red measurement of Knight et al. 25, and 
with the X-ray measurement of Smith et aL 26, although 
this was made by an arbitrary method. The latter workers 
have obtained a figure of only 39 ~o for Fortisan by the 
X-ray method, and a figure of 58 ~o from an infra-red 
method. In contrast Kraessig and Kitchen S 7 have obtained 
a crystallinity of 82 ~o using a relative method. Our 'best- 
fit' value of 74 ~o falls between the extremes of 56-6 and 
88.2 ~ obtained with the Gaussian and Cauchy functions 
used in the analysis. 

If  we concentrate on corrected 'best-fit' values of 
'weight-average' crystallite size, we find that for Ramie 
the width normal to 10T is 64A from the resolved peak 
width and 53A from the resolved integral breadth; 
similar sizes for Fortisan are 50A and 37A respectively. 
Although we have seen that electron microscope images 
of the two specimens rarely differentiate single fibrillar 
entities in the interwoven fibrillar bundles, average 
widths are in the range 45A to 50A for Ramie and 
35A to 40A for Fortisan. These values are in much 
greater agreement with X-ray diffraction data obtained 
from integral breadths than from peak widths; we may 
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Figure 6 Ramie dispersed by ultrasonic irradiation and negatively stained with uranyl formate; (a) x 150 000; (b) x 350 000 

Figure 7 Ramie dispersed by ultrasonic irradiation and negatively stained with uranyl formate; (a) x 150 000; (b) x 500000 
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therefore conclude that only size values obtained from 
integral breadths are valid. Certainly the effect of  ignoring 
the tails of  the peak profiles is to give inordinately high 
crystallite size values; for example, the size normal to 
10T in Ramie a t f = l  is 67A from the peak width, and 
33.5A at f - 0  f rom the integral breadth. 

We conclude that the best estimates of  average crystal- 
lite size are around 50 A in Ramie and 40 A in Fortisan; 
nevertheless the electron microscope evidence points to 
the existence of a variation in size over the range 20 to 
70 A. We have no evidence for the existence of  a discrete 
35A fundamental unit of  structure nor is there any 
evidence in these specimens for organization at the 100 
to 200 A level. 
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Spin-lattice relaxation time (Tz) measurements have been made over wide ranges of tem- 
perature for polydimethylsiloxane (DMS), polyphenylmethylsiloxane (PMS) and poly(3,3,3- 
trifluoropropylmethylsiloxane) (FMS) gums and an FMS oil. For all polymers two Tz minima 
were observed. Activation energies ET,, of DMS, PMS and FMS were obtained for the high 
temperature process reflecting the effect of the bulky substituents on the segmental motion. 
Tz measurements were also made over a wide range of dilution for the same polymers in 
several solvents. For DMS both 7"1 and ET1 were little affected by dilution over a wide range. 
For PMS and FMS, Tt increased steadily and ET, decreased on dilution. Long range (inter- 
segmental) interactions do not appear to play a dominant role in the change of Tz with 
concentration. 

INTRODUCTION 

The measurement of spin-lattice relaxation times (T1) in 
studies of molecular motion in polymer systems is well 
established and has been reviewed in some detail 1-a. In 
this paper Tz measurements are reported for a poly- 
dimethylsiloxane gum (DMS), a polyphenylmethyl- 
siloxane gum (PMS), a poly(3,3,3-trifluoropropylmethyl- 
siloxane) gum (FMS) and a low molecular weight FMS 
oil. The DMS polymer has been studied previously in 
some detail 4-7 and a comparison with the PMS and FMS 
polymers is of interest. For the fluoro polymers both tH 
and ZgF resonances were employed. 

Although Tz measurements have been made on a 
number of polymer-solvent systems s-z°, by comparison 
they have not been investigated as extensively. The 
systems DMS-carbon tetrachloride, PMS-carbon tetra- 
chloride, PMS-d6-acetone and FMS-methyl ethyl ketone 
have been investigated over a wide range of dilution. The 
changes in 7"1 on dilution are discussed in relation to the 
relative importance of long range ('intersegmental') and 
short range ('intrasegmental') interactions in these 
systems. 

EXPERIMENTAL 

The polymer specimens were supplied by Midland Sili- 
cones Ltd, (UK). The PMS gum was prepared from an 
isomer of tetraphenyltetramethylcyclotetrasiloxane in 
which two pairs of adjacent phenyl groups lie respec- 
tively above and below the plane of the siloxane ring. A 
gel permeation chromatography (g.p.c.) analysis indicated 
the presence of a small amount of a low molecular frac- 
tion which was shown by n.m.r, and mass spectrometry to 
consist of cyclic tetramer and pentamer constituting 
approximately 3 ~o by weight of the gum. Some physical 
properties of the materials are given in Table 1. 

* BP Chemicals International Ltd, Epsom, Surrey, LrK. 

The number-average molecular weight 3~tlv was 
measured with a Mechrolab 502 osmometer. The glass 
transition temperature Tg and melting point Tm were 
recorded with a Du Pont differential Thermal Analyser. 
A weak minimum appeared at 272K on the differential 
thermal analysis (d.t.a.) trace for PMS indicative of some 
degree of melting. No melting transition was observed 
with FMS. Viscosities were measured on a Weissenberg 
Rheogoniometer at a shear rate of 1.18x 10-as -1. The 
value for the FMS oil is that supplied by Midland 
Silicones Ltd. For the solutions Analar grade solvents 
were used. Methyl ethyl ketone was chosen for the FMS 
gum as it underwent extensive degradation in acetone 
over a period of a few weeks. The viscosity and relaxation 
behaviour of the gum reverted to that of the low molecu- 
lar weight oil in this period 11. 

Spin-lattice relaxation times were measured with a 
Bruker-Physik A.G. pulsed n.m.r, spectrometer (B-KR 

Table 1 Physical properties of the polymers 

Vx I(P at 294K 
Polymer MN (kg m -z s -z) Tg (K) Tm (K) 

DMS 268 000 2 148 
PMS 263 000 1 "3 244 
FMS --  10-0 201 
FMS oil m ,,,3x 10 -5 189 

228 

304S) operating at 60 MHz, corresponding to an applied 
field of ~ 14 000 Gauss for ZH resonance. The specimen 
temperature was controlled to within 1K in the range 99 
to 493K with a conventional gas flow thermostat. A 90 °, 
90 ° pulse sequence with variable times between pulses 
was used and the spin-lattice relaxation was found to be 
satisfactorily represented by a single T1. The samples were 
not outgassed as earlier measurements on DMS indicated 
this had little effect on Tz 6 

POLYMER, 1972, Vol 13, September 431 



Spin-lattice relaxation in substituted polysiloxanes : d. A. Barrie et al. 

RESULTS AND DISCUSSION 

Undiluted polymer systems 
The temperature dependence of  T1 for the gums is sum- 

marized in Figure 1 and in all cases two minima are 
present. The results for the FMS oil are similar to those 
for the gum. Values of  the temperature Tm~n at which 
minima occur and of  (T1)min the value of  7"1 at the 
minimum are given in Table 2. The low temperature 
minima are diffuse so that an exact location of  Train is 
difficult. In particular, the values for the DMS and PMS 
gums are very approximate as measurements were not 
made at temperatures sufficiently low to establish the 
minima with a reasonable degree of accuracy. 

Low temperature minima. The low temperature minima 
are generally ascribed to spin-lattice relaxation of  methyl 
groups attached to the main chain 2. The DMS gum is 
partly crystalline in this temperature range; even so the 
relaxation is described by a single T1. Replacement of half 
of the methyl groups by the bulky phenyl group increases 
(T1)min significantly. Earlier line-width and second 
moment studies 7 indicate that phenyl group rotations are 
frozen out at these low temperatures and so do not con- 
tribute to T1. Replacement of  a methyl by the trifluoro- 
propyl group has less effect on (T1)mln and compared with 
phenyl it would appear that these group motions are not 
so effectively frozen out. It has been suggested that 
rotations of the trifluoropropyl group persist down to 
77K 7. 

As the minima are not well defined it is not possible 
to decide whether the introduction of  the bulky phenyl 
group results in steric interaction with the methyl groups so 
as to restrict the motion of the latter. For both IgF and 1H 
resonances Tml~ for FMS gum is higher than for PMS. The 
19F minimum can only be associated with rotations of the 
trifluoropropyl group which clearly freeze out at tem- 
peratures much higher than for methyl rotation. For the 

IO 1.0 

I 

I'O 0.1 

A...& j 

I I I I I I I I I 

IO 9 8 7 6 3 5 4 3 2 
IO' (K) 
T 

Figure 1 Temperature dependence of TI for the undiluted poly- 
mers. Left-hand ordinate: A, DMS; A, PMS; right-hand ordinate: 
©, FMS (IH); O, FMS (I~F) 

Table 2 Tmin and (Tz)rnin for high and low temperature minima 

Low temperature High temperature 

Polymer Tmin(K) (T1)minxlO(s) Tmin(K) (T1)minxlO(s) 

DMS ~100 ~1.6 212 2.2 
PMS ~100 ~3.0 333 2.4 
FMS (1H) 153 2-0 298 1.4 
FMS (ZaF) 166 1-6 249 2.0 
FMS oil (ZH) 143 1.6 270 1.8 
FMS oil (ZgF) 174 1.5 232 1.8 

Table 3 Apparent energies of activation (kd/mol) 

Polymer ET1 E~ c EL) 

DMS 9 - -  13(H20) 13(CaHs) 
PMS 18 - -  
FMS (ZH) 16 - -  17(HsO) 23(CaHs) 
FMS (19F) 13 14 
FMS oil (1H) 16 18 
FMS oil (19F) 13 15 

1H spin-lattice relaxation both methyl and trifluoropropyl 
groups will contribute and a broad minimum results lying 
between those of the methyl and trifluoropropyl. It is 
possible that interaction between the fluorine and hydro- 
gen atoms on neighbouring groups raises the minimum of  
the methyl nearer to that of the trifluoropropyl to make 
resolution of  the two motions difficult. As the low tem- 
perature minima are diffuse it is not possible to decide 
whether the difference in Train for the gum and oil are 
significant. 

High temperature minima. These minima are much less 
diffuse and occur at 68, 69 and 97K above the Tg for 
DMS, PMS and FMS respectively. The (T1)min are in the 
same order as the Tg for the series and probably reflect a 
similar spectrum of segmental motions as occur at the Tg 
but on a different time scale. For both the FMS gum and 
oil, Train is lower for the 19F resonance and is more 
diffuse. As the low temperature minima tend to encroach 
on the high temperature minima it is likely that convolu- 
tion effects are responsible. Alternatively some motion 
other than that of  the main chain segments is contributing 
to the 19F spin-lattice relaxation. 

Apparent energies of  activation E= were calculated 
from the limiting slopes of log/ '1 against 1/T on the high 
temperature sides of the minima only. From the BPP 
formula, correlation times ~-c of the motion were evaluated 
following Allen and Cowking 8 and Woessner and 
Snowdon 9 and activation energies obtained from plots of 
log~'c against 1/T. Values of Ea obtained by both methods 
are given in Table 3. For 1H resonance with the three gums 
the plots of  logTe against 1/T were sigmoidal in shape and 
not sufficiently linear to enable accurate values of  E% to 
be calculated. The departure from linearity was particu- 
larly marked for DMS and was least for PMS. This may 
be a result of  the BPP formula being a poor approxima- 
tion for polymer systems or evidence that more than one 
correlation time is required to describe the motion. 

In view of  the possibility of a distribution of relaxation 
times the results of Table 3 are to be regarded as minimum 
values for E~, 1 and E%. These values are in fact smaller 
than activation energies obtained for small molecule 
diffusion in these systems which are included in Table 3 for 
comparison. It appears that T1 is associated with rela- 
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tively short range motions rather than with the longer 
range co-operative motions which accompany viscous 
f l o w  3 . 

For DMS there is some indication of a small minimum 
around 360K above which ET increases to N 16k J/reel 
compared with a value of 9 below this temperature. 
Powles 4, 5 observed an increase in the slope of log T1 
against 1/T for this polymer but at the lower temperature 
of 286K. It was proposed that two types of motion were 
present in the amorphous phase, namely a short range 
'link' motion which prevailed at the lower temperatures 
and was unaffected by crystallization, and a 'drift' 
motion comprising a larger number of chain units which 
became dominant above 286K. The DMS system was also 
studied by McCall et al. 6, but they give no indication of 
any similar change in slope in the plot of log T1 against 
liT. Neither the PMS nor FMS gums exhibited this 
behaviour. 

For the FMS gum and oil, Train is higher for the gum 
for both 1H and ZgF resonance. This behaviour reflects the 
difference in the T o of the two specimens. 

Polymer solutions 
The results for the polymer-solvent systems are shown 

in Figures 2, 3, 4 and 5. The addition of solvent causes the 
high temperature minimum to move to lower tempera- 
tures in a similar fashion to the To of the system. For the 
FMS-methyl ethyl ketone system a more limited tempera- 

I'0 
/ X/ 

0.1~ i i 
4 3 

lOa(K) 
T 

Figure 3 Temperature dependence of /'1 for the PMS-carbon 
tetrachloride system, Vp=l-0 (0 ) ;  0.89 ((3); 0.57 (A); 0.37 (JL); 
0.18 (× )  

/ 
ture range was investigated and the behaviour of the / J 
minimum was not established. The shift of Train with X ,:d , f  

dilution is relatively small for DMS but very marked for A !A/,7/ 
PMS which has the much higher Tg. This behaviour is O O 
paralleled by the change in To on dilution as measured by l-O , x j  ~ ^ /  d d,t.a. For the system DMS-carbon tetrachloride, To x X Z 

^ / / - /  / 
changes by little more than a few degrees whereas for ~ /  # ~ . 
PMS in carbon tetrachloride and d6-acetone respectively %n ~, :x--~t'° A &#" --O ~ 
changes of 100 and 170K are recorded. Any correlation of ~ ~ / A / A ~ /  • ~O/ 
To with the volume fraction of polymer V~ is complicated ~ , ~  /O~/~//X 
by the fact that phase separation occurs in all systems at ~-- : O x  O / 

Figure 4 Temperature dependence of rz for the PMS-acetone 
system. Vp=I.0 (0 ) ;  0.88 ((3); 0.57 (A);  0.37 (&);  0.18 (x )  

 itow ur For x o  wit  
DMS--earbon tetrachloride the solid state solvent transi- 
tion appears at 229K for V~ = 0.37 and the melting transi- 
tion at 245K for V~o=0.37. For V~>~0.59 no solvent 
transitions were observed. The results for PMS in carbon 
tetrachloride are similar to those for DMS. With PMS in 
acetone the melting transition of the solvent appears at 
~ 180K when V~<0-51 but is absent for V~>0.54 and 

' with FMS-methyl ethyl ketone the solvent transition 0"1 5 4 3 
kOg(K) appears at ~ 183K for V~ ~< 0.57 but not for V~ 1> 0.63. For 
r both T o and Train the change on dilution becomes 

Figure 2 Temperature dependence of /'1 for the DMS-carbon significantly less in the region where phase separation 
tetrachloride system. Vp=1.0 (0); 0.8 (O); 0.6 (A); 0.2 (A) occurs. 
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Figure 5 Temperature dependence of Tz for the FMS-methyl 
ethyl ketone system. Vp= 1.0 (O); 0.8 (©); 0.6 (~); 0.4 (A); 0.2 ( x ) 
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Figure 6 Concentration dependence of Tz for the polymer- 
solvent systems at 303K. A, DMS--carbon tetrachloride; ©, PMS- 
carbon tetrachloride; t ,  PMS-d6-acetone; ×, FMS-methyl ethyl 
ketone 

From plots of log Tz against lIT on the high tempera- 
ture side of the minimum, values of E~, 1, the apparent 
activation energy, were estimated. For DMS E% N 9.0k J/ 
mol and was little affected by dilution while for PMS E% 
varied from 18 to ll.0kJ/mol and for FMS from 14 to 
8.0kJ/mol. 

In Figure 6 I"1 at 303K is given as a function of V~. For 
PMS the value of T~ for the dry polymer was obtained by 
extrapolation so that all Tz values relate to the high tem- 
perature side of the minimum. The results for DMS- 
carbon tetrachlofide confirm the dilution behaviour 

obtained in earlier studies 9, z0, za in that Tz changes but 
little over much of the concentration range with a rela- 
tively small change at high values of Vp. Estimates of ~-c, 
the correlation time for the motion, based on the BPP 
equation 12,za indicate that ~'c changes from .o2 to 
~1 x 10-1% in the range of V~, from 1 to 0. For both 
PMS and FMS the changes on dilution are much more 
significant and for the former ~c changes on dilution from 
~40 to ~ 2 x  10-Z0s for carbon tetrachioride and to 
~ 1 x 10 -z0 s for d6-acetone. The corresponding rise in Tz 
with dilution for both PMS and FMS may be interpreted 
as resulting from an increase in the rate of segmental 
motions associated with a reduction in the microscopic 
viscosity of the system. It is well established that for 
polymer systems Tz is not governed by the macroscopic 
viscosity. For example ~(polymer)/v(solvent)~ 107, very 
much larger than either (Tz)oo/(Tz)0 or (TC)~o/(~C)0 where 
the subscripts refer to infinite and zero degree of dilution. 
The difference in behaviour of PMS in carbon tetra- 
chloride and da-acetone can again be attributed to dif- 
ferences in the microscopic viscosities of the systems. 
Thus V(carbon tetrachloride)/~(acetone)~2.8 so that 
(Tz)o~ will on this basis be larger for acetone. 

The rise in Tz on dilution may also be considered in 
terms of long range (intersegmental) interactions as op- 
posed to short range (intrasegmental) interactions. If  long 
range interactions contributed in a major sense to the 
relaxation process then dilution would result in a decrease 
in the number of these interactions and hence an increase 
in Tz. On this basis acetone would appear to be a better 
solvent than carbon tetrachloride for PMS. However, 
Connor and Blears s on the basis of BPP theory have shown 
that if long range ('intermolecular') interactions are 
dominant then (T1)minocN -z where N is the concentra- 
tion of spins in the system. On this basis (Tz)min should 
increase on dilution whereas for both DMS and PMS it is 
virtually constant. It would appear therefore that inter- 
segmental contributions to the relaxation process are not 
significant. 
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methacrylonitrile 
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The reactivity ratios for the free radical copolymerization at 60°C of methacrylonitrile (Mz) 
and styrene have been determined in benzene, benzonitrile, acetonitrile and benzyl alcohol 
solutions. In the first three systems there is a minor solvent effect on rz which may be 
attributable to changes in the dielectric constant of the solution. In benzyl alcohol there is a 
marked solvent effect, which has not been satisfactorily explained, on both rl and r2. 

INTRODUCTION 

[t is clear from a number of recently published papers 1-8 
that, contrary to earlier reports 4, the medium affects the 
reactivity ratios in some free radical copolymerizations. 
The influence of  the medium must be on the propagation 
reactions and these observations may clarify the role of 
solvents in free radical homopolymerization 5, 6. Further- 
more, 'The effect on the reactivity ratios of the change in 
the dielectric constant of the reaction mixture is of con- 
siderable interest because of  its bearing on the causes of  
the alternating effect'L The effect, however, may be small 
and easily obscured by a large experimental error. The 
criteria for minimizing errors in determining reactivity 
ratios are now well established s and these parameters 
should be determinable with increased precision particu- 
larly with improving analytical methods. In the present 
instance methacrylonitrile and styrene were chosen as 
monomers since it was comparatively easy to meet these 
criteria and to analyse the copolymers accurately. The 
reactivity ratios were calculated from composition- 
conversion data using the integrated form of the co- 
polymer composition equation and also, in two cases, by 
the Fineman-Ross method 9. 

EXPERIMENTAL 

Materials 
Styrene and methacrylonitrile were purified by drying 

over activated MgSO4 followed by distillation through a 
36 cm Vigreux column under nitrogen. Styrene distilled at 
34°C at 7mmHg and methacrylonitrile at 90°C at 
atmospheric pressure. In each case only the middle cut of 
distillate was collected. The monomers were then distilled 
on the high vacuum line into tubes, containing freshly 

* Present address: Department of Chemistry, The University of 
Reading, Reading RG6 2AH, UK 

activated molecular sieves, where they were partly poly- 
merized by exposure to a u.v. lamp. They were finally 
distilled under vacuum and stored in sealed tubes at 
- 1 0 ° C .  

The four solvents--benzene, benzonitrile, acetonitrile 
and benzyl alcohol--were purified by distillation at 
atmospheric pressure through the Vigreux column. 
Middle fractions, with boiling points in agreement with 
literature values, were collected. Benzene was stored over 
sodium and the other solvents over molecular sieves. 

Laboratory grade methanol was filtered through a 
glass sinter (porosity 2) before use as a precipitant. 

Benzoyl peroxide, the initiator in all polymerizations, 
was purified by recrystaUization from light petroleum. 

Polymerization and isolation of the copolymers 
Copolymerizations were conducted at 60°C in tubes 

containing 50 ~ by vol. of solvents sealed under vacuum. 
The calculated amount of initiator dissolved in Analar 
acetone to give 8 x 10-2mol/0.9-1.0mol of total mono- 
mers was run into the tube. The acetone was then distilled 
off on the vacuum line. The required volumes of solvent 
and monomer were added to the tube and the mixture was 
degassed by successive freeze-pump-thaw cycles. For 
each solvent-comonomer system two different initial 
monomer mixtures ( 1 : 1  and 4 : 1  by vol. styrene: 
methacrylonitrile) were polymerized to four different 
conversions in the range 2-22 ~o by wt. 

In order to use the integrated form of the copolymer 
composition equation it is necessary to determine the 
conversion of monomers exactly. This is best done gravi- 
metrically but requires that copolymers should be pre- 
cipitated and recovered quantitatively. Styrene-meth- 
acrylonitrile copolymers can be recovered quantitatively 
and freed from monomer and solvent by the method 
previously described with benzene as solvent and methanol 
at - 7 8  °C as precipitant zo. The purified copolymers were 
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dissolved in the minimum volume of benzene and freeze- 
dried, the last traces of benzene being removed in a 
vacuum oven at 60°C over 4-5 days before analysis. 

For the determination of reactivity ratios by the 
Fineman-Ross method seven initial monomer ratios 
(from 9 : 1 to 1 : 3 by vol. styrene : methacrylonitrile) 
were employed for each solvent. In these cases the con- 
version was normally kept below 4 ~o and never exceeded 
5.570. 

Copolymer analysis 
The monomer content of the copolymers was deter- 

mined using a Varian 100MHz nuclear magnetic reso- 
nance (n.m.r.) spectrometer. The n.m.r, method of 
copolymer analysis has been shown to be particularly 
advantageous for nitrile copolymersZL Spectra were 
recorded in 10~o deuterochloroform solution at 30°C. 
The phenyl protons of styrene absorb at 4"0r, and the 
aliphatic protons of styrene, together with the methylene 
and methyl protons of methacrylonitrile, absorb in the 
region 8-9.5z. Duplicate or triplicate integrals on these 
peaks were run to reduce errors from noise or stray 
signals. The phenyl proton integration was corrected for a 
small amount of hydrogen in the deuterochloroform. 
Reproducibility was within 0.8 ~.  Elemental analyses for 
carbon and nitrogen were also carried out on most of the 
copolymers but reproducibility was poor. Nitrogen 
estimations, by a micro-Kjeldahl technique, gave meth- 
acrylonitrile contents which were invariably lower than 
those from carbon or n.m.r, analyses. This effect has been 
reported previouslylL For these reasons calculations of 
reactivity ratios are based entirely on n.m.r, analyses, 
carbon analyses being used simply as a rough check. 

Table I Compositions (wt. fraction of methacrylonitrile Mz) and 
conversions of copolymers of methacrylonitrile and styrene 
formed in various solvents at 60°C 

Wt. fraction of 
Wt. fraction of M1 in copolymer 
Mz in initial from n.m.r. Wt. 
monomers analyses conversion Solvent 

0.188 0.277 2.4 Benzene 
0.275 8.7 
0.274 14.7 
0.270 20.4 

0.483 0-415 10.9 Benzene 
0.418 14-6 
0.419 20.3 

0"188 

0'483 

0.271 9.85 Benzonitrile 
0.270 12.7 
0.267 21-8 
0.412 12.7 Benzonitrile 
0.411 17-7 
0.417 21.5 

0.188 0.268 1 0 " 1  Acetonitrile 
0.269 12.4 
0.264 16.2 

O. 483 0- 402 9.3 Acetonitrile 
0.404 14.5 
0.405 15.7 

o. 188 0.341 5-3 Benzyl alcohol 
0-340 10-25 
0-339 12.7 
0-337 15.3 

0.483 0.480 7.6 Benzyl alcohol 
0.479 10.0 
0.480 12- 35 

Cameron and G. F. Esslemont 
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a 
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Figure 1 Composition-conversion data for copolymerization of 
methacrylonitrile (Mz) and styrene (M2) in benzene solution at 
60°C. Initial wt. fraction of Mz=0.483. rl and r= respectively in 
computed trial composition-conversion curves: AI, 0.245, 0.280; 
A2, 0.250, 0.300; A3, 0.226, 0.293; A4, 0.225, 0.300; A5, 0.205, 0.320; 
B4, 0-200, 0.300 

Infra-red spectroscopy 
The wavenumbers for the C =  C stretching in styrene 

and methacrylonitrile and the C = N  stretching in meth- 
acrylonitrile were recorded with 4 ~ solutions of mono- 
mers in sodium chloride microcells with a 1 mm path- 
length. A Perkin-Elmer 237 Grating i.r. spectrometer was 
used. 

RESULTS 

Copolymer composition and determination of reactivity 
ratios 

The copolymer compositions (as weight fraction of 
methacrylonitrile, M1) are shown in Table 1 with the 
corresponding weight ~o conversions. From these data rl  
and rz were calculated by the computer method based on 
the integrated form of the copolymer composition 
equation. This method, which is derived from that of 
Montgomery and Fry, has been discussed previously 10. 
Briefly, the first programme produces values of rl  and rg. 
from pairs of points on the composition-conversion 
diagram while the second programme generates trial 
composition-conversion curves based on the average 
values of rz and r2. Using the second programme the 
experimental points can be enclosed in an envelope of 
composition-conversion curves. In this manner it is 
possible to select the curve to which the experimental 
points lie closest and to evaluate the experimental error in 
rl  and r2. The use of two initial monomer compositions 
greatly increases the precision attainable by this bracket- 
ing process since the number of acceptable values of rx 
and r2 is considerably reduced. This is illustrated by 
reference to Figures 1 and 2 which show some trial 
composition-conversion curves for selected values of r~ 
and r2. In Figure 1 A3 and A4 are acceptable, and all the 
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Figure 2 Composition-conversion data for copolymerization of 
methacrylonitrile (M1) and styrene (Ms) in benzene solution at 
60°C. Initial wt. fraction of Mz=0.188. rz and r2 values in trial 
curves as in Figure 1 

others can be rejected, while Figure 2 shows that A4 can 
also be rejected. The values of r l  and r2 shown in Table 3 
were determined in this manner for the four comonomer-  
solvent systems. The error limits quoted are generous and 
can be regarded confidently as the maximum possible. 

The analytical data on the copolymers used for deter- 
mination of r l  and r2 by the Fineman-Ross method are 
shown in Table 2 and the corresponding plots are shown 
in Figure 3. The Fineman-Ross method is based on the 
differential version of the copolymer composition equa- 
tion in the form: 

( f - 1 ) = r l ~ - r 2  

in which F represents the molar ratio of monomers Ma 
and M2 in the feed and f the molar ratio in the resulting 
copolymer. Thus, a plot of F ( f -  1)/fagainst F2/fyields a 
straight line of slope r l  and intercept r2. The values of  r l  
and r2 shown in Table 3 were calculated from the data in 
Table 2 by a computerized least-squares method. The 
errors were derived from the standard deviations in the 
slopes and intercepts in Figure 3, and are somewhat greater 
than the errors arising from composition-conversion 
calculations. Agreement between the values of r l  and r2 
calculated by the two methods is good except for r2 in 
benzene, although in this case the two values still agree 
within the associated experimental errors. 

The reactivity ratios in Table 3, apart from those in 
benzyl alcohol, are in good accord with most literature 
values although the latter show a wide variation and 
usually have a larger experimental errorlL 

DISCUSSION 

Table 3 shows a small effect, just outside experimental 
error, on the reactivity ratio r l  by the solvents benzene, 

O ' O , ~ j  ; ~ i , l , I ~ , , , 

o.0 5-0 IO.O 
F 2 
f 

Figure3 Fineman-Ross plots for copolymerization of methacrylo- 
nitrile (Mz) and styrene (M2) at 60°C. O, benzene solution; G, 
benzyl alcohol solution 

Table 2 Monomer and copolymer compositions for the copoly- 
merization of methacrylonitrile (M1) and styrene in solution at 
C00°C 

Mol fraction of 
Mol fraction of Mz in copolymer 
M1 in initial from n.m.r. Wt. % 
monomers analyses conversion Solvent 

0.143 0.255 3.3 
0-257 0.379 2.5 
0.315 0.378 2.2 
0.394 0.4125 2.2 
0.595 0.511 2.0 
0.738 0.5745 1.3 
0.818 0.656 1.9 

0.133 0.334 5.1 
0- 257 0.426 5.3 
0.409 0.490 5.3 
0"581 0"588 4"6 
0- 674 0" 6385 3' 8 
0- 7335 0" 660 2" 4 
0" 791 0' 705 2"0 

ii 

Benzene 

Benzyl alcohol 

Table 3 Reactivity ratios for copolymerization of methacrylonitrile 
(M1) and styrene at 60°C in various solvents 

Solvent rz r2 

Benzene 0.23+0.01 0.29+0.01 
0.23+0.03 a 0.35+0-07 a 

Benzonitrile 0-21 +0-01 0.30+0.01 
Acetonitrile 0.18+0-01 0.30+0.01 
Benzyl alcohol 0.39+0.01 0.14+0.005 

0.40+0.02 a 0.16+0.07 a 

From Fineman-Ross method 

benzonitrile and acetonitrile while r2 is constant within 
experimental error. In benzyl alcohol, on the other hand, 
both reactivity ratios are strongly affected. It is note- 
worthy that the effect of the first three solvents on r l  is 
only observable because of  the small experimental error. 

A solvent effect on rz implies a change in the ratio 
kll/k12 where k l l  and k12 are the rate coefficients for 
addition of  methacrylonitrile and styrene monomers 
respectively to the methacrylonitrile radical. In the case of 
the styrene-methyl methacrylate, styrene-acrylamide and 
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Table 4 Stretching frequencies (cm -z) from i.r. spectra of 
methacrylonitrile and styrene in various solvents 

Styrene Methacrylonitrile 

Solvent C= C C= C C -  N 

Benzene 1636 1631 22;]6 
Benzonitrile 1638 1630 2235 
Acetonitrile 1637 1629 2236 
Benzyl alcohol 1635 1630 2236 
Liquid film of pure monomer 1637 1626 2235 

methyl methacrylate-acrylamide systems solvent effects 
have been attributed to changes in the polarization of the 
carbonyl or amide groups in the monomers brought 
about by the different polarities of  the solvents z, 2. This 
suggestion has been supported by spectral measurements 
which showed differences in stretching frequencies of the 
double bonds of  the monomers in solvents of  different 
polarities. Such an explanation does not appear to be 
applicable to the present results. Table 4 shows that the 
stretching frequencies of the unsaturated groups in both 
monomers are unaffected even by benzyl alcohol which 
shows the greatest solvent effect. 

Figure 4 shows rz as a function of solvent dielectric 
constant D, and for benzene, benzonitrile and aceto- 
nitrile r l  decreases as D increases. From the spectroscopic 
evidence the change in r~ does not appear to be associated 
with a solvent effect on the monomers but it is possible 
that the polarity of the propagating methacrylonitrile 
radical is sensitive to its environment. The decrease in r~ 
could be due to a decrease in k11, an increase in k12 or 
both. The growing methacrylonitrile end is polarized 
mainly by the electron-withdrawing nitrile group: 

~ C H  2 

CH 3 

C- 

I 
CN 8-  

This polarization would be enhanced by increasing solvent 
polarity resulting in a relative decrease in reactivity 
towards methacrylonitrile monomer compared with that 
towards styrene. The product rlr2 for the styrene- 
methacrylonitrile system is 41  indicating a strong 
alternating tendency which would be enhanced by 
increased polarization of  the methacrylonitrile radical. 
The effect of  polar solvents on rz can be illustrated by 
reference to the three-parameter Q-e scheme which gives 
r l  a s  

Qz 
r l  = ~ e x p [ -  el(el  - e2)] 

where the subscript I refers to methacrylonitrile. Q denotes 
the general reactivity of  the monomer and e its polar 
properties, while e* refers to the polar properties of the 
adduct radical. The Q and e values respectively are 1" 12 
and 0.81 for methacrylonitrile, and 1-00 and -0 .80  for 
styrene TM. The positive e value for methacrylonitrile 
reflects the electron-withdrawing nature of  the nitrile 
group. On this basis r l  is given by: 

logrz=logl-12 e~x 1.61 
2.303 

0 '4  

- 0 " 3  

0-2 

I2 

I I I 

O IO 2 0  30  
D 

Figure 4 Reactivity ratio rl for copolymerization of methacrylo- 
nitrUe (M1) and styrene (M2) as a function of solvent dielectric 
constant. 1, benzene; 2, benzyl alcohol; 3, benzonitrile; 4, aceto- 
nitrile 

Clearly as e~ increases rl  decreases. It is postulated here 
that as the polarity of  the solvent increases, e~ also 
increases. I f  this interpretation is correct it predicts that in 
the homopolymerization ofmethacrylonitrile the propaga- 
tion rate coefficient should decrease if the solvent is 
changed from benzene to acetonitrile. It would appear 
that as r2 is invariant within experimental error in 
benzene, benzonitrile and acetonitrile, the value of e~, 
i.e. for the styrene radical, is relatively insensitive to the 
polymerization medium. 

It is thus possible to account satisfactorily for the 
variation of r l  in benzene, benzonitrile and acetonitrile. 
The effect of benzyl alcohol on the reactivity ratios, 
however, cannot be accommodated satisfactorily in this 
manner and it is not apparent why the reactivity ratios 
should show such a large variation in this solvent. It may 
be significant that benzyl alcohol can form molecular 
aggregates in solution but precisely how these aggregates 
affect the copolymerization is not clear. 
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Solution properties of polysulphones 
of some 1,2-disubstituted alkenes 
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Fractions of poly(cyclohexene sulphone), /~.=22 500-324000, and poly(cyclopentene 
sulphone), ~n=47 200-571 000, were prepared. Unlike poly(hex-l-ene sulphone) and poly(2- 
methylpent-l-ene sulphone), neither of these polymers, nor poly(but-2-ene sulphone) nor 
poly(hex-2-ene sulphone), showed any dielectric dispersion in solution over the frequency 
range 2 x 102 to 1.2 x 107Hz. The dielectric increment was similar in magnitude to the high 
frequency value for poly(hex-l-ene sulphone) and poly(2-methylpent-l-ene sulphone), and 
was attributed entirely to distortion polarization. The absence of a permanent dipole 
indicates that in the polysulphones of 1,2-disubstituted alkenes the C-C bonds are all in the 
trans conformation, whether or not the alkene has a cyclic structure. Unperturbed dimen- 
sions were calculated from viscosity data and compared with those calculated for free 
rotation about the two C-S bonds in each repeat unit, the C-C bonds being assumed to be 
all in the trans conformation. The observed values are not greatly in excess of the free- 
rotation values. 

INTRODUCTION 

The solution properties of poly(hex-l-ene sulphone) and 
poly(2-methylpent-l-ene sulphone) have been determined 
in a number of theta and non-theta solvents 1-3. The 
dielectric behaviour is unusual in that the critical fre- 
quency is a strong function of molecular weight, indicat- 
ing relaxation by overall motion rather than by segmental 
motion4; also the dipole moment is not exactly propor- 
tional to the square root of molecular weight 5. The latter 
effect has been attributed to the unsymmetrical nature of 
the alkene unit, giving rise to a small cumulative dipole 
component running along the length of the chain. Such an 
effect should be absent in the polysulphone of a 1,2- 
symmetrically substituted alkene and this prompted us to 
make a study of such polymers. Most of the work was 
concerned with the polysulphone of cyclohexene. The 
polysulphones of cyclopentene and to a lesser extent of 
but-2-ene and hex-2-ene were also studied. 

EXPERIMENTAL 

Preparation of polymers 
Peroxides were removed from the alkenes by refluxing 

over sodium in an atmosphere of nitrogen, followed 
by fractionation. Immediately before use the alkene was 
treated with iron(II) sulphate solution, washed with water 
and dried with calcium chloride. 20 ml alkene were mixed 
at -78°C with sulphur dioxide (80 ml) and 4 ml of 20 ~o 
t-butyl hydroperoxide in toluene were added. The mixture 
was allowed to warm to boiling point and further catalyst 
was added if necessary. With cyclopentene care was 
needed to prevent the reaction from becoming violent. 
The polymer was precipitated by pouring the reaction 
mixture into methanol (1 litre) containing a little hydro- 
chloric acid to promote coagulation. Next day the 
polymer was filtered, washed and dried under vacuum. 

* Present address: Department of Chemistry, Makerere University, 
Kampala, Uganda. 

Fractionation of polymers 
The polysulphones of cyclohexene and cyclopentene 

were fractionated by a procedure similar to that previ- 
ously used for other polysulphones 1-a. The solvents were 
benzene and dioxane respectively. The non-solvent was 
methanol in both cases. Altogether some 35 fractions 
were collected for each polymer. Some of these were 
combined and reprecipitated according to the method of 
Chipiro and Palma 6. 

Osmotic and viscometric measurements 
Osmotic measurements were made with a Hewlett- 

Packard High Speed Membrane Osmometer (model 501) 
operating at 53.5°C with dioxane as solvent for both 
polymers. It was found that working above room tem- 
perature increased the speed and reliability of the 
measurements. 

Viscosities were determined with an Ubbelohde visco- 
meter having a 0-4mm i.d. capillary. Kinetic energy cor- 
rections were made when necessary. The magnitudes of 
the viscosities and the shear stress in the viscometer make 
it unlikely that the results were appreciably affected by 
shear. 

Solvents were purified as previously described 1-5. 

Dielectric measurements 
These were made as previously described 4 , 5. 

RESULTS 

Osmotic data 
Plots of (rr/c) 1/~ against c were linear, as shown in 

Figures 1 and 2. The intercepts gave number-average 
molecular weights Mn ranging from 22500 (H30) to 
324 000 (H5) for poly(cyclohexene sulphone), and from 
47200 (P36) to 571000 (P21) for poly(cyclopentene 
sulphone). The slopes of these lines are equal to 0.5 A 2~n 
and the second virial coefficient A2 showed the usual 
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Figure I Osmotic data forfractions of poly(cyclohexene sulphone) 
in dioxane at53-5°C. I ,  H5; A, H7; +,  H9; A,  Hll;  ~7, H13;y, 
H16; O, H£5; [3, H27; x, H29; O, H30 

inverse dependence on molecular weight: for poly(cyclo- 
hexene sulphone)/dioxane at 53"5 °C, A 2 = 4"2~ff-rn-°251 mol 
kg-2; for poly(cyclopentene sulphone)/dioxane at 53.5°C, 
A 2 = 3"9-~rn-°'251 mol kg -2. The exponent of - 0.25 is close 
to the value predicted ( -  0.23) for flexible macromolecules 
in good solvents 7. 

Viscometric data 
The results are arranged in Table 1 in order of decreas- 

ing solvent power. As an indication of the precision of the 
data two sets of results are plotted in Figure 3. For 
poly(cyclohexene sulphone) an attempt was made to 
achieve theta-conditions by adding the non-solvent cyclo- 
hexane to the solvent dioxane. It will be seen that this 
goal was not quite achieved, the exponent a being greater 
than 0.5 in the 59/41 mixture. On lowering the tempera- 
ture of this mixture from 25°C to 13"6°C the limiting 
viscosity number of polymer increased by about 2 %. It 
increased by a similar amount when the temperature was 
raised to 34-4°C. Hence the viscosity passes through a 
minimum somewhere between these two temperatures. 
Attempts to determine the theta-temperature for a 
benzene/toluene mixture by the Mandelkern-Flory 1° 
method failed, apparently because of the separation of 
solid polymer instead of a second liquid phase on cooling. 
For poly(cyclopentene sulphone) in dioxane the limiting 
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Figure 2 Osmotic data for fractions of poly(cyclopentene 
sulphone) in dioxane at 53.5°C. O (lower), P21 ; V,  P26; x, P27; A, 
P33; FI, P35; O, P36 (upper) 

I 
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Figure 3 Viscosity data for poly(cyclohexene sulphone) in 
benzene (O) and for poly(cyclopentene sulphone) in dioxane (©) 
at 25°C 

viscosity number decreased by about 0-25 % per degree 
between 15 ° and 55°C. 

Although it did not prove possible to obtain values of 
Ke by direct measurement at the theta-point, they could 
be found by one of the usual extrapolation procedures, as 
indicated in Table 1. 

For both polymers the Huggins' constant was 0.40 for 
high molecular weights in good solvents. For lower 
molecular weights, particularly in poor solvents, the value 
rose to 1.0 or more. This behaviour is typical of random- 
coil polymers. 

Table1 Viscosity parameters Kand a in the equation[~l]=KM a. The molecular weights for both polymers lie within the range 20 000-580 000 
(see text) 

Reference to 
Number of Temp. 102K 102K0 extrapolation 

Polymer fractions Solvent* (°C) (ml/g) a (ml/g) method 

Poly(cyclopentene sulphone) 

Poly(cyclohexene sulphone) 

* Proportions by volume 

6 Dioxane 25 0.53 0.76 5.6+0.3 8 
5.3+0.3 9 

4 Dioxane 25 0.57 0.72 5-1+0.3 8 
11 Benzene 25 1.33 0.65 5.1+0"3 8 

5"7+0"3 9 
4 Dioxane/cyclohexane (60/40)* 25 2.94 0.57 5-5_+0.2 8 
8 Dioxane/cyclohexane (59/41)* 25 3.93 0.54 5.56_+0.06 8 
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Dielectric data 
No dielectric dispersion was found in the frequency 

range 2 x 102 to 1.2 x 107 Hz for 1-3 ~ solutions of any of 
the polymers shown in Table 2. With the same apparatus 
an unfractionated sample of poly(hex-l-ene sulphone) in 
benzene ([V]=23ml/g in chloroform at 25°C) gave a 
substantial dispersion in the region of 105-106Hz, the 
limiting values of d~/dw2 being about 12 (at low fre- 
quency) and 2-4 (at high frequency), in agreement with 
previous results 5. Measurements by Dr P. J. Phillips 
(University of Liverpool) using the slotted line technique 11 
failed to detect any dielectric loss at higher frequencies 
(5-20xl0SHz) either in poly(hex-l-ene sulphone) or 
poly(cyclohexene sulphone) solutions in benzene. 

DISCUSSION 

The osmotic and viscometric measurements indicate that 
the poly(cyclo-alkene sulphones) are, like the poly(alk-1- 
ene sulphones), randomly coiled in solution. The most 
surprising feature of the present results was the complete 
absence of dielectric loss for any of the polymers shown in 
Table 2, in marked contrast to the behaviour of poly(hex- 
l-ene sulphone) and poly(2-methylpent-l-ene sulphone). 
For the latter polymers we have shown that it is possible 
to predict the critical frequency for overall rotation 
within a factor of 2, knowing [~7], Mn and the viscosity of 
the solvent 4. On this basis we can be sure that had any of 
the systems in Table 2 shown a relaxation of this type it 
would have fallen within the experimental frequency 
range. There remains the possibility of segmental relaxa- 

Table 2 Dielectric properties of polysulphones of some 1,2- 
disubstituted alkenes at 25°C 

dc dn~ 
[~/] d w2 d w~ 

Polymer Solvent (ml/g) (+0.1) (+0.05) 

Poly(cyclopentene Dioxane 36-5 (F) 2-9 -0 .30 
sulphone) 24.7 (F) 2-8 
Poly(cyclohexene Dioxane 52 (F) 3-0 
sulphone) 19 (F) 3.1 -0 .27 

43.5 (F) 1.65 
17-3(F) 1.73 --0"18 

Poly(but-2-ene sulphone)* Dioxane 51 (U) 3.3 -0 .25  
Poly(hex-2-ene sulphone)t Dioxane 34 (U) 2.7 -0 .23 

Benzene 1.7 -0 .06  

* Made from 100% trans-but-£-ene 
t Made from 50/50 cis/trans-hex-2-ene 
F=fractionated sample; U= unfractionated sample 
w~=weight fraction of polymer; riD= refractive index for sodium 
D line 

tion at a higher frequency to account for the small 
observed values of dE/dw2. However, the fact that the 
values are very similar to the high frequency values for 
poly(hex-l-ene sulphone), which are 2.4 in benzene and 
3.2 in dioxane, and for which no higher-frequency relaxa- 
tion process was detected, make it very probable that the 
observed values of d~/dw2 are wholly accountable in 
terms of distortion polarization, i.e. that the polymers in 
Table 2 have negligible permanent net dipole. 

For the polysulphone of a symmetrically substituted 
alkene the dipole associated with each sulphone group 
may be resolved into two equal components directed 
along the two C-S bonds. If the conformation about the 
C-C bonds is entirely trans, with the two C-S bonds 
parallel and opposed, then the net dipole of the whole 
molecule will be zero, apart from a negligible contribution 
from the two end-units. However, oscillations within the 
sulphone groups and about the C-C bonds in the main 
chain will make a significant contribution to the distortion 
polarization. There is a good deal of evidence to show that 
the atomic polarization part of distortion polarization can 
assume quite significant proportions in molecules that 
contain more than one substantial bond dipole. For 
example the apparent dipole moments of 1,4-dioxane 
(0"4D) 14, 1,4-cyclohexane dione (1.3 D) 14, 1,4-dinitro- 
benzene (0.8D) 15 and tetramethyl-l,3-cyclobutanedione 
(0.8 D) lz, 15 have all been attributed to atomic polariza- 
tion. It is therefore not unreasonable to suppose that the 
values of dE/dw2 in Table 2, which correspond to apparent 
values of (tzZ/z) 1/z of about 1.6D (z=degree of poly- 
merization), are also due to distortion polarization, 
especially in view of the large sulphone dipole (4.4 D). 

We thus conclude that the solutions listed in Table 2 
contain polymer molecules whose main-chain C-C bonds 
are solely in the trans conformation. The vicinal coupling 
constants in the n.m.r, spectrum of poly(propene sul- 
phone) dissolved in dimethyl sulphoxide indicate that 
even in a polar solvent the main-chain C-C bonds adopt a 
predominantly trans conformation ~6. However, in poly- 
(hex-l-ene sulphone) and poly(2-methylpent-l-ene sul- 
phone) there are evidently sufficient non-trans con- 
formations to give the molecules an appreciable overall 
dipole. 

For poly(but-2-ene sulphone) and poly(hex-2-ene 
sulphone) the molecules are free to take up a preferential 
trans conformation about the main-chain C-C bonds, but 
in poly(cyclopentene sulphone) and poly(cyclohexene 
sulphone) this is not so because of the restriction imposed 
by the rings. In the latter two cases preferred trans con- 
formations can only result from preferred trans addition 
at the time of formation of the polymer. With poly- 
(propene sulphone) it is known that trans addition is 

Table 3 End-to-end distance parameters for some poly(alkene sulphones) in similar solvents, a=((r~)/(r~of)) 1/2 

Alkene Solvent* (°C) (A) (A) a Notes and ref. 

Hex-l-ene 29.8/70,2 MEK/hexane 8.0 7.26 4.20 1.73 a 2 
40/60 Dioxane/hexane £0.5 7.75 4-20 1.85 = 3 

2-Methylpent-l-ene 35.4/64,6 MEK/hexane 11.5 8.68 4.20 2.05 = 2 
Cyclohexene 59/41 Dioxane/cyclohexane 25,0 7.34 5.91 1.24 b 
Cyclopentene Dioxane 25.0 6.94 5.91 1.17 b 

* MEK= methyl ethyl ketone. Solvent code is preceded by volume ratio 
a (ro2f) values based on free rotation about all main-chain bonds and assuming tetrahedral angles 
b (r~1) values based on free rotation about all C-S bonds and assuming main-chain C-C bonds all in trans conformation 
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indeed preferred at - 8 0  °, though not exclusively le. I t  is 
not unreasonable to suppose that radical addition to a 
cyclo-alkene involves a greater degree of specificity. With 
cyclohexene trans addition will result in a non-polar axial- 
axial structure which may be expected to be preferred over 
the polar equatorial-equatorial structure. With cyclo- 
pentene on the other hand although trans addition will 
result in an axial-axial structure the two C-S bonds will 
not be parallel unless the ring is distorted from a planar 
structure. The absence of  a dielectric dispersion for 
poly(cyclopentene sulphone) indicates that such distortion 
must occur. This is not surprising since it is known that 
distortion requires relatively little energy 17 and this could 
easily be provided by the interaction between adjacent 
sulphone dipoles. 

Finally we consider the values of  the unperturbed 
dimensions of  the polymers relative to those calculated 
for free rotation. I t  is evident that for the polysulphones of  
cyclohexene and cyclopentene we have to consider the 
special case of free rotation about the two C-S bonds, the 
C-C  bonds being fixed in the trans conformation. 

The unperturbed dimensions were calculated from: 

where ( r ~ ) =  mean-square end-to-end distance (cm), 

z--- degree of  polymerization, 

M0=relat ive molecular mass of repeat unit, 

O----Flory constant, taken is as 2-5 x 1023 g-l ,  

K o =  [V]o/M 1/2, expressed in cm3/g. 

Values are given in Table 3. 
The biggest uncertainty in the free rotation value, 

( ( r~ ) / z )Z / z  lies in the values assumed for the bond angles. 
Thus for free rotation about all three bonds in an infinite 
-I-C-C-S--]- chain, Huglin and Stepto 19 find ((ro2s)/z) 1/2 = 
4.02A, taking les = 1.80A, lee = 1"53A, C-S-C=98"97 °, 
S-C-C=112"5 °. Using their formulae but taking 
los= 1.80A, lee= 1-54A, C - S - C = S - C - C =  109"5 ° (tetra- 
hedral angles), we find ((r~y)/z) l /2=4"2OA. 

When the C-C  bond is fixed in the trans conformation 
the distance between successive sulphur atoms lss is fixed 
and equal to 4.36A (using the second set of  bond lengths 
and angles), and the SS vector makes an angle a of  19.5 ° 
with the two intermediate C-S bonds. The chain may then 
be replaced by a set of  vectors SS, each vector being able 
to take up a limited number of  positions with respect to 
the previous vector, as illustrated in Figure 4. SoS1 
represents a fixed vector lying in the plane of  the paper at 
the angle ~ to the C-Sz bond. The next vector $1S2 may 
lie on the surface of a cone of semi-angle ~ which may 
rotate freely about the CS~ axis. By chance the angle 
C-$1-$2 in Figure 4 is exactly 90 °. The average projection 
of 5182 on SoS1 is readily calculated to be lss cos2a sin~= 
0"296lss=/3l~. By following the procedure described by 
Flory 2° we find that ( r ~ ) / z l ~  = (1 + fl)/(1 - t )  = 1.84 which 
is a little less than the value of 2.00 for a chain of  tetra- 
hedrally linked identical atoms. Inserting the value of  lss 
gives ((ro2i)/z) t/2 = 5"91 A. 

The values of  ( ( r 2 ) / z )  1/2 and appropriate ratios are 
summarized in Table 3. The values of cr for the first two 
polymers are 1% higher than those calculated previously 
by an approximate method 2,3. The fact that ~ is close to 1 

I 

L 
S I 

/ 1 1 1  

$2 

Figure 4 Diagram illustrating the relative positions which can be 
taken up by successive S S  vectors 

for the last two polymers does not necessarily mean that 
there is free rotation about the C-S bonds; rather it 
indicates that the energy levels for the three conformations 
about the C-S bonds are rather close together. 
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Mechanical  relaxation studies of the cure 
of epoxy resins: 1. Measurement  of cure 
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Studies are reported of the dependence of the low temperature secondary mechanical 
relaxation in amine-cured epoxy resins on the state of cure of the system. The shear modulus 
below the transition increases with increased crosslinking, while above the transition the 
reverse is true. The present study covers the range of cure temperatures from 20°C to 
160°C and shows that the ratio of the values of the shear modulus above and below the 
transition may be used as a quantitative measure of cure, particularly above the gel point. 
The effects of time and temperature of cure on the value of this modulus ratio are reported, 
as are the effects of departure from the stoichiometric quantity of hardener. The phenomena 
observed are interpreted as being caused by a secondary chain relaxation hindered increas- 
ingly by steric effects resulting from the increased cure. 

INTRODUCTION 

Many methods have been studied in order to find a 
technique which monitors, or can test cure in a practical 
structure. The majority of test methods, whether destruc- 
tive or non-destructive, used for assessing cure are very 
sensitive up to the gel point (the early stages of  cross- 
linking) but fail in the later stages. Yet many important 
changes take place in the resin after gelation as the 
reaction is continued. At the gel point about 70 ~ of the 
reaction has been completed I but post curing has been 
shown to have a marked effect particularly on the 
mechanical properties of the resin so that monitoring of  
this solid state reaction is important. 

Chemical measurements which are often used are equili- 
brium swelling, sol-gel analysis and solvent analysis. 
Equilibrium swelling measurements are done above the 
glass transition and entering into this region before the 
material is fully cured alters the state of  cure. Sol-gel 
analysis is only satisfactory to the gel point and solvent 
analysis in the solid state is limited by the availability of a 
suitable solvent and the extent of  reaction. For high 
degrees of  cure long immersion times in the solvent are 
needed. Bell 2 has used this together with swelling and 
sol-gel analysis to determine the extent of cure and 
relative reaction rates of primary and secondary amine 
groups with epoxy. 

Infra-red analysis provides an accurate, quick test to 
determine the extent of reaction but the chemistry of the 
curing process needs to be known as several competing 
reaction mechanisms often take place simultaneously. 

Strecker et  aL a, 4 came to the somewhat erroneous con- 
clusion that far less than 100 ~o of  the chemical reaction 
took place in the system they studied, because they were 
unable to detect any further change in the infra-red 
spectrum after a certain degree of conversion. 

Physical test methods are usually adopted after the gel 
point and one of  the most widely used in the plastics 
industry is the heat distortion test 5, 6. However, there are 
two major deficiencies: (a) in a chemically reactive 
polymer the reaction proceeds as the specimen is heated 
so the measured distortion temperature is not the heat 
distortion temperature of the original specimen; (b) the 
heat distortion test is destructive. Examples of  the 
confusing results of  measuring heat distortion point on 
incompletely cured resins are given by Planer et  al. 7. 

Surface hardness tests have been used as an empirical 
way of monitoring cure and Barcol hardness 8, 9 and hot 
needle testing z° have been used on phenolic, epoxy and 
polyester resins. Judd 9 compares hardness testing with 
water absorption and also with resistivity methods. 
However, resistivity above 10Z40hmcm is not easy to 
measure, so that although the resistance method is much 
more sensitive than Barcol hardness or water absorption 
it presents difficulties at high resistivities. Chadwick 11 and 
Miller 12 have also used resistivity methods for studying 
filled systems. 

Fava 18 using differential scanning calorimetry has 
investigated cure in an epoxy resin crosslinked with an 
amine-catalysed anhydride mixture and showed that after 
the gel point is reached further reaction requires tern- 
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peratures in excess of  Tg and that such reaction ceases as 
soon as Tg reaches the cure temperature. 

Dielectric studies by Haran et al. 14 confirm this for 
lower temperatures of cure. For filled systems, however, 
differential scanning calorimetry is less sensitive because 
of the presence of unreactive filler and dielectric methods 
may fail altogether because of Maxwell-Wagner effects. 

Dilatometric methods have been used by Shimazaki 15 
and Shito and Sato 16 to study epoxy resin/acid anhydride 
mixtures with different degrees of crosslinking. 

All these methods tend to become more inaccurate as 
cure proceeds and may suffer from the disadvantage that 
the test is based on movement of  Tg to higher tempera- 
tures and thus the very measurement affects the state of 
cure. 

Dynamic mechanical properties, obtained over a wide 
range of temperatures and frequencies have been shown 
to be very sensitive to changes in molecular structure and 
do not suffer from the limitations listed above. 

The dynamic mechanical spectrum of amine-cured 
epoxy resins is well known 17-2a and is characterized by 
four loss peaks labelled ~', ~, fl and 7 in decreasing order 
of temperature. The ~' peak is associated with degrada- 
tion and the a peak is due to the glass transition. The/3 
relaxation, which is large in under-cured resins and de- 
creases as curing proceeds, has been shown 19, s0 to be an 
experimental artefact and is the glass transition which is 
reduced in temperature. The secondary relaxation, 
termed y, has been postulated 17-19 to be due to mobility 
of  the segment - C H z - C H ( O H ) - C H z - O -  and Pogany 19 
has suggested that this group could rotate in the manner of  
a crankshaft as outlined by Schatzki 24. Other workers 25, 2s 
have suggested alternative sources for this relaxation, but 
these will be discounted for reasons presented later. 

Although it has been noted that the 7 relaxation is 
dependent on the state of  cure, there have been few con- 
trolled experiments to determine this dependence. Kline 17 
showed that the peak at 240K (the 7 peak) increased with 
increasing time of an elevated temperature cure, 70°C, for 
an amine-cured epoxy resin. The changes in modulus 
were stated to be 'very minor'. Pogany ~9 showed that the 
effect of increased cure temperature on the 9' peak was to 
increase the area under it, to increase its peak value and 
to increase the temperature of the maximum. Kreahling 
and Kline 21 showed effects similar to these using post 
cures at 345, 375 and 400K, and for the first time demon- 
strated that there is a significant change in the modulus 
behaviour in the region of  the 9' peak as higher cure 
temperatures are used. Other studies 2° also showed 
changes in the 7 relaxation as cure proceeds. 

Our contribution has been to undertake a detailed 
examination of the 7-relaxation over a wider temperature 
range than before and to show that the dependence of the 
modulus on the state of  cure is measurable with a high 
degree of reproducibility leading to the proposal that the 
ratio of moduli above and below the transition be used as 
a monitor of  cure in amine-hardened epoxy resins. 

EXPERIMENTAL 

The materials used in the investigation are listed in Table 1. 
Dynamic mechanical properties were determined over a 
range of  frequencies by using a torsion pendulum operat- 
ing at 0.67 Hz, an ultrasonic resonance technique cover- 
ing a frequency range of  10kHz to 100kHz and an ultra- 

Arridge and J. H. Speake 

sonic transit time technique operating between 200 kHz 
and 2 MHz. The torsion pendulum yielded loss tangent 
and shear modulus as a function of temperature and the 
ultrasonic techniques shear and Young's moduli. Un- 
fortunately loss measurements were not recorded using 
the latter techniques owing to experimental difficulties 
which will not be discussed here. 

Castings were prepared by carefully weighing both 
resin and the appropriate amount of  hardener, thoroughly 
mixing, and then casting in one of a variety of moulds 
dependent on the test method to be adopted. 

Initially three casts were prepared using the com- 
mercial diglycidyl ether of  bisphenol A (DGEBA) and 
triethylene-tetramine (TETA). Although equal quantities 
of the constituents were used in each cast, the method of  
preparation was slightly different in each case. This was 
done to determine whether differences in experimental 
procedure produced any significant variation in the 
dynamic mechanical properties of  systems which nomi- 
nally were identical. Rather less than the stoichiometric 
quantity of  curing agent was used because the agent is 
hydrophilic and by using less the chance of the agent 
having reacted at least at one site is greater and prevents 
the uptake of moisture which would alter the system. The 
conditions of preparation of  these casts are listed in 
Table 2. 

Three specimens were machined from each cast and the 
loss tangent and shear modulus were measured between 
-150°C  and ambient using a torsion pendulum at 
~ 1 H z .  

It was found that the variation between specimens 
from the same casting was insignificant compared with 
the variation between casts. The difference between casts 
can in part be attributed to the different temperatures at 
which each was prepared and the different experimental 
procedure adopted in the preparation. 

RESULTS 

Effect o f  curing on tan~ 
The three casts, labelled C - l - l ,  C- l -2 ,  C-1-3, were 

heated for 2 h at increasingly higher temperatures and it 
was assumed that an equilibrium state of cure was 
established after each anneal. The curing temperatures at 
which each cast was cared are shown in Table 3. 

Measurements were made on each of the three speci- 
mens in each cast, so that for each state of  cure three loss 

Table 1 Materials used 

Trade name Chemical name Source of supply 

MY750 

HY951 

Diglycidyl ether of bisphenol A Ciba 
(DGEBA) 
Triethylene-tetramine (TETA) Ciba 
Ethylene diamine (EDA) BDH 

Table £ 

Cast 

Preparation conditions of casts 

Time for which Time under 
cast was stirred vacuum Cure temp. 

(min) (min) (°C) 

c-1-1 5 2 19-0 
c-1-2 5 3 21-0 
c-1-3 10 3 19.3 
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curves were obtained. The mean curve was plotted for 
each temperature of  cure and the results are shown in 
Figure 1. Not all curves have been plotted, to preserve 
clarity. It is immediately apparent that as the state of cure 
increases, the following features are manifested: (i) the 
area under the tan3 curve increases; (ii) the peak value of 
tan8 increases; (iii) the temperature of tanSmax increases; 
(iv) the curve broadens more on the high temperature side; 
and (v) for curing temperatures of  149°C and 159°C the 
curve broadens but the peak value decreases. 

Table3 Curing temperature for each 
cast 

Temperature 
Cast (°C) 

C-1-1 31-5 
C-1-2 48"0 
C-1-3 64' 0 
C-1-1 74'5 
C-1-2 84'0 
C-1-3 93" 9 
C-1-1 102'5 
C-1-2 110"4 
C-1-3 118-8 
C-1-1 128" 2 
C-1-2 139"3 
C-1-3 149-3 
C-1-1 159.3 

5. 
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Figure I Change in ,y-relaxation with cure 
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Curve Cure temp. 
number Cast (°C) 

1 C-1-1 19.0 
2 C-1-2 48.0 
3 C-1-2 84.0 
4 C-1-3 93.9 
5 C-1-2 110.4 
6 C-1-1 128.2 
7 C-1-1 159"0 
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Figure2 Temperatureoftan3maxasafunction ofcuretemperature. 
G, C-1-1 specimens; O, C-1-2 and C-1-3 specimens 
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Figure 3 Peak value of tan~ as a function of cure temperature. 
G, C-1-1 specimens; O, C-1-2 and C-1-3 specimens 

The temperature of the tan8 peak increases from about 
- 74°C to - 46 °C after a cure at 159 °C. Figure 2 illustrates 
the relationship between the temperature of the tan8 peak 
and curing temperature. There are clearly three distinct 
stages in the movement of  the peak. In stage 1 the peak 
temperature increases only slightly to a cure at 48"0°C but 
for cures between 48.0°C and about 100°C (stage 2) the 
movement is much more pronounced and for cures above 
100°C (stage 3) there is only a small increase again. 

Figure 3 shows the dependence of the peak tan3 value 
on curing temperature. For resins cured to 80°C there is a 
linear correlation between tan3max and curing tempera- 
ture, after which the value of tanSma,: approaches a 
constant value and then decreases. This decrease is 
associated with the onset of degradation 19 caused by 
oxidation of the surface of the resin and possibly chain 
scission. 

Effect of cure on the storage modulus G' 
The shear modulus of  the set of specimens previously 

discussed was also measured and the mean results are 
given in Figure 4. Not all the curves are shown in order to 
preserve clarity. The relaxation is manifested by a typical 
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Figure 4 Shear modulus-temperature relation for varying cures. 
A, cast C-1-1, cure temp. 19°C; B, cast C-1-2, cure temp. 84°C; 
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sigmoidal modulus/temperature curve and the sigmoid 
becomes more pronounced as the degree of cure increases. 
The striking feature about this set of curves is that the 
modulus on the low temperature side of the relaxation 
increases with increasing cure, while the modulus at room 
temperature decreases. This is rather surprising since one 
would intuitively expect the modulus over this tempera- 
ture range to increase with increasing density of cross- 
linking. The effect is discussed later. 

The dependence of the storage modulus, measured at 
15°C and -150°C,  on curing temperature is shown in 
Figure 5. G' ( -  150°C) shows quite a large scatter and the 
reason for this is not known. It  is possible that ice formed 
on the surface of the specimen at low temperatures, the 
quantity formed being dependent on the relative humidity. 

Certainly the greatest stresses are in the surface and any 
contamination, be it ice or an oxide layer, will affect the 
modulus measurement. G' (15°C) clearly shows a similar 
sigmoidal-shaped curve as shown in the plot of  relaxation 
temperature against cure temperature in Figure 2. The 
magnitude of the changes in G' ( -  150°C) and G' (15 °C) 
are about the same. It  was suggested (McCrum, N. G., 
personal communication) that the ratio G' (15°C)/ 
G' ( -  150°C) might be a convenient parameter for assess- 
ing the state of  cure as this ratio reflected the magnitude 
of  the relaxation. A plot of this ratio as a function of  cure 
temperature is shown in Figure 6 where it is observed that 
a negative correlation exists between the ratio and extent 
of  cure. It might be expected that the ratio would decrease 
to a constant value, this value indicating maximum cure 
in the system under investigation. The ratio parameter as 
an index for assessing cure and also for studying factors 
affecting cure is discussed later. 

DISCUSSION 

Features of  the tan8 curve 
Intuitively the increase in area under the tan8 curve and 

the increase in its peak value are to be expected because 
the number of mobile segments increases with increasing 
cure. The curve (Figure 2) showing the relation between 
the temperature of the maximum tan~ value and the cure 
temperature shows three stages which can be interpreted 
in the following way; in stage 1 there exist in the network 
many epoxy and hardener chains reacted at one end only, 
so that mobility of  a -CH~-CH(OH)-CH2-O-  segment 
is not influenced by neighbouring segments. However, as 
the density of crosslinking increases and stage 2 is reached, 
the resin and hardener become tied between crosslinks 
and mobility is restricted and possibly hindered by the 
surrounding crosslinked network. Finally, in stage 3 the 
majority of reactive sites have reacted and a further 
increase in crosslinking density is achieved only by 
increasing the thermal energy in the system. In the final 
stages it is envisaged that rearrangement of  physical 
entanglements occurs and during this rearrangement the 
few unreacted sites will diffuse through the macro- 
molecular structure until the meeting of  another site 
allows further reaction. However, it is unlikely that com- 
plete reaction will ever occur. I f  the activation energy of 
the y-relaxation were found in stage 1 then this energy 
would be the true activation energy of the relaxation and 
the difference between this energy and the energy neces- 
sary for relaxation in a highly cured system would repre- 
sent the barrier arising as a result of  network hindrance of 

o o 

s'o 
| 

,o ,oo ,so 
Cure temperature(°C) 

Figure @ Change in modulus ratio with increasing cure tempera- 
lure (30min at each temperature) 
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the relaxation. This amounts to saying that the activation 
energy barrier for relaxation is increased due to the 
increased steric hindrance of the segments and this 
hindrance is only overcome by applying thermal energy to 
the system so that previously tied segments have sufficient 
energy and hence mobility to relax. 

The modulus changes 
The fact that the modulus on the high temperature side 

of the 7-relaxation decreases means that in this tempera- 
ture region a highly crosslinked macromolecular network 
can accommodate more strain under a fixed stress than 
can a lightly crosslinked network. This is not altogether 
surprising because the curing process involves the dis- 
appearance of  epoxy groups and the creation of  flexible 
segments. Now the flexibility of the epoxy group must be 
very low and when the epoxy ring is opened there is a 
greater free volume for the resulting segments to relax 
into and it is envisaged that this increase in molecular 
mobility is the factor which allows the overall structure to 
become more flexible. This increase in mobility is reflected 
in the broadening of the tan8 curve on the high tempera- 
ture side. At temperatures lower than the relaxation tem- 
perature, all mobility of the - C H 2 - C H ( O H ) - C H ~ O -  
segments will cease and an increase in crosslinking density 
will impede any other potentially flexible group, resulting 
in an overall increase in modulus. This again is in line with 
the tan8 data where a decrease in tan8 is observed for 
temperatures less than -100°C  reflecting a decrease in 
molecular mobility. Similar modulus behaviour has been 
reported by Starkweather 27 for the uptake of water in 
nylon. 
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Figure 7 Modulus ratio as a function of cure time for three dif- 
ferent cure temperatures: x ,  120.8°C; 0,132"8°C; O, 145"6°C 
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Figure 8 Change in modulus ratio as a function of cure tempera- 
ture. ©, 7min at each temp.; z~, 15min at each temp.; V, 30min at 
each temp.; F-I, 60 min at each temp.; O, 120 min at each temp. 

Effects of time and temperature 
Since a rapid and simple test of  cure would be to 

measure the modulus at two temperatures only, it was 
decided to conduct experiments to measure the modulus 
at - 196°C  and at room temperature. These tests were 
conducted using a torsion pendulum. The frequency of 
oscillation was measured at room temperature and at 
liquid nitrogen temperature using a fixed inertia, as the 
variation in modulus with very small changes of frequency 
was found to be negligible. Specimens were cured at three 
temperatures for varying periods of time and results are 
shown in Figure 7. This clearly shows that an optimum 
degree of cure is achieved at any one temperature and that 
this optimum quantity can only be increased by curing at 
a higher temperature. Whereas six hours at 120"8°C is 
sufficient to produce an optimum degree of  crosslinking, 
the same curing time at 132.8°C has not produced an 
equilibrium extent of reaction. This is because Ta is about 
130°C. For  a temperature well above Tg, an equilibrium 
state of cure is achieved and it seems likely that the plateau 
is indicative of the maximum cure attainable in this 
system. As a consequence of  these results it was decided to 
obtain more information on the roles of  time and tem- 
perature in the curing process. A large number of  speci- 
mens were prepared using the DGEBA/TETA system. 
The quantity of  hardener was 11 parts per hundred parts 
of resin (phr), as before, which is less than the stoichio- 
metric amount. Specimens were cured for varying periods 
of time at a series of temperatures. The results are shown 

in Figure 8. Each result was obtained using a particular 
specimen to avoid any cumulative effect in the curing 
process. There is some scatter in these results but nonethe- 
less different degrees of cure arising from a change in cure 
schedule are easily observed. These results also demon- 
strate that at least one hour is required at any temperature 
for a maximum state of  cure to be achieved. Unfortu- 
nately the results are not of sufficient accuracy to allow a 
correlation of  time and temperature. 

In view of the differences arising from different cure 
schedules, a check was made on the effect of cumulative 
curing. A specimen was cured for 30 min at increasingly 
higher temperatures and these results are illustrated in 
Figure 9 together with results using a batch of specimens 
in which each individual specimen was cured for 30 min 
only. Even allowing for batch variations the shape of  the 
two curves is markedly different, illustrating that 30 min is 
insufficient time for an equilibrium state of cure to be 
achieved. Comparison of the curve showing cumulative 
curing with the 120 rain curve in Figure 8 shows that a true 
equilibrium state is achieved in this case. 

Non-stoichiometric effects 
It is well known that any deviation from stoichiometry 

lowers Tg because a negative departure from stoichio- 
metry results in a less densely crosslinked network, whilst 
an increase has a plasticizing effect. Similar behaviour 
might be expected for the 9,-relaxation. However, this is 
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not completely analogous and plasticizing effects are only 
significant for quantities of hardener greatly in excess of 
the stoichiometric quantity. This is illustrated in Figure 10 
in which tan8 is plotted for various quantities of TETA 
hardener. For pure DGEBA resin the stoichiometric 
quantities for ethylene diamine (EDA) and triethylene- 
tetramine are 8.8 and 14.3phr respectively, but for the 
commercial resin used in this investigation they are about 
8.5 and 13.8 phr. The modulus ratio is plotted in Figure 11 

and it is noted that hardener in excess of the stoichio- 
metric ratio has little effect on the magnitude of the 
relaxation. This signifies that any change which occurs in 
the modulus ratio is due almost solely to changes in cross- 
linking density. It is interesting to note that specimens 
cured with EDA cure faster than ones cured with TETA in 
the region where less than the stoichiometric quantity is 
used. This is due to the greater mobility of the ethylene 
diamine molecule, leading to a less viscous mixture in the 
pre-gelation stage and hence a greater chance of reaction. 
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Effect of non-stoichiometry on tan& Hardener content: 

Applications 
It is clear that the modulus ratio test is a sensitive 

measure of cure in amine-cured epoxy resins particularly 
in stage 3 of the cure where other methods fail. We 
postpone discussion of the activation energy changes until 
Part 2 and discuss here possible ways in which the 
laboratory method could be extended. (i) Change of 
frequency. If  the measurements below and above the 
;/-relaxation are to be a practical possibility then it would 
be better to perform them in a more suitable temperature 
range. Since the shift in temperature of a single relaxation- 
time process for 1 decade of frequency is given 28 by 
(AH/R)[(1/T1)-(1/T2)]=2.303 the y process should be 
found at or near room temperature when ultrasonic 
frequencies are used. This is discussed more fully in 
Part 2. (ii) The change in slope of the modulus tempera- 
ture curve above the ;/-relaxation is most marked (see 
Figure 4 above -40°C). Thus, from these curves 
[(dG/dT)]o°=O for specimens cured at 19°C, rising to 
0-36 for specimens cured at 84°C and 0-90 for a 159°C 
cure. The corresponding modulus ratio values would be 
0-59, 0.45, 0.40 so that the change of slope of the ( G -  T) 
curve is also a very sensitive measure of cure. This sug- 
gests that measurement not by temperature but by 
frequency variation might be feasible. 

In fact, for a single relaxation time model such as this 
the entire G - T  curve shifts bodily in temperature as the 
frequency is changed. This is shown by Figure 12 where 
superposition of curves taken at 1 Hz, 30kHz and 
1.25 MHz is nearly perfect. 

Now, for a single relaxation-time process the relaxation 
time z=roexp(hH/RT). Substituting this value in the 
equation for the shear modulus: 

G0o) = G(0)-I [G(oo)- G(0)]co~ -s 
1 + OJ2"r 2 
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Figure 11 Effect of non-stoichiometry on modulus ratio. O, Tri- 
ethylene tetramine (HYg51); •, ethylene diamine. Cure: 141°C 
for 60 min 
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Figure 12 Shear modulus-temperature curves for three fre- 
quencies: C], 0.67Hz fully cured; ©, 1.25MHz fully cured; A, 
30kHz fully cured 

the re la t ion:  

dG Rz~ dG 
d ~  toAH d T  

is ob ta ined  and  we can measure  the change o f  this quan-  
t i ty  with cure by simple small  scale change o f  f requency 
a b o u t  a sui table mean  value. 

This and  o ther  ways o f  using the change o f  modulus  at  
the y-peak  are  now being studied. 
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Mechanical relaxation studies of the cure 
of epoxy resins: 2. Activation energy of the 
y-process in amine-cured epoxy resins 
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Measurements are reported of the activation energy for secondary relaxation (y-relaxation) 
in amine-cured epoxy resins. Good agreement was found between values determined from 
the area under the loss modulus/inverse absolute temperature curve and those derived from 
the shift of the ~,-relaxation in temperature for different measuring frequencies. The energy 
was found to be dependent on the degree of cure, increasing from about 14 kcal/mol during 
the early stages of cure to higher values following post cure after gelation, eventually 
levelling out to a value characteristic of the hardener used (23 kcal/mol for triethylene 
tetramine, 26 kcal/mol for ethylene diamine). If less than the stoichiometric amount of 
hardener is used the activation energy is reduced (e.g. to 18k cal/mol for 11 phr TETA). The 
interpretation of the ~,-relaxation as being due to 'crankshaft' rotation of the 
-CHz-CH(OH)-CH2-O group with an activation energy of 14 kcal/mol is therefore modified 
on post curing to become an example of hindered rotation in a double potential well, the 
additional energy barrier being due to steric effects arising from the increase in crosslink 
density. 

INTRODUCTION 

The secondary mechanical relaxation in amine-cured 
epoxy resins, known as the ~,-relaxation, is generally 
thought T M  to be caused by a flexible segment 
-CH~CH(OH)-CH~-O formed during the curing 
process, although other hypotheses have also been 
suggested 5, 6. The manner in which the glycidyl segment 
relaxes is not known but Pogany I has suggested that the 
group probably rotates in the manner of a crankshaft as 
outlined by SchatzkiL It is the purpose of this paper to 
present measurements of the activation energy of the 
y-process for resins in various states of cure to partly 
elucidate the mechanism of this relaxation. 

The usefulness of determining the activation energy of a 
mechanical relaxation is that it provides a quantitative 
measure of the magnitude of the relaxation and often an 
indication of the type and location of the molecular 
species giving rise to it. 

There have been many determinations of the activation 
energy of the major transition but only Kreahling and 
Kline s and Van Hoorn a have put forward any value for 
the 9t-relaxation. The former found a value of 16 kcal/mol 
in a system consisting of diglycidyl ether of bisphenol A 
cured with metaphenylene diamine whereas the figure of 

14kcal/mol quoted by Van Hoorn is the average of a 
number of systems each containing the glycidyl ether 
segment. 

EXPERIMENTAL 

The materials and measuring techniques used in this 
investigation were the same as previously reported 9 in 
which a commercial diglycidyl ether of bisphenol A 
(DGEBA) was crosslinked with either ethylene diamine 
(EDA) or triethylenetetramine (TETA). Varying degrees 
of cure were achieved by using less than the stoichiometric 
quantity of curing agent and also by heat treatment. 

The methods of measurement were a torsion pendulum 
operating at 0-67 Hz which yielded both the real and 
imaginary parts of a complex shear modulus, and ultra- 
sonic techniques. These were employed over the frequency 
range of 10kHz to 2MHz and only the real part of a 
complex shear modulus was measured. 

LOSS MODULUS 

The loss modulus is the imaginary part of a complex 
modulus and is denoted G". It is related to the storage 
modulus G' and the loss tangent, tan& The change in loss 
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modulus with cure is governed by the same factors as 
tan8 and indeed plots of  G" as a function of  temperature 
for a series of  states of  cure are similar to those of tan8 but 
occur at lower temperatures 9. However, the usefulness of 
the loss modulus is in the determination of  the activation 
energy of  the relaxation. Read and Williams z° have put 
forward a theory which allows the calculation of activa- 
tion energy from the area beneath a G" versus 1/T plot. 
Their theory showed that the relationship between area 
and activation energy is of  the following form: 

c o  

f° o AHZ/ 2 j +  (2r+ 1) 9' 
( 1 )  

r=0 

where A = a constant, A H =  the activation energy, R = the 
gas constant, T =  temperature in K, ~o=the measuring 
frequency, r=relaxat ion time at temperature TK,  
r0 = relaxation time at infinite temperature. 

If  the temperature of  the maximum loss is denoted 
T(max), then 

A = (G~ (max) - -  G~(max))T(max) 

and 

AH 
"rmax = r °exP ( R T ~ a x )  ) (2) 
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Figure 1 Loss modulus for two states of cure. O, 2h at 159°C; 
A, cured at room temperature 

Gv and G~ are the unrelaxed and relaxed values of shear 
modulus respectively. 

Schallamach n showed that tOrmax differs only slightly 
from unity, which is the value predicted by the single 
relaxation time model, and also that co70<1 for the 
frequencies normally encountered, thus a combination of 
equations (1) and (2) leads to the following result: 

AH= LGRr ~/'(max) _ Gu~'(max)]~ R~r 

qo 0,, (3) 

Thus the area under the G" versus lIT curve and the 
extrapolated values of  Gv and GR at T(max) are the only 
experimental quantities required. 

Unfortunately equation (3) is limited in applicability. 
Two curves of loss modulus are shown in Figure 1 for a 
system of DGEBA hardened with 11 parts of TETA (by 
weight) per hundred parts of resin (phr). It is apparent 
that the curve representing 19°C cure has two widely 
differing values of  loss modulus. This renders the con- 
struction of  a baseline open to considerable conjecture 
and for curves of this form no activation energy was cal- 
culated. The area under the curve for 159°C cure is well 
defined and was measured. Measurements of area were 
made using a planimeter. G~(max) and G~ (max) were 
found by extrapolation to T(max) using values of  Gtr and 
GR at temperatures at which the baseline of the G" versus 
lIT curve intersected G", as shown in Figure 2. 

RESULTS 

Values of activation energy are given in Table 1 for cure 
temperatures above 70°C, where the areas under the loss 
modulus curves are well defined. 
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Table 1 Act ivat ion energies for 16 
cure temperatures above 70°C 

Act ivat ion 
Cure temp, energy 

(°C) (kcal/mol) 

76"3 15"2 
93"9 17"9 

118'0 18"8 
159'0 17"8 

The value obtained at a cure temperature of  159°C is 
lower than the one at 118.8°C and this is due to the onset 
of degradationlL The results would seem to suggest that 
the activation energy increases with increasing cross- 
linking density and this is borne out as shown in the 
following section. 

Modulus/temperature curves were also obtained at 
differing frequencies and it was found that the temperature 
of the y-relaxation, in a system of  DGEBA cured to a true 
equilibrium state with 11 phr of  TETA, moved from about 
- 4 5 ° C  when measured at 0.67 Hz to about 65°C when 
measured at 1.25 MHz. The good superposition of  curves 
obtained at different frequencies signified that the activa- 
tion energy of  the y-process does not depend on tempera- 
ture in contrast to the glass/rubber transition where the 
activation energy is strongly dependent on temperature. 
Hence equation (2) can be rewritten to yield the activation 
energy by measuring the shift in temperature of  the 
relaxation when observed at a different frequency. This is 
expressed as: 

R co2 
AH=( 1 - -  1 '~1n~--11 (4) 

where oJ1, oJ2 are the measuring frequencies and Tz, Ts are 
the temperatures of  the y-relaxation when observed at oJ1 
and ~oz respectively. Results are shown in Figure 3, the 
slope of  which yields an activation energy of  17.9kcal/ 
mol. This is in very good agreement with the value found 
by the loss modulus analysis on the same resin system. 

DEPENDENCE OF ACTIVATION ENERGY ON 
STATE OF CURE 

The loss modulus analysis suggested that the activation 
energy decreased with decreasing degree of  cure and a 
detailed investigation was therefore made on the rela- 
tionship between activation energy and state of  cure. 

Curves of  shear modulus as a function of  temperature 
measured at 30 kHz were obtained on the system DGEBA 
cured with the stoichiometric quantity of TETA at various 
temperatures. Some of  these curves are shown in Figure 4. 
The modulus and temperature were recorded at the point 
of inflection for each curve. A small section of  the 
cylindrical specimen used in the resonance technique was 
then inserted into the transit time equipment operating at 
1.25MHz. The temperature was then altered until the 
measured velocity yielded a modulus value identical to 
that noted at the inflection point. Use of  the Arrhenius 
relationship then allowed calculation of  the activation 
energy. 

Results are illustrated in Figure 5. It was tempting, 
although not justifiable, to draw a sigmoid through the 
points because apart from the results at 25°C and 80°C 
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the others lie on a smooth sigmoidal-shaped curve. The 
determination of activation energies of resins with a small 
degree of crosslinking is more inaccurate than for fully 
cured material owing to the greater uncertainty in deter- 
mining the temperature of inflection on the modulus/ 
temperature curve. The upper value of about 23 kcal/mol 
for the fully cured resin is much higher than the value of 
17.9 kcal/mol found using four frequencies and the reason 
for the difference is that a stoichiometric quantity of 
hardener was used in the former case whereas only 11 phr 
was used in the latter, resulting in a higher density of 
crosslinking. This was checked by measuring the activa- 
tion energy in systems containing varying quantities of 
hardener in which an equilibrium state of cure has been 
achieved. EDA was used rather than TETA owing to the 
greater ease of preparation of specimens utilizing the 
former constituent. The temperature of the relaxation, 
determined by the inflection point, was plotted as a 
function of EDA concentration and is shown in Figure 6. 
These results are similar in form to those obtained using a 
torsion pendulum where tanSmax was plotted against cure 
temperature. The activation energy was determined and 
results are presented in Figure 7 where it is demonstrated 
that the activation energy for a resin cured with less than 

the stoichiometric quantity is less than for resins cured 
with higher concentrations of hardener. 

DISCUSSION 

The results lend striking support for the proposed 
mechanism of cure outlined in Part 1 a. Here it was postu- 
lated that crosslinks are initiated at widely dispersed sites 
in the network but as the number increase, potentially 
reactive segments are sterically hindered from diffusing to 
other reactive sites and to overcome this barrier more 
thermal energy must be supplied to the network. This 
mechanism is certainly borne out by the results shown in 
Figure 5 in which the activation energy is seen to increase 
until a curing temperature of 140°C is attained when it 
becomes constant. These results illustrate the importance 
of knowing the state of cure when determining activation 
energies and the values of 16kcal/mol reported by 
Kreahling and Kline s, and of 14 kcal/mol by Van Hoorn 4 
are not meaningful because these workers failed to realize 
that an increase in crosslinking density inhibits the y- 
relaxation, thus increasing the apparent activation energy, 
and they do not stipulate the state of cure to which those 
energies refer. If Figure 5 is assumed to be sigmoidal, then 
the apparently constant value of about 14kcal/mol for 
low degrees of cure must be indicative of the energy 
necessary for the glycidyl ether segment to relax and any 
value above this represents the extra energy needed to 
overcome the increasing steric hindrance as more cross- 
links are formed. If a crankshaft-type relaxation mechan- 
ism is assumed then the lower value certainly agrees well 
with the value of 13 kcal/mol calculated by Schatzki 7 based 
on twice the butane potential barrier plus a van der Waals 
barrier determined from cohesive energy density. How- 
ever, the relaxation temperature for methylene sequences 
is about - 120°C when measured at 1 Hz and because the 
~,-relaxation in epoxy resin occurs at a higher temperature, 
owing to the hindrance of the pendant hydroxyl, the 
activation energy assuming a crankshaft model would be 
expected to be higher than the 13 kcal/mol proposed by 
Schatzki. Thus the crankshaft model does not seem to be 
realistic from energy considerations and it is suggested 
that the relaxation is governed by hindered rotation in a 
double potential well whose height above about 14kcal/ 
mol is determined by the extent of steric hindrance caused 
by an increase in crosslinking density. It is interesting to 
note that the form of the curves shown in Figures 6 and 7 
is identical adding further weight to the proposed curing 
mechanism. Also apparent is the fact that the activation 
energy for the relaxation in a resin fully cured with the 
stoichiometric quantity of EDA is higher than one cured 
with TETA, i.e. 26 as compared with 23 kcal/mol. This 
would seem to signify that the stiffness of the hardener 
chain influences the relaxing segment. The EDA chain is 
about half the length of a molecule of TETA and probably 
less mobile although in both hardeners reactive hydrogen 
atoms are separated by two (CH2) units. Nonetheless the 
longer chain is expected to exhibit greater flexibility. 
Delatycki et al. 5 examined a series of epoxy-diamine 
networks using a low frequency torsion pendulum and 
found that the temperature of the ~,-relaxation remained 
constant for diamines containing up to 12 methylene 
groups, although the height of the loss modulus/tempera- 
ture curve decreased with increasing chain length. This 
suggests that the activation energy of the relaxation 
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decreased with increasing chain length. In view of the 
results presented in our paper it is surprising that the 
relaxation temperature remained constant because the 
change in steric hindrance arising from the change in 
crosslinking density when the hardener is varied might be 
expected to shift the relaxation along the temperature 
axis. This could be checked by employing an ultrasonic 
test method for measuring the loss modulus where any 
change in activation energy would be shown up by a 
spread of relaxation temperatures even though the 
temperature remained constant in the low frequency test. 

CONCLUSION 

The dependence of the activation energy of the y- 
relaxation on the state of cure demonstrates the part 
played by steric hindrance on the relaxation mechanism. 
For low degrees of cure the activation energy of the 
y-process is fairly constant and of the order of 13 kcal/mol. 
It must be remembered that this value is obtained in a 
system which has already undergone about 70 % of the 
total crosslinking reaction. It is unlikely that 100 % of the 
reaction is ever achieved and so the large part played by 
steric effects in the later stages is rather surprising. The 
limiting value of activation energy in a fully cured system 

Arridge and J. H. Speake 

is determined by the crosslinking density and is found to 
be higher in systems where short chains are reacted. 
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Kinetics of epoxy cure: 2. The system 
bisphenol-A diglycidyl ether/polyamide 

R. B. Prime 

IBM Systems Development Division, Monterey and Cottle Roads, San Jose, California 95114, USA 

and E. Sacher* 
IBM Systems Development Division, PO Box 6, Endicott, NY 13760, USA 
(Received 14 February 1972) 

Differential scanning calorimetry, infra-red absorption and d.c. conductivity were used to 
study the cure of the system bisphenoI-A diglycidyl ether/polyamide in the range 23-110°C. 
At elevated temperatures, two reactions were found to occur subsequent to the cure 
reaction. In addition, glass transition data indicate that, where network mobility permits, 
large-scale reorganization of the network occurs subsequent to cure to give an 'equilibrium' 
glass. 

INTRODUCTION 

This paper is part of a continuing study of  the cure, 
structure and physical properties of several common 
epoxide/hardener systems. Previous work 1, using m- 
phenylene diamine as hardener, showed that the cure of  
bisphenol-A diglycidyl ether occurred by only one 
reaction, network formation, which was diffusion 
controlled. Complete cure was obtained only at tempera- 
tures above the Tg of the cured epoxy; below the To, the 
extent of cure was governed by network rigidity, in not 
allowing reactants into proximity for further reaction. 

The present study, using a polyamide hardener, was 
undertaken not only because polyamide constitutes one 
of the most popular hardeners in use today, but also to 
test the generality and applicability of  the conclusions 
in the previous study. Polyamides are manufactured 2, 3 
from drying and semi-drying oils. Heating these oils 
causes the dienoic acids they contain to polymerize; 
partial reaction with a polyfunctional amine results in a 
mixture, each of whose molecules contains several 
primary and secondary amine groups. It is these groups 
which react with the epoxide. 

The existence of several reactive groups on each 
polyamide molecule is a distinct advantage: since only 
two groups need react to include the molecule in the 
forming network, and only three for crosslinking, the 
epoxide/polyamide ratio may be varied over wide 
ranges a,4, resulting in epoxies varying from glassy to 
rubbery. 

EXPERIMENTAL 

without further purification. Versamid 140 has an amine 
value (=  mg KOH equivalent to amine alkalinity in 1 g) 
of 385. Thus, in 1 g of  polyamide there are 385 mequiv. 
a m i n e -  56.01 mg KOH/mequiv.  = 6.87 mequiv. K O H  = 
6.87 mequiv, amine. In terms of available amine hydro- 
gens, there are 145.6 mg/mequiv.t 

The physical properties of a polyamide appear to 
depend far less on the type of oil used in the manufacture 
than on the polyfunctional amine and reaction con- 
ditions employed 2, suggesting that fluctuating market 
prices may determine the oil used at any given time. 
To avoid the possibility of  batch-to-batch variations, a 
single batch of polyamide was used throughout. Both it 
and the epoxy were stored at -20°C.  

The epoxy was made as previously described 1. Two 
epoxide/polyamide ratios were used: 2 g/5 g and 2 g/l.5 g, 
equivalent to a 300~o excess of polyamide and a 10~  
excess of epoxide, respectively, calculated on a 1 : 1 
basis. A fresh sample of  epoxy was prepared each week. 

Instrumental procedures 
Differential scanning calorimetry (d.s.c.), infra-red 

(i.r.) absorption and d.c. conductivity data, in the 
temperature range 23-110°C, were obtained as previously 
described 1. Both d.s.c, and i.r. are more sensitive to the 
early stages of the reaction and were used to obtain 
data to about 70 ~ of cure. Because there is little change 
in the d.c. conductivity prior to the gel point, which, 
in the present case was determined I to occur at about 
50~o reaction, this latter method was used to obtain 
data on the last 50 ~ of cure. 

Materials 
The bisphenol-A diglycidyl ether (Dow DER 332) 

and polyamide (General Mills Versamid 140) were used 

* To whom correspondence should be addressed. 

t The authors wish to point up the uselessness of the term 'amine 
value', since it is just as simple for the manufacturer to carry the 
calculation a step further and indicate the nag of amine hydrogens 
available per mequiv. It is this latter value which must be compared 
with the epoxide value ( -mg epoxide/mequiv.) in calculating 
epoxide/hardener ratios. 
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Figure 2 Isothermal d.c. conductivity plot, at 110°C, of the cure of 
the 2/1.5 epoxide/hardener ratio 

Treatment of data 
The various data were fitted to the equation 5 

d•=k(l-•). (1) 

where ~ is the fraction reacted at time t, k is the overall 
rate constant and n is the overall reaction order. 

Neither d.s.c, or i.r. showed an induction time, even 
at room temperature. Its absence is due to the presence 
of  carboxylic acid and tertiary amine groups in the 
polyamide mixture, which are known catalysts 6,7. 

RESULTS 

At room temperature only one reaction occurs for both 
epoxide/hardener ratios. Raising the temperature to 

Table 1 Changes in the i.r. spectrum at 40°C 

Frequency (cm -x) Direction Preferred assignmenP 

3240 Increase Bonded OH, NH stretch 
1640 Increase Carbonyl stretch 
1025 Increase OH stretch 
909 Decrease Oxirane ring 

a Several peaks are composite. The preferred assignments were 
made  after considering the posit ions and direct ions of the 
magnitude changes of all the peaks, and the reaction possibilities 

70°C causes a second reaction to occur subsequent to the 
first; at 100°C, a third reaction occurs. These three 
reactions are seen in Figure 1, which shows a dynamic 
d.s.c, trace, and in Figure 2, which shows an isothermal 
d.c. conductivity plot. 

It was found possible to separate the d.s.c, trace into 
its three components, using a DuPont  310 Curve Resolver, 
as seen in Figure 3. Significant changes in the i.r. spectrum 
at 40°C, a temperature at which only the first reaction 
occurs, are found in Table 1. Clearly, the first reaction 
is the expected attack of  the epoxide by the hardener. 
For  each epoxide/hardener ratio, Arrhenius plots of the 
d.s.c., i.r. and d.c. conductivity data all fit on the same 
straight line. For the 2/1.5 ratio (10~o excess epoxide), 
giving a glassy cured material: 

k (sec -1) = 6.34 × 105exp(- 14.5 kcal mol-1/RT) * (2) 

where R is the gas constant and T is the absolute tem- 
perature; n values ranged from 0.2 to 1.7. For the 2/5 

* 1 kca] tool -z =4.1868 kJ tool -1. 

Figure 3 

7go/o. 418 K 

----9-5% ,487K 

/ 7 - 1 1 . 5 o / o .  504K 

/ 
Curve resolution of the d.s.c, trace in Figure 1 
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Table 2 Changes in the i.r. spectrum at 80°C 

Frequency (cm -1) Direction Preferred assignment s 

3240 Increase Bonded OH, NH stretch 
1645 Increase Carbonyl stretch 
1290 Increase Ester stretch 
720 Decrease Amide V 

a See Table 1 

ratio (300 ~ excess polyamide), giving a rubbery cured 
material: 

k(sec-1)=2.96x 106exp(- 15.1kcalmol-Z/RT) (3) 

where n varied from 0.6 to 1.9. 
The significant changes in the i.r. spectrum which 

occur on raising the temperature to 80°C, where the 
second reaction occurs, are found in Table 2. The data 
suggest that ester and amine are being formed at the 
expense of amide. 

Infra-red data were not used in evaluating the kinetics 
of this second reaction because the spectrum consisted of 
a preponderance of broad, overlapping peaks, several 
of which were clearly composite in nature. D.c. con- 
ductivity data could not be used because a clear separation 
of the processes could not be established. Data were 
evaluated solely from a previously determined relation- 
ship s between the d.s.c, peak temperatures and the 
heating rates. For  the 2/1.5 ratio: 

k (sec -1) = 1.6 x 106exp( - 18.0 kcal mol-1/RT) (4) 

and for the 2/5 ratio: 

k (sec -1) = 3.3 × 10%xp( - 17.6 kcal mol-1/RT) (5) 

A comparison of the kinetics of the first reaction, 
calculated in this manner, with equations (2) and (3), and 
a similar comparison with the system using m-phenylene 
diamine as hardener ~, indicated that the Kissinger 
method gives pre-exponentials which are consistently 
an order of magnitude too low and activation energies 
which are consistently 1.6 to 1.8kcalmo1-1 too low. 
Thus, the pre-exponentials and activation energies in 
equations (4) and (5) should be considered as lower 
limits. 

When the temperature is increased to 110°C, a third 
reaction occurs. Significant changes in the i.r. spectrum 
occurring at that temperature are found in Table 3, where 
the data indicate the loss of amide. Here, too, kinetics 
were necessarily evaluated solely from d.s.c, data, to 
which the same comments apply as previously. The 
kinetics could not be evaluated for the 2/5 ratio because 
the peaks were too low and too broad to obtain peak 
positions. For the 2/1.5 ratio: 

k (sec -1) = 4.4 x l 0 % x p ( -  26.5 kcal mol-X/RT) (6) 

Glass transitions were determined by d.s.c., using a 
temperature rise of 10°C/min. They are found in Table 4, 
where it is seen that the second reaction raises the Tg 
of the first reaction, and the third reaction introduces 
another transition at a lower temperature. 

These glass transitions are for a system which is in a 
dynamic state of equilibration, as may be seen by the 
following: carrying out the cure at a temperature below 
which the subsequent reactions occur leads to the Tg 
values for reaction 1 found in Table 4. After several 

Kinetics of epoxy cure (2): R. B. Prime and E. Sacher 

Table 3 Changes in the i.r. spectrum at 11g°c 

Frequency (cm -z) Direction Preferred assignment s 

1640 Decrease Carbonyl stretch 
1580 Decrease NH deformation 
1100 Decrease b OH stretch 
735 Decrease Amide V 

s See Table 1 
b Either no decrease or slight decrease 

Table 4 Glass transition temperatures (°C) 
i 

Epoxide/polyamide ratios 
Reaction 

2/1-5 2/5 

1 40 - 1 0  
2 85 20 
3 30,85 20 s 

a No distinct Tg found below 2O°C 

hundred hours at room temperature, both Tg values were 
raised to 52°C and an endotherm was seen on the d.s.c. 
trace at 65°C, with no change in the subsequent reactions. 
That is, not only does structural equilibration occur, in 
the case of the 2/1.5 ratio it occurs substantially below 
the Tg. 

DISCUSSION 

The activation energies of  many epoxide/hardener 
systems were previously noted 1 to be very close in 
magnitude, irrespective of whether monomericg, 10 or 
polymeric systems 9-13 were being studied. These values 
generally fall in the range 13 + 2 kcal mo1-1 and indicate 
that the forming network has little effect on the activation 
energy. The similarity of these values to the activation 
energy for self-diffusion in polymers14, is has prompted 
the suggestion 1 that the reaction is diffusion controlled. 

In the present case, the cure appears to occur through 
three reactions, the first of which is the expected attack 
of  the oxirane ring by the primary or secondary amine 
group: 

\ / l } I I 
C - - C  + N H - - - - ~ H O - - C - -  C - - N  (7) 

/ x o / \  I I I I 
At sufficiently elevated a temperature, a subsequent 

reaction occurs, which our data suggest to be: 

O O 
II I { II [ I 

- - C - - N  + - - C - - O H  J" - - C - - O - - C ~  + H N  
I I I I 

(8) 
This reaction must occur subsequent to the first, since 

it uses the alcohol formed in that reaction. That equation 
(8) is not, however, complete is indicated by the fact 
that no reactions occur on heating either of  the reactants 
separately, with added alcohol. 

On raising the temperature still further, another 
reaction occurs, which appears to involve: 

O 
11 I I 

- - C - - N  + - - C - - O H ( ? ) '  • ? (9) 
1 I 
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Equation (7) would be expected to have an activation 
energy comparable to those of the monomeric and 
polymeric systems previously mentioned. As seen in 
equations (2) and (3), this is the case; further, a change 
in polyamide content of  over 300 % has no effect on the 
activation energy. The change in the rate constant 
reflects solely the change in the pre-exponential. Because 
the pre-exponential increases in magnitude as the system 
becomes more rubbery, the magnitude of the pre- 
exponential (and the rate constant) appears to reflect the 
ease of motion of the reacting chain ends. It is to be 
noted, however, that a statistical analysis using a 95 ~o 
confidence level 1 would indicate no difference in pre- 
exponentials. 

The first of  the subsequent reactions, equation (8), 
seems identically the same for both epoxide/polyamide 
ratios, as seen in equations (4) and (5). Although this 
identity suggests that large-scale motions of the epoxy 
network are not involved, the increases in both activation 
energy and Tg during this reaction, as well as a con- 
ductivity decrease, indicate a tightening of the network. 
This may be due to crosslinking, although it is just as 
likely to be due to the formation of an ester linkage which 
is less flexible than the reactant amide linkage. The 
absence of a similar reaction on heating polyamide and 
alcohol may be because the reaction depends on the 
tertiary structure of the system subsequent to the first 
reaction, much as in enzymic reactions. 

The second of the subsequent reactions, equation (9) 
is clearly different for the two epoxide/polyamide ratios: 
kinetics are not available for the 2/5 ratio because of  
diffuse d.s.c, traces in that case, and it does not give rise 
to a second, lower temperature Tg. It may be that the 
larger amount of polyamide incorporated into the net- 
work during the first reaction offers some steric hindrance 
to this reaction, causing the reactants to be separated by 
some substantial distance or barrier. This would require 
a higher activation energy, as in equation (6), and would 
account for the lower enthalpy of reaction for the 2/5 
ratio, as determined by d.s.c. Here, too, the accompany- 
ing conductivity decrease suggests a tightening of the 
network. 

As with the previous study z, total cure occurred only at 
temperatures above the Tg of the totally cured system. 
At temperatures below the Tg, the maximum extent of  
cure was governed by the stiffness of the network. 

For both ratios, the Tg values of the first reaction 
increased dramatically, subsequent to total cure, to the 
identical temperature of 52°C. This increase was accom- 
panied by a d.s.c, endotherm at 65°C. Such behaviour 
is expected z6,z7 when the rate of  change of  an adopted 
conformation cannot keep up with the heating rate. 
In the present case, this means that the non-equilibrium 
glass initially formed can, on heating, change conforma- 
tion more rapidly than the 'equilibrium' glass. 

It is interesting to note that, despite the fact that the 
two ratios differ in polyamide content, the 'equilibrium' 
Tg values are the same. Since the conformations of the 
two ratios must be different, because of the different 
amounts of polyamide in the networks, the temperature 
correspondence may be a coincidence of the two respec- 
tive lowest energy conformations. Similar behaviour was 
not found with the m-phenylene diamine hardener z, 
implying a network too stiff to undergo large-scale 
reorganization. 

For the 2/1.5 ratio, the second of the subsequent 

reactions gives rise to a second, lower temperature Tg 
(Table 4), indicating that equation (9) involves the 
formation of a new linkage, rather than a linkage 
exchange as in equation (8), postulated for the first of the 
subsequent reactions. Its absence for the 2/5 ratio, as 
well as the lower enthalpy, indicate that the reaction 
does not proceed to any great extent, in this case. 

This study has several important commercial appli- 
cations. First, the cure at room temperature is not the 
same as the cure at another temperature. This is not only 
because the extents of cure may be different at the two 
temperatures, but because of the subsequent reactions 
occurring at elevated temperatures. 

Second, the stiffness of  the fully cured epoxy will 
increase with time, before finally levelling off, because of  
the reorganization of the amorphous network into a 
lower energy conformation. 

CONCLUSIONS 

The cure of  the system bisphenol-A diglycidyl ether/ 
polyamide proceeds through three reactions in the 
temperature range 23-110°C. The first reaction, occurring 
at room temperature, is the expected attack of  the 
oxirane rings of the epoxide by the reactive amine groups 
of the polyamide. At elevated temperatures, two reactions 
occur subsequent to the first; both involve amide linkages. 
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Notes to the Editor 

Interpretation of melting data for low molecular 
weight poly(ethylene oxide) 
P. C. Ashman and C. Booth 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 19 May 1972) 

Poly(ethylene oxide) fractions of low molecular weight 
(Mn <~ 10 000)  s h o w  well defined melting transitions which 
can be assigned 1, ~ to extended-, once-folded- or twice- 
folded-chain crystals. In interpreting these melting points 
account must be taken of the depression of melting point 
due to the finite lengths of the polymer chains as well as 
that due to the limited thickness of the lamellar crystals. 
Expressions for the melting points of lamellar crystals of 
finite chains have been published by Flory a and by 
Flory and Vrij 4. Both theories assume that chain ends 
are excluded from the crystal lattice. The Flory 3 theory 
allows for chain ends which take up independent loca- 
tions within the amorphous phase. The assumptions and 
approximations are such that this theory is most appro- 
priately applied when crystalline sequences occupy only 
a small length of the polymer chain. By contrast the 
Flory-Vrij 4 theory is for chains which are completely 
crystalline and have their ends paired at the crystal 
surface. A modification 4 of the Flory-Vrij theory allows 
for partial melting, i.e. for chains only partially crystal- 
lized but with their ends localized in the interfacial layer. 

In recent papers z, 2 we applied the Flory theory to the 
melting of crystals of low molecular weight poly(ethylene 
oxide). Here we apply the Flory-Vrij theory. In the 
notation used previously 1, 2, the melting point derived 
from the Flory-Vrij theory is: 

Tra=T°[1 -(2oe/Ah~)]/[1 -(RT°lnI/Aht~)] (1) 

This is the melting point of a lamellar crystal of thickness 
chain units composed of chains which each traverse 

the crystal (on average) t times. The numerator of equation 
(1) is the familiar equation for lamellar crystals of infinite 
molecular weight. The denominator of equation (1) 

Table I End interfacial free energies (a~) of poly(ethylene oxide) 
crystals 

Mn Mw/Mn t Tm (K) 

oe (kcal/mol) 

Mono- 
disperse PoJy- 

end-paired disperse 

1 000 1 "05 1 312'3 1.4 1 "7 
1 500 1.05 1 322.2 1 "5 1.9 
2000 1.05 1 327.0 1 "6 2.1 
3300 1 "10 1 333.4 1.9 2"7 
3 700 1 "10 1 334.5 2"0 2"8 
4000 1.05 1 334.6 2.2 3-0 
4300 1"10 1 334"9 2"4 3"3 
6 000 1-20 1 337'3 2-9 4-0 
3700 1.10 2 332.1 1.3 1.8 
4300 1.10 2 333.3 1.4 2.0 
6000 1.20 2 334.2 2.1 2-7 

10 000 1.20 2 338.4 2.6 3"3 
10 000 1.20 3 337"5 1 "9 2"2 

contains the terms due specifically to the finite chain 
length. T ° is the thermodynamic melting point of the 
polymer, Ah is the enthalpy of fusion (per mol of chain 
units) and (re is the end interfacial free energy (per mol 
of chains which emerge from the end interface). Para- 
meter I allows for the various possible states of order 
in the crystal. If  chain ends are paired a then: 

1= 1Ix (2) 

where x is the chain length of a monodisperse polymer. 
Usually chain-ends are not paired, possibly because of 
partial melting 4 but certainly because of the chain length 
distribution in a real polymer fraction z. For a mono- 
disperse polymer which forms a regularly folded-chain 
crystal I has the form*: 

I = (x - s ~ + 1)/x (3) 

where s is the number of sequences chosen consecutively 
from a given molecule, and s~ ~x. For a polydisperse 
polymer the requirement of high crystallinity 5 can be 
ensured by assuming that each chain folds to its maximum 
extent so that: 

~ f<,+1)¢ I= w(x)[ (x-  s ~ + 1)/x]dx (4) 
s= l  st 

where w(x) is the weight fraction of molecules of chain 
length x units. We assume that w(x) is given by the 
Schulz-Zimm expression a with parameters defined by 
Mn and Mw/Mn. 

We have used these equations to compute values of 
(re for crystals of low molecular weight poly(ethylene 
oxide), by comparison of calculated melting points with 
those observed 1, 2. Molecular weights, melting points 
and values of the folding parameter t, taken from earlier 
work 1, 2, are quoted in Table 1. We have taken g=xn/t,  
in order that direct comparison can be made between the 
results obtained assuming end-pairing of monodisperse 
polymers (equations (1) and (2) with g=x=xn]  and 
those obtained for the polydisperse fractions [equations 
(1) and (4)]. We have shown earlier 1, 2 that for polydis- 
perse polymers the exact choice of g is not critical. We 
have also used, as earlier 1, 2, T ° = 76 °C and Ah = 2 kcal/ 
mol. 

End interfacial free energies so derived are listed in 
Table 1. The effect of allowing for polydisperity is signi- 
ficant, values of (re being as much as 30 ~o higher when 
evaluated using equation (4) rather than equation (2). 
Values of (re calculated using the Flory-Vrij model 

* This equation differs from that used earlier z where all configura- 
tions of adjacent re-entry (including end-pairing at the surface) 
were included, and where all crystalline sequences of ~ chain units 
were taken to be independent. 
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Notes to the Editor 

[equations (1) and (4) ]  are also higher (by about 20 ~ )  
than those calculated earlier 1, z using the Flory model. 
However, the conclusions of the earlier papers t, 2, with 
regard to the variation of  ~e with molecular weight and 
with extent of  chain-folding, are unaltered by the adop- 
tion of  the Flory-Vrij model. 
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Dynamic mechanical properties of poly(ethylene oxide) 

B r u c e  H a r t m a n n  

Naval Ordnance Laboratory, Silver Spring, Maryland 20910, USA 
(Received 17 March 1972; revised 22 May 1972) 

In their study of the dynamic mechanical properties of 
poly(ethylene oxide) (PEO), Wetton and Allen 1 found no 
maxima in the imaginary part of  the shear modulus, but a 
replot of  the data in terms of the loss tangent (tanS) showed 
a pronounced peak with a width of  15 °C centred precisely 
on the melting point. Wetton and Allen were unable to 
explain the origin of  this loss peak. Thus, it seemed worth- 
while to investigate further the dynamic mechanical 
properties of  PEO in the vicinity of the melting point. 

There are many experimental difficulties in trying to 
make torsional pendulum measurements on a specimen at 
its melting point, but the torsional braid analyser z (TBA) 
is ideally suited to this type of  problem. In the TBA, a 
multifilament glass braid is impregnated with a solution 
of the material to be tested followed by thermal removal 
of the solvent. In contrast to a torsional pendulum, the 
TBA permits investigation of  materials which cannot 
support their own weight. A limitation of  the TBA is that 
absolute values are not obtained, only relative values. The 
nominal frequency of  this instrument is 0"1 Hz. 

The PEO used for this study was WSR-301 (Union 
Carbide Corporation), which was supplied as a powder. 
A 0.5 ~o solution of  PEO in anhydrous isopropanol and 
water was used to impregnate the glass braid. Thermal 
removal of  the solvent was done at 80°C in nitrogen. 

The experimental results are shown in Figure 1. The 
relative rigidity is the relative value of the real part of  the 
shear modulus, G'. The shape of  the relative rigidity curve 
is in agreement with the G' curve of Wetton and Allen z. 
In particular, there is a slow decrease of  modulus with 
temperature up to about 60°C, a rapid decrease of 
modulus from 60°C to the melting point, and a relatively 
constant modulus above the melting point. 

The mechanical damping index shown in Figure I is the 
relative value of the loss tangent. In agreement with the 
results of Wetton and Allen, there is a relatively constant 
damping index below the melting point that increases to a 
higher value in the melt. This higher value is assumed to 
be due to viscous damping in the melt. 
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Figure I Torsional braid analyser results for poly(ethylene oxide) 

Contrary to the results of  Wetton and Allen, however, 
there is no evidence of a damping peak at the melting 
point indicated on Figure 1. Why a peak is observed using 
Wetton and Allen's equipment but not with a TBA is not 
clear, but further work is indicated to elucidate the 
dynamic mechanical properties of  PEO at the melting 
point. 
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A 0.5 ~o solution of  PEO in anhydrous isopropanol and 
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In particular, there is a slow decrease of  modulus with 
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High polymers of acrylic and methacrylic 
esters of N-hydroxysuccinimide as 
polyacrylamide and polymethacrylamide 
precursors 

P. Ferruti, A. Bettelli and Angelino Fere 
Istituto di Chimica Industriale de/Politecnico, Piazza Leonardo da Vinci 32, 
20133 Milano, Italy 
(Received 4 February 1972) 

High molecular weight poly(N-acryloxysuccinimide) and poly(N-methacryloxysuccinimide) 
were obtained by radical polymerization of the corresponding monomers, in turn prepared 
by coupling of acrylic or methacrylic acid with N-hydroxysuccinimide in the presence of 
dicyclohexylcarbodiimide. The new polymers proved to be good polyacrylamide or poly- 
methacrylamide precursors, yielding essentially pure derivatives by reaction with primary or 
secondary aliphatic or cycloaliphatic amines. Linear polyvinyl-type poly(N-allylacrylamide), 
which cannot be directly prepared by polymerization of the corresponding monomer, could 
be obtained in this way. 

INTRODUCTION 

Considerable interest is being focused on multifunctional 
high polymers, either as macromolecular catalysts 1-3 or 
as macromolecular drugs, e.g. against silicosis 4-6 or as 
antagonists of heparin 7, 8; synthetic polymers purposely 
tailored are also being studied as antimetastase agents 9. 

A way to obtain macromolecules with specialized 
functions is to prepare polymers or copolymers of N- 
substituted acrylamides or methacrylamides, having the 
desired groups attached as substituents. This method, for 
example, has been used for the preparation of several 
tertiary amino polymers, some of which have been tested 
for their pharmacological activity 5, 6, 9. The synthesis of 
the corresponding monomers, however, or their poly- 
merization to linear high molecular weight polymers, is 
often difficult or even impossible, especially if complex 
structures are required. 

In many cases these difficulties can be avoided if 
polymers or copolymers are synthesized with chemical 
functions in the side chain that can be transformed into 
amido groups by condensation with primary or secondary 
amines in a specific and quantitative way. In fact, amines 
with a suitable structure are generally easier to obtain 
than the corresponding acryloyl or methacryloyl deriva- 
tives. 

The scope of this work was to provide suitable mono- 
mers for this purpose, as part of the research on the 
synthesis of multifunctional polymers to be used in a 
pharmaceutical or biomedical contexP -9. Acryloyl- 
chloride and methacryloylchloride had formerly been 
studied for this reason 1°-1a. They have, however, con- 
siderable disadvantages. They are aggressive substances, 

very sensitive to water, and cannot be copolymerized with 
many other functional monomers; furthermore, they 
often yield cyclized or crosslinked products when reacted 
with amines 12,13 

It is known that O-acyl derivatives of N-hydroxysuc- 
cinimide react smoothly with primary or secondary 
amino groups giving the corresponding amides; for this, 
they are extensively used in peptide synthesis 14. This 
prompted us to study the synthesis and polymerization of 
O-acryloyl and methacryloyl derivatives of N-hydroxy- 
succinimide, together with the ability of the resulting 
polymers to subsequently give polyacrylamides or poly- 
methacrylamides by modification of the amines. 

RESULTS 

Monomers 

Coupling of acrylic or methacrylic acid with N- 
hydroxysuccinimide in the presence of dicyclohexyl- 
carbodiimide 15 proved to be a suitable way to prepare the 
monomers: 

% 
.o-<C- i"= ooc, 

CHz~--C--COOH + /kC --CH2 (c.=o=) ~ 

O "  

)C--CH= 
CH=-~C--COON \ [ ~C--CH2 

R=H or CHa 

+ CO(NHC6H.)2 
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In the case of N-methacryloxysuccinimide the yield 
was over 80 ~ ;  N-acryloxysuccinimide was obtained in a 
lower yield (~ 45 ~)  because of a partial polymerization 
during isolation, which could not be completely avoided 
by adding radical inhibitors to the reaction mixture. Both 
monomers are white solids, which are easily purified by 
recrystallization. They are freely soluble in many solvents 
such as dioxane, benzene, chloroform, etc., and do not 
appear to be very sensitive to atmospheric moisture. 
When crystalline, they may be stored for a long time in the 
cold. 

Polymers 
The polymerization of N-acryloxy- and N-methacryl- 

oxysuccinimide can be readily accomplished with radical 
initiators in dioxane or benzene solution. In both solvents, 
the polymers precipitate during the reaction. Their 
intrinsic viscosities and analytical data are given in 
Table 1. 

Poly(N-acryloxysuccinimide) 0) and poly(N-methacryl- 
oxysuccinimide) (II) exhibit a similar behaviour towards 
solvents. In Table 2 some solubility data are reported. It 
may be observed that only highly polar solvents such as 
dimethylformamide or dimethylsulphoxide are able to 
dissolve both polymers. On the other hand, such solvents 
are known to be suitable for the reaction between O-acyl 
derivatives of N-hydroxysuccinimide and amines, as 
indicated by a number of peptide syntheses 14. 

Reaction of the polymers with amines 
We proved in two steps the ability of poly(N-acryloxy- 

succinimide) (I) and poly(N-methacryloxysuccinimide) 
(II) to react quantitatively with aliphatic or cycloaliphatic 
amines to give substantially homopolymeric poly- 
acrylamides and polymethacrylamides: 

R I 
I 

--CH2--C-- 
I 
C--O 
I 
o 
I 

O~c/N\c~o 
I I 
CH2 --CH2 

R2R3NH 

(DMF) 

X 

(I) R ~ = H  

(11) RI :CHa 

R 1 

I 

CO 
I 
NR2R 3 

First, the polymers I and II were allowed to react 
respectively with piperidine and n-butylamine, and the 
products were found by infra-red spectroscopy to be 
identical with authentic samples of poly(N-acryloyl- 
piperidine) and poly(N-n-butylmethacrylamide), pre- 
pared by radical polymerization of the corresponding 
monomers16, 17. 

Secondly, the polymer (I) was allowed to react with 
allylamine, thus obtaining a soluble, and presumably 
linear polymer which gave a correct analysis as poly(N- 
allylacrylamide). It may be noted that N-allyl derivatives 
of acrylamides or methacrylamides are not expected to 
give linear, polyvinyl-type polymers by radical polymeriza- 
tion. They may either give crosslinked polymers, or cyclo- 
polymerize giving soluble polymers whose structure is not 
basically polyvinylic is, 19 

Table I Intrinsic viscosity and analytical data of poly(N-acryloxy- 
succinimide) (I) and poly(N-methacryloxysuccinimide) (11)* 
i 

[~/] in 
DMF at 

30°C 
Polymer (dl/g) Analytical data 

(I) 0.32 Found 
Calculated 
for 
[CTHTNO4]x 

(11) 0"16 Found 
Calculated 
for 
[CsH9NO4]x C: 52-46%; H: 4.95%; N: 7'65% 

* Samples obtained by polymerization of ~25% solution of the 
monomers in benzene, with 0"5% azodiisobutyronitrile, at 60°C 

C: 49.51%; H: 4.25%; N: 8'11% 

C: 49.71%; H: 4.17%; N: 8'28% 

C: 52'24%; H: 494%; N: 7.80% 

Table 2 Solubility data on poly(N-acryloxy- 
succinimide) (I) and poly(N-methacryloxy- 
succinimide) (11)* 

Solvents Polymer (I) Polymer (ll) 

Dioxane sw (hoOt i 
Chlorobenzene i sw (hot) 
Dimethylformamide S S 
Dimethylsulphoxide S S 
Acetonitrile sw i 

* Both polymers are insoluble in n-heptane, ben- 
zene, toluene, methanol, ethanol, acetone, 2-but- 
anone, chloroform, methylene chloride and carbon 
tetrachloride 
-]" S=soluble; i=insoluble; sw=swells 

The reactivity towards primary or secondary amines is 
higher in the case of I. The completion of the reaction can 
be checked by i.r. spectroscopy, observing the dis- 
appearance of two bands at 5.65 and 5.8 tzm, which 
should correspond to the imidic CO, and of a band at 
5.55 tzm, which should correspond to the ester CO. These 
bands are replaced by a strong band at about 6.05 t~m 
(amidic CO). 

In the conditions we used, the reaction of I and II with 
aromatic amines does not seem to be substantially quanti- 
tative. Several attempts to obtain homopoly(N-phenyl- 
acrylamide) or homopoly(N-phenylmethacrylamide) by 
reacting I or II in DMF solution with aniline have not 
been successful so far. Further investigation is needed for 
this purpose; however, the inability of I and II to react 
quantitatively with aromatic amines represents a serious 
limit on their use as polyacrylamide or polymethacryl- 
amide precursors. Even so, however, they may be con- 
sidered valuable tools in the synthesis of multifunctional 
polymers. 

EXPERIMENTAL 

N-A crylo xysuccinimide 
To a stirred solution of 17-26g N-hydroxysuccinimide 

in 200 ml of dry dioxane, cooled at 5 °C with an ice-bath, 
10.81 g acrylic acid and 30.95g N,N'-dicyclohexylcarbo- 
diimide were added. The mixture was stirred at 0°C for 
2h, then 0-2g of t-butylcatecol was added, the cooling 
bath was removed and the mixture was stirred for a 
further 2 h while it reached room temperature. The pre- 
cipitated N,N'-dicyclohexylurea was then removed by 
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filtration and the solvent was evaporated in vacuo. The 
residue was extracted exhaustively with boiling n-heptane. 
The combined n-heptane extracts were cooled to 0°C; 
crystallization of the product, which at first often separates 
as an oil, was induced by rubbing. The product was then 
recrystallized from n-heptane, m.p. 67°C (hot plate). 
Yield: 11.33g (44"7~o). Found: C, 49.82~o; H, 4"26~o; 
N, 8"46Y/o; calculated for CTHTNO4: C, 49 .71~;  H, 
4 .17~ ;  N, 8.28 ~ .  

N-Methacryloxysuccinimide 

The same procedure as in the previous case, starting 
from 12-9 g of  methacrylic acid and the same quantities of 
N-hydroxysuccinimide, dicyclohexylcarbodiimide and 
solvent, immediately after evaporation gave 24.5g 
(89.2%) of  crystalline product which was directly re- 
crystallized from n-heptane, m.p. 105°C (hot plate). 
Found: C, 52.29 %; H, 5.05 %; N, 7.48%; calculated for 
C8H9NO4: C, 52.46%; H, 4.95%; N, 7.65 ~ .  

Poly(N-acryloxysuccinimide) (I) and poly(N-methacryl- 
oxysuccinimide) (II) 

To a solution of  2g N-acryloxysuccinimide or N- 
methacryloxysuccinimide in 5ml dry benzene, 10mg of 
azodiisobutyronitrile were added, and after purging with 
nitrogen the mixture was kept at 60°C for 24h under a 
nitrogen atmosphere. The polymers precipitated out and 
were collected by filtration, washed thoroughly with dry 
benzene and then with light petroleum ether (b.p. 30- 
50°C), and finally dried at 40°C and 0.1 mmHg. The 
yields ranged from 75 to 90 %. 

Poly(N-acryloylpiperidine) 

To a solution of  0.17g of  (I) ([~]=0.32dl/g) in 2ml 
dimethylformamide, a solution of  0.4 ml of  piperidine in 
1 ml of  dimethylformamide (DMF) was added portion- 
wise. An initial precipitate of polymer was formed, which 
redissolved by stirring. After some minutes, a crystalline 
precipitate was formed, which was probably a by-product 
of  the reaction. This was water soluble and was not further 
investigated. The mixture was left at room temperature 
for 4 h, then it was diluted with 5 ml of water and dialysed 
against distilled water. The solution was then evaporated 
to dryness in vacuo, and the product was dissolved in 
chloroform or dimethylformamide and reprecipitated into 
an excess of  ether and dried at 40°C and 0.1 mmHg to give 
an almost quantitative yield (apart from mechanical 
losses) of  poly(N-acryloylpiperidine) having [7/] = 0.39 dl/g 
(in D M F  at 30°C) and whose i.r. spectrum was exactly 
superimposable to that of  an authentic sample prepared 
as previously described t6. 

Poly(N-n-butylmethacrylamide) 

To a solution of 0.1 g of  II ([~7] =0.16dl/g in DMF at 
30°C) in 2 ml dimethylformamide, 0.5 ml of  n-butylamine 

Ferruti et aL 

was added. A precipitate was formed. The mixture was 
then gently heated with stirring until the precipitate 
gradually dissolved and a clear solution was obtained. 
The reaction mixture was then left at 60°C for 6 h, then it 
was poured into 30 ml of  ether. The precipitate was col- 
lected and washed thoroughly with ether. It was then dis- 
solved in methanol, reprecipitated into an excess of  ether, 
and dried at 40°C and 0.1mmHg to give an almost 
quantitative yield of  poly(N-n-butylmethacrylamide) 
([~]=0.37dl/g), whose i.r. spectrum was exactly super- 
imposable to that of  an authentic sample prepared by 
radical polymerization of the corresponding monomer 17. 

Poly( N-allylacrylamide) 

The same procedure as in the case of poly(N-acryloyl- 
piperidine), starting from 0.17 g (I), 0.4 ml allylamine and 
the same quantities of  solvent, together with a trace of  
t-butylcatecol as radical inhibitor, gave an almost quanti- 
tative yield of  poly(N-allylacrylamide), having [~] = 1 dl/g 
(in D M F  at 30°C). Found: C, 64.65%; H, 8 .04~;  N, 
12.46%; calculated for [C6H9NO]z: C, 64.84~;  H, 
8 .14~;  N, 12.60~o. 
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poly(phenylene ether sulphones) 
from halogenated derivatives of 
diphenyl sulphone 
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Rate constants have been measured for the displacement of halogen from certain halo- 
genated derivatives of diphenyl sulphone (e.g. structures I, II and III) by hydroxyl ion or by 
certain phenoxide anions using dimethyl suiphoxide or a dimethyl sulphoxide/water 
mixture as solvent. 

Hal 

0) 

Hal Hal Hal OK 

(II) (III) 

Initial rate constants for the self condensation of halogenophenoxides (111) in anhydrous 
dimethyl sulphoxide were also determined. The order of halogen reactivities found was 
F>CI~Br  with p-halogenophenyl sulphonyl groups showing greater reactivity than the 
o-isomers, while displacement from the m-halogeno sulphones was very slow and com- 
parable with the rate of sulphone bond fission. Phenoxide reactivities were found to vary in 
the order: 

s%--d °~: _ > . S O 2 - - O - - - - O K  > 

OK 

The observed influence of substituents on reactivity is discussed in terms of direct effects, 
when the substituent is in the same ring as the reacting group, and 'bridge' effects where 
the substituents' influence is transmitted from an adjacent ring via the sulphone linkage. 
In polycondensations of halogenophenoxides (111) functional group reactivities increase 
with conversion owing to the operation of 'bridge' effects. Evidence is presented to indicate 
that in these polycondensations ether interchange probably occurs in a manner comparable 
to ester interchange in a polyesterification. 

INTRODUCTION 

Two main routes to poly(arylene ether sulphones) have 
been reported; one employs polysulphonylation pro- 
cedures to form sulphone linkages between aromatic 
nuclei, e.g. reaction (1), while the other is a polyether 
synthesis in which arylene ether linkages are formed by 
displacement of halogen from derivatives of diphenyl 
sulphone, e.g. reaction (2) (for reviews see refs. 1, 2 and 3). 
This paper is concerned with the second type of process 
and examines the effects of structural factors on the 
reactivity of the functional groups (halogen and phenoxide 
ion) involved. 

O - - - O - - - O - - s 0 2 c  . • 
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Displacement of halogen from activated aryl halides by 
nucleophilic reagents such as phenoxide anions usually 
obeys a second order rate law and in this work reactivities 
were determined by measuring second order rate con- 
stants for the reactions involved. In comparing the reacti- 
vity of halogens in various diphenyl sulphone derivatives 
the nucleophilic reagent usually employed was the 
hydroxyl ion as we wished to combine this research 
with other work aimed at the synthesis of halogeno- 
phenoxides of the type employed for the polycondensa- 
tion reaction (2). The use of dipolar aprotic solvents to 
enhance the rates of nucleophilic substitution reactions 
is well known 4 and in the present work the solvents were 
dry dimethyl sulphoxide (DMSO), when the reagent 
was a phenoxide anion, and a DMSO/water mixture 
containing 80.5 wt. Yo DMSO for reactions involving the 
hydroxyl ion. 

RESULTS 

Halogen reactivities 
Second order rate constants, k2, for the displacement 

of halogen from monohalogenodiphenyl sulphones by 
hydroxyl ion, reaction (3), and by the phenoxide anion, 
reaction (4), are given in Table 1. 

,Hal 

O - S 0 2 - - ~  OK,+ K Hal (3) 

Table I Displacement of halogen from monohalogeno dipheny I 
sulphones 

Xin k2x 105 for O-'Ha k~x 105 for PhO b 
O S 0 2 _ ~  X (I m°l-Zsec-1) (I mol-Isec -1 ) 

p-F 14 300 
p-CI 112 3 024 
o-CI 23 100 
m-CI 4.5 10.5 

a Measured at 120°C in 80.5 wt. % DMSO/water mixture as solvent 
b Measured at 120°C in anhydrous DMSO as solvent 

,Hal 

O - S 0 2 - - ~  " + K O -  O > 

00  
(4) 

Hal 
~ S O ~ - ~  + 2KOH 

• Hal 

~ - S O 2 O K  + K O ~  (5) 

The order of reactivities, p-chloro > o-> m-, is the same 
as that found by Oae and Khim 5 under different experi- 
mental conditions. A possible side reaction is cleavage 
of the sulphone linkage by attack at the sulphur to carbon 
bond, reaction (5); cleavage could not be detected with 
para and ortho halides but with the meta chloride k2 for 
cleavage by OH was 0.9x 10 -5 as compared with 
4.5 x 10 -51 mol -z sec -1 for displacement of chlorine. 

The same general trends in reactivity are shown by the 
dihalogenodiphenyl sulphones listed in Table 2. Cleavage 
of the sulphone group was detected only when the halide 
was 3,3'-dichlorodiphenyl sulphone where it is the 
predominant mode of reaction. Comparison of the first 
column of rate constants in Table 2 (which are for 
reaction 6) with the second (for reaction 7) shows that 
five of these compounds are hydrolysed in two distinct 
stages, displacement of the first halogen to give a halo- 
phenoxide proceeding much more rapidly than formation 
of bisphenoxide by displacement of the second halogen. 
A plot of mol halide displaced/mol dichloride employed 
against time (see Figure 1) shows a marked diminution 
in slope at a point just beyond 50 ~ reaction and the 
product at this stage is predominantly halophenoxide, 
little bisphenoxide having been formed. Thus, with the 
first four compounds 

Ha/ Hal 

~ - - S 0 2 - - f f ~  +2KOH L 

Hal OK 

~ - S 0 2 - - ~  +KHal (6) 

Table 2 Displacement of halogen from dihalogenodiphenyl sulphones by KOH 
Rate constants, ks, are for reaction in 80.5% DMSOlwater at 120°C, using 4mol KOH per mol dihalide 

Dihalide 
X, Y and R in 

X ~ S  0 / 7 - ~  Y 
R ~ 2-- ~xv-~Z~QR 

10~ xk~ 
(I rnol-lsec -1) 

Intermediate product(s) 
X, OK and R in x.y% 

R.- --x=j S02 --,,~r,. R 

10 ~ × k2 
(I mol-~sec -~) 

Final product(s) 
OK and R in 

, KO)%---'~_SO _/7-~X~ ,OK 
RpC~.j 2 ~ R  

X, Y=p-F; R=H 
X, Y=p-CI; R=H 
X, Y=p-Br; R=H 
X, Y=p-CI; R=m-Me 

I 
X=o-CI;  Y=p-CI; R=H 
X=p-CI; Y=o-CI; R=H 
X, Y=m-CI; R=H 

X, Y=m-CI;  R=H 

X, Y=o-CI;  R=H 
X, Y=o-CI; R=p-Me 

Too fast to measure 
358 
356 
71.5 

110 
26 

~4 

X=p-F; p-OK; R=H 
X=p-CI; p-OK; R=H 
X=p-Br;  p-OK; R=H 
X=p-CI; p-OK; R=m-Me 
X=o-CI; p-OK; R=H) 
X=p-Cl;  o-OK; R=H 
X=m-CI;  m-OK; R=H 

~13 C I ' ~ s 0 2 K  + K O _ / ~  CI 
Reaction does not stop halfway 
Reaction does not stop halfway 

850 
3'24 
6"33 

~1 "4 

1"5 

52 
25 

p-OK; R=H 
p-OK; R=H 
p-OK; R=H 
p-OK; R=m-Me 

p-OK; o-OK; R=H 

o-OK; R=H 
o-OK; R=p-Me 
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Hal OK 

, ~ S O 2 - - - ~ /  + 2KOH 1.6 

OK OK 

~ - - S O 2 - - @  +KHal (7) 

the hydrolysis can be run on a preparative scale (prefer- 
ablywith 2 mol KOH/mol dichloride) to give high yields of 
halophenoxides and this reaction provides a useful route to 
these polycondensation intermediates 6, 7. As would be 
expected from the data in Table I, the chlorine atoms 
of 4,2'-dichlorodiphenyl sulphone are of unequal reac- 
tivities so that the intermediate product is a mixture 
of isomers. 

2,2'-Dichlorodiphenyl sulphone and 2,2'-dichloro-4,4'- 
dimethyldiphenyl sulphone behave quite differently on 
hydrolysis. The rate of halide ion displacement does not 
slow down just beyond 50 ~ reaction (see Figure 1) and 
the only products isolated in high yields were the corre- 
sponding bisphenoxides. Analysis of samples taken at 
4 0 ~  conversion from a hydrolysis of 2,2'-dichloro- 
diphenyl sulphone with two tool KOH showed the 
phenolic product to be ~ 80~  bisphenoxide and 2 0~  
chlorophenoxide while the non-phenolic product was 
unreacted dichloride containing ~8 ~ of the phenoxa- 
thiin dioxide (II). Kinetic analysis showed that a second 
order kinetic law was obeyed when the stoichiometry 
was taken as for equation (8) but not for equation (6). 

S 0 2 - - p  -I- 4KOH > 

1 C I ~  

- - : K O 2 - - p + 2 K H a l  (8) 

K O  

Hydrolysis of II is known 8 to give the bisphenoxide (III) 
and we find that this reaction occurs rapidly with a second 
order rate constant k2=700xl0-51mol- lsec  -1, over 
10 times greater than the rate constant for the overall 
reaction. Further investigation showed that hydrolysis 
of the chlorophenoxide obeyed a first order rate law and 
the rate of reaction was virtually independent of the 
hydroxyl ion concentration (kl=63.9x10-Ssec -1 in 

1.2 
c 
O 

..IG a. 

-6 
E 0.8 

0 4  

• I i i t i i i 

O 4 0 0  BOO 1200 1600 
Reoction time (rain) 

Figure I Hydrolysis of dichlorodiphenyl sulphones at 120°C in 
80-5 wt. % DMSO/water (4mol KOH). iZ], 2,2'-substituted; O, 
4,4'- substituted 

absence of KOH and 61.6 x 10 -5 sec -1 at a KOH concen- 
tration of 0.195 mol/1). A hydrolysis mechanism consistent 
with these data is as indicated in reaction (9) where the rate 
determining step is formation of chlorophenoxide (I). 
This mechanism will give second order kinetics (stoichio- 
metry as in reaction 8) provided that the rates at which 
I and II react do not limit the rate of the overall reaction. 
This is certainly the case for hydrolysis of II, but it is 
not obviously so for the formation of II from I, which 
obeys first order kinetics. However, in the kinetic experi- 
ments the initial concentration of KOH was 0.195 molar 
so that the initial overall rate of reaction at unit concen- 
tration of dichloride would be ,-, 10 x 10-5mol 1 -t sec -1 
as compared with 63 x 10 -a mol 1-1 sec -1 for the reaction 
of unit concentration of the chlorophenate. Thus, cycli- 
zation to give II is relatively fast and the overall reaction 
kinetics will be determined by reaction of the dichloride 
to give the chlorophenoxide (I). 

- q S  ~ 9 9 ~ G H  ~ - c S O  0 2 - 0 9  kl = 63 X , ~ S 0 2 " ~  ) 10-s sec-t x ~  O , / N ~  

%o~/, ff (I) / ( I I )  

@/? 
%\% ,7/g 

\ / 
OK OK 

(l id 

(9) 
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Table 3 Displacement of chlorine as chloride ion from tetrachlorodiphenylsulphones by KOH 
Rate constants are for reaction in 80 .5~  DMSO/water at 120°C using 4mol KOH per mol sulphone 

Tetrachlorosulphone 
X, Y and Z in 

X Z 

3(/  

Intermediate product(s) 
X, Y and Z in lO~Xk, 105X k= 

(I mol-'sec -1) X Z (I mol-lsec -') 

Final product(s) 
X, Y and Z in 

X Z 
, K 0 - ~ S O  2 - - ~ - O K  

y f  - -  

X, Z=m-Cl; Y=H 
X=m-Cl; Y=o-Cl; Z=H 

f X ,  Z=o-Cl; Y=H 

Ix, z=o--CI; Y=H 

>3000 X, Z = m - C I ;  Y = H  
>5000 X = m - C I ;  Y=o-CI ;  Z = H  

Reaction does not stop half way 

500 X, Z=o-C I ;  Y = H  

180 
8.2 

~200 

X, Z=m-Cl; Y=H 
X=m-Cl; Y=o-Cl; Z=H 

x ' O K K d  
X, Z=o-Cl; Y=H 

Rate constants for the hydrolysis of three tetrachloro- 
diphenyl sulphones are given in Table 3. These are such 
that pure chlorophenoxides can be isolated without 
difficulty from the first two compounds tabulated, but 
hydrolysis of the third compound gives a complex 
mixture. 

Phenoxide reactivities 
Rate constants for displacement of chlorine from 4- 

chlorodiphenyl sulphone by several different phenoxides, 
reaction (10), are given in Table 4 and show that wide 
variations in reactivity occur, the more basic phenoxides 
(less acidic phenols) being the more reactive. 

. 

R -  ~ O ~ - S 0 2 0  + KCI (10) 

Polycondensations 
Second order rate constants for the initial rates at 

which the functional groups (halogen and KO-) react 
to form polyethersulphones are given in Table 5. None of 
these reactions obey second order kinetics indicating 
that the reactivity of the functional groups changes 
during the polycondensation process, and this effect has 
been observed previously by Schulze and Baron 9 for 
the polycondensation of dichlorodiphenyl sulphone with 
Bisphenate A (last system in Table 5). Curves for the 
extent of reaction against time (Figures 2 and 3) for 
several of these systems indicate that the single component 
(chlorophenoxide) systems show kinetics which are quite 
different from those of the dichloride plus bisphenoxide 
system. 

Fission of ether linkages 
Diaryl ethers are normally very stable to attack by 

hydroxyl ions but as the ether linkages in polyethersul- 
phones are activated by sulphone groups they may be 
labile. Data given in Table 6 show that ether bonds 
attached to the diphenyl sulphone grouping are labile 
(reaction 11), phenoxyl being displaced almost as rapidly 
as chlorine and 4-phenylsulphonyl-phenoxyl several 
times faster, the rate of displacement increasing with 
increasing stability of the phenoxide ion displaced. 

Table4 Displacement of halogen from 4-chlorodiphenyl sulphone 
by phenoxides 
Rate constants are for reaction in dry DMSO at 120°C using 
equimolar quantities of reactants 

R in equation (10) 105x ks (1 mol-Z sec -z) 

H 3024 

K O - ~ ) ~ C M e  2- 3740 per OK group 

SO - 1 "08 

K O O - S O  2- 5'1 per-OK group 

2Ko.+x O_So © 

KO-O-SO --O+KX (11) 
A further comparison of chlorine and 4-phenylsul- 

phonyl phenoxyl as leaving groups is available from a 
kinetic and product composition study on the hydrolysis 
of IV with KOH where the rate constants for bond 
fission (under the condition of Table 6) are as indicated 
below: 

105 )< k 2 64 530 530 64 

(1 tool -1 sec --1) (IV) 

DISCUSSION 

It is accepted that the displacement of halogen from 
halogenophenyl sulphones by hydroxyl ion or by other 
nucleophilic reagents occurs via an intermediate complex 
V, and that the sulphone group, which is strongly electron 
accepting, aids reaction by stabilizing the complex via 
resonance hybrids such as VI. This effect operates when 
the halogen is positioned ortho or para to sulphone, but 
not when the orientation is meta so that the m-halogeno- 
phenyl sulphones are much less reactive (see Tables 1 
and 2). 
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Table 5 Initial rate constants for polycondensations 
The rate constants, k2, quoted are for the displacement of chlorine in dry DMSO 

|1 
i i 

105x k~ (I mol-lsec -1) 

Compound(s) polycondensed 120°C 178 ° C 

Hal. ~ ~ OK F OK 

,, p-F, o-OK 
,, p-CI, p-OK 
,, p-CI, m-OK 
,, p-CI, o-OK 

o-C[, p-OK ,J 

C1 / x C l  

C1-O--S02- Q-421+ KOO-S02-O-O E 

* For reaction of one chlorine with one phenoxide group 

1.45 

0.07 
0.0098 1.28 
0.58 

- -  0-07 
- -  0-13 

16-0" 

6100" 

1-06 

IOO 

8 0  / 

6o I / //c -p-so2 -oK 
- ~  C L  C [  

; / 

O 4 8 12 16 
Reection time (h) 

Figure 2 Polycondensation of potassium halophenates at 40 wt. 
% in DMSO at 178°C. +, determined by titration for alkali; O, 
determined by titration for chloride ion 

80 

60 

° - -  
4-*  u 40 
E}  

20 

0 
Figure 3 

F-C~SO2-O-OK j 

(each at 4 wt.%) 

I I - -  I 

2 4 6 
ReGction time(h) 

Polycondensations in DMSO at 120°C 

HO Hal 

O==S==~ 

t 
(v) 

HO Hal 

o -  

(VI) 

Table 6 Fission of ether linkages by OH 
Rate constants are for reaction in 80-5% DMSO/water at 120°C 
i 

X in equation (11) 105× k2 (I mol-lsec -1) 

CI 112 
MeO 33 
PhO 100 

0--S02--0~0 340 per ether bond 
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The introduction of other electron accepting groups 
such as chlorine into the same ring will stabilize the 
complex further and the increased reactivity shown by 
the tetrachlorodiphenyl sulphones (Table 3) results. 
Conversely groups such as methyl which donate electrons 
reduce reactivity as was found with 4,4'-dichloro-3,3'-di- 
methyldiphenyl sulphone (Table 2). The activating effect 
that sulphone has on displacement in one ring can be 
modified by substituents in the other, electron accepting 
groups enhancing the effect (by increasing the sulphone 
group's ability to accept electrons via displacements in 
the initial state such as in VII) while electron donating 
groups have the opposite effect as in VIII: 

c,-C) ; c , ©  
O O 

(VII) (VIII) 

Thus, the electronic effects of a substituent in one ring 
a r e  transmitted to the other via the sulphone linkage and 
the operation of this 'bridge' effect can be seen by 
comparing rate constants for the displacement of chlorine 
from compounds of structure IX (see Table 7). 

0x) 

Electron donation from a phenoxide anion occurs by 
both inductive (+I)  and conjugative (+K)  effects 
(ref. 10, p 291); therefore it occurs for all orientations of 
phenoxide but more strongly when phenoxide is in the 
ortho or the para rather than the meta position. For this 
reason, phenoxide oriented ortho or para to the sulphone 
groups (X= o-OK or p-OK in IX) reduces that group's 
ability to accept electrons from the reaction centre and 
leads to values for k2 40-50 times less than for the parent 
compound (IX where X=H)  while the meta-oriented 
phenoxide group (X = m-OK in IX) deactivates to a lesser 
(~ 8 times) extent. Electron accession to halogen substi- 
tuents in the benezene rings occurs via an inductive 
( - I )  effect moderated by a conjugative (+K)  effect in 
the opposite direction (ref. 10, p 294); therefore, it occurs 
for all orientations of chlorine but more strongly for the 
meta rather than ortho or para orientations. Thus, a 
chloro-substituent in any position should enhance the 

Table 7 Bridge effects in the displacement of chlorine from IX 
by OH- 
Temperature=80°C; solvent=80.5 wt ~ DMSO/water 

X in IX k2x 105 

H 112 
p-CI 179 (for each CI) 
m-CI 198 
o-CI 110 
p-Me 76 

p-Cl-/0  (fo, each co 
p-OK 3-2 
m-OK 14"6 
o-OK 2'0 

activating effect of sulphone, and meta-C1 should be more 
effective than chlorine in either the ortho or para posi- 
tions. The rate constants for displacement of one chlorine 
from 4,Y-dichlorodiphenyl sulphone (X=m-C1 in IX) 
and from the 4,4'-isomer (X =p-C1 in IX) are, as expected, 
1.8 and 1.6 times greater than that for displacement from 
4-chlorodiphenyl sulphone (X= H in IX), but the reacti- 
vity of the 4,2'-isomer (X=p-C1 in IX) is anomalous, 
k2 being almost the same as that for 4-chlorodiphenyl 
sulphone. However, this is not surprising as the 'bridge' 
effect of chlorine is small (a factor of 1.8 at most as 
compared with 8 for the phenoxide pole in the least 
active meta-orientation) and it is well known that the 
additivity of substituent effects often does not apply for 
ortho-substituents, as is evident from the fact that ortho- 
substituents do not conform to the Hammett relation 
(see ref. 10, p 1201). 

C1 

- - C l  
Cl 

C1 

C! 

- - C 1  

(12) 

C I - Q - S O 2 - Q - C 1  ~ KO- O - S O : - Q - C 1  

, K O - O - - S O 2 - O - 4 3 K  (13) 

The effect of a substituent operating through the sulphone 
bridge is not so great as the effect when the substituent is 
in the ring where displacement occurs, e.g. k2 for the 
first stage of reaction (12) (see Table 3) is more than 25 
times that for reaction of one chlorine atom in the first 
stage of reaction (13) (see Table 2) but the rate factor 
between the second stages of these reactions is less than 
3 as the chloro substituents in the trichloro phenoxide 
must now act via the sulphone bridge. However, with 
highly polar substituents, e.g. phenoxide, the bridge 
effect can have an important influence on reactivity 
(compare k2 for the first compound in Table 7 with k2 
for the last three). 

As an approximate guide, the effect of a given substit- 
uent on the reactivity of a phenoxide group can be 
taken as opposite to that on halogen. This is because 
substituents such as -SO2- or -C1 which accept electrons 
delocalize the negative charge on oxygen and so reduce 
reactivity, while electron donating groups such as 
-CMez- have the opposite effect. This can be very 
important, Bisphenate A being ~1000 times more 
reactive towards 4-chlorodiphenyl sulphone than is 
Bisphenate S (see Table 4). With sulphonyl phenoxide 
groups the orientation of phenoxide with respect to 
sulphone will be important and according to the above 
generalization, the expected order of reactivity would be 
recta> ortho >para. 'Bridge' effects can also alter phen- 
oxide reaetivities, e.g. each phenoxide in Bisphenate S 
activates the other so that k2 for reaction of either 
phenoxide group with 4-chlorodiphenyl sulphone is 
5 times kz for the reaction of this halide with the phenoxide 
from 4-hydroxydiphenyl sulphone (Table 4). 
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Certain generalizations concerning the reaction of 
halogenophenyl sulphones with sulphonyl phenoxides to 
synthesize polyethersulphones can now be made. 4-Halo- 
genophenyl sulphones are the preferred reagents for 
reaction with phenoxides, being substantially more 
reactive than their 2-chlorophenyl analogues (~ 5 times 
more reactive to OH and ~ 30 times to OPh where steric 
hindrance will be more important--see Table 1), while 
the 3-chlorophenyl derivatives are unsuitable because the 
halogen in these compounds reacts so slowly that fission 
of the sulphone bond becomes significant. The relatively 
low reactivity of 2-chlorophenyl sulphones is well illus- 
trated by the low initial rate of polycondensation shown 
by the potassium salt of 2-chloro-4'-hydroxy diphenyl 
sulphone as compared with that for the salt from the 
analogous 4-chloro-4'-hydroxy compound (Table 5). As 
is often found for the nucleophilic substitution reactions 
of activated aromatic halides n fluorides are more reactive 
than chlorides, and in the systems examined here the 
fluorophenyl sulphones are ~ 100 times more reactive 
than the corresponding chloro derivatives, (cf. k2 for 
fluoride vs. chloride in Tables 1, 2 and 5). The tetrachloro- 
diphenyl sulphones in Table 3 are all substantially more 
reactive than 4,4'-dichlorodiphenyl sulphone, but whereas 
the 3,3', 4,4'-tetrachloro compound is essentially bifunc- 
tional owing to the low reactivity of chlorine in the 3- 
and 3'-positions, the two other compounds are poly- 
functional and their use is expected to give crosslinked 
products. Although the hydrolysis of 3,3', 4,4'-tetra- 
chlorodiphenyl sulphone to the 3,3', 4-trichloro-4'- 
phenoxide is rapid compared with formation of the 
4-chloro-4'-phenoxide by hydrolysis of 4,4'-dichloro- 
diphenyl sulphone, the two chlorophenoxides polycon- 
dense at comparable rates (see Table 5). Presumably 
activation of the 4-chlorophenylsulphonyl group by a 
3-chloro substituent is balanced by a corresponding 
deactivation of the 4'-phenylsulphonyl phenoxide func- 
tion by a chloro substituent in the 3'-position. 

Deactivation of the phenoxide groups by the sulphone 
linkage in Bisphenate S leads to the low value of k2 
for the initial rate of polycondensation of this compound 
with 4,4'-dichlorodiphenyl sulphone as compared with 
the polycondensation of the dihalide with Bisphenate A 
(Table 5). In practice this leads to the use of sulpholane 
at ,,~ 230°C as the reaction medium for the polycondensa- 
tion with Bisphenate S in contrast to dimethylsulphoxide 
at ~ 130°C using Bisphenate A 12 

A m-phenylsulphonyl phenoxide is expected to be more 
reactive than the corresponding p-grouping and this is 
probably the predominant effect leading to the observed 
rate factor of ~ 60 between the initial rates of polycon- 
densation for the potassium salt of 4-chloro-3'-hydroxy- 
diphenyl sulphone and the isomeric 4-chloro-4'-phenoxide 
(Table 5). Application of the approximate guide that the 
effect of a substituent on phenoxide reactivity is opposite 
to that on halogen suggests (see Table 1) that the potas- 
sium salt of 4-chloro-2'-hydroxydiphenyl sulphone should 
polycondense faster than the 4-chloro-4'-phenoxide. In 
fact (see Table 5) the 4-chloro-2'-phenoxide is the less 
reactive, presumably due to steric hindrance by the 
o-sulphonyl group. 

'Bridge' effects are important in several of the reactions 
leading to the synthesis of polyethersulphones. Stepwise 
hydrolysis of halogenodiphenyl sulphones (Tables 2 and 
3) via halogenophenoxides occurs because the phenoxide 
group formed by displacement of one halogen atom 

deactivates halogens present at other positions in the same 
ring directly, and halogen atoms in the adjacent ring by 
a 'bridge' effect. Thus, hydrolysis is stopped easily at the 
halogenophenoxide stage making these compounds 
readily available6, 7. Halogenophenoxides are useful 
polycondensation intermediates 6,13 as they provide 
both functional groups in the same molecule, and their 
(mono) potassium salts are more soluble in the poly- 
condensation solvent than the dipotassium salts of 
bisphenols. However, halogenophenoxides have a marked 
disadvantage in that the 'bridge' effect leads to lower 
halogen (due to phenoxide) and phenoxide (due to 
halogen) reactivities as compared with the corresponding 
dihalide plus bisphenoxide system, where the bridge effect 
enhances the reactivity of both functional groups. Thus 
the initial rate for the polycondensation of 4,4'-dichloro- 
diphenyl sulphone with Bisphenate S is ~ 10 3 times 
greater than that for polycondensation of the correspond- 
ing chlorophenoxide (Table 5). As polycondensation 
proceeds the bridge effect operates to make this disad- 
vantage disappear; as more of the (like) functional groups 
in the two-component system become separated by 
interposition of polymer repeat units the average reactivity 
of this system declines, while with the chlorophenoxide 
system the average reactivity of both functional groups 
is increased. Eventually both systems will have the same 
rate constant, the group acting via the sulphone linkage 
to modify the reactivity of all functional groups being the 
polymer repeat unit. 

Increasing reactivity of the functional groups with 
conversion during the polycondensation of halophenyl- 
sulphonyl phenoxides is demonstrated by the conversion 
vs. time plots in Figure 2. It is seen that the slopes of 
these curves first increase with time, due to the increased 
reactivity of the functional groups, before decreasing as 
the reduction in functional group concentrations out- 
weighs their increased reactivity. This situation is the 
opposite of that found by Schulze and Baron 9 for the 
polycondensation of 4,4'-dichlorodiphenyl sulphone with 
bisphenoxides, where the reaction rates drop off more 
rapidly than would be expected from the drop in func- 
tional group concentrations owing to a decrease in the 
reactivity of both functional groups. 

The ether linkage in 4,4'-bis(4-phenylsulphonyl) di- 
phenyl ether is labile to attack by OH (Table 6) and it 
may be estimated from the data given in this section that 
the rate constant for fission of the ether linkage in 
poly(diphenylene ether sulphone) by ~ will be at least 
three times the rate constant for displacement of chlorine 

Table 8 Novel sulphones 

Name M.p. (°C) Criteria of purity 

3,4'-Dichlorodiphenyl 110.5-112-5 
sulphone 
2,2',4,4'-Tet rachloro- 196-197 
diphenyl sulphone 
2,2'-Dichloro-4,4'- 177-180 
dimethyl-diphenyl 
sulphone 
4-C h lo ro-3'-hyd roxy- 172-172.5 
diphenyl sulphone 
2-Chloro-2'-hydroxy- 138.5-140 
diphenyl sulphone 
4,4'-Bis(4-chlorophenyl- 214-215 
sulphonyl)-diphenyl ether 

i.r., n.m.r., g.l.c., t.l.c. 

i.r., n.m.r. 

i.r., n.m.r., m.s., g.l.c. 

i.r., n.m.r. 

i.r., n.m.r., t.l.c. 

i.r., n.m.r., m.s., t.l.c. 
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from the end of a polymer chain by O--H. It is not possible 
to extrapolate from these data to the polycondensation 
system with any real confidence as the reactivity of a 
phenoxide group at the end of a polymer chain is very 
different from that of O--ft. However, it appears likely 
that in polycondensations such as reaction (2) ether 
interchange will occur in a manner comparable to ester 
interchange in a polyesterification. For this reason the 
bisphenate of 2,2'-dihydroxydiphenyl sulphone is un- 
likely to be useful as a polycondensation intermediate 
for polyethersulphones because in such systems ether 
interchange could lead to elimination of repeat units as 
phenoxathiin dioxide: 

- -  - -  f'~l-'SO 2 " 1 ~  + . . . . .  OK 

" ~ O  . I ~ " ~ I  " 

EXPERIMENTAL 

Starting materials 
Dimethyl sulphoxide was fractionated under reduced 

pressure and a middle fraction b.p. 124.0°C at 100mmHg 
was used. Aryl sulphones were prepared by methods 
described in the literature 14 and recrystallized to constant 
melting point. Several novel sulphones were employed 
and these are reported in Table 8. 

The potassium phenoxide salts were prepared by 
neutralizing a methanolic solution of the corresponding 
phenol with the appropriate amount of aqueous potas- 
sium hydroxide. The solution was evaporated to dryness 
and the residue was dried under high vacuum at 120°C 
for 18 hours. These salts were protected from the atmo- 
sphere and prepared immediately before use. 

"1- 

) 

I 

0 I0 20 30 
01N H2SO4(ml) 

Figure 4 Hydrolysis of 4,4'-dibromodiphenyl sulphone at 120°C: 
titration of hydrolysate after 35min reaction 

Hydrolysis technique 
A DMSO/water system containing 80.5 wt. ~ DMSO, 

which boils at about 130°C, was chosen as reaction solvent 
because this system is homogeneous in sulphone and 
potassium halides both before and after reaction at 
room temperature. The reactions were conducted under 
nitrogen in an electrically heated, stainless-steel vessel 
(350ml) fitted with a stirrer, a control thermocouple and 
a thermometer. A typical experiment is described in 
detail below. 

Hydrolysis of 4,4'-dibromodiphenyl sulphone 
5.6414g of 4,4'-dibromodiphenyl sulphone (15.00 

mmol) were weighed into the reaction vessel and 225 ml of 
redistilled dimethyl sulphoxide were added. This system 
was stirred under nitrogen and made to thermostat at 
120+0.1°C. The hydrolysis was started by adding, as 
rapidly as possible, 60.0 ml of 1-000 N potassium hydrox- 
ide solution which had been preheated to 90°C. Under 
these conditions, owing to the considerable heat of 
dilution of dimethyl sulphoxide, a temperature of 
120+2°C was obtained which returned to 120+0.1°C 
during the next 2-3 minutes. The total mass of the system 
is 317-0g and occupies a volume of 307.5ml at 120°C. 
Samples of hydrolysate were removed periodically using 
a syringe, rapidly cooled, weighed into beakers, diluted 
with water and titrated with 0.1 N sulphuric acid. The 
neutralization was followed using an EIL Model 23A pH 
meter fitted with a glass indicator electrode and a 
saturated sodium sulphate-mercurous sulphate reference 
electrode. 

A typical neutralization curve is shown in Figure 4. 
The inflections at pH 9.5 and pH 5.5 were noted and the 
system was adjusted to pH 2.5 with more acid. The glass 
electrode was exchanged for one of silver and a potentio- 
metric estimation of Br- using 0.02N silver nitrate 
solution was then made. 

In Table 9 all the results are tabulated. The inflection 
at pH 9.5 in Figure 4 is attributed to excess potassium 
hydroxide and the inflection at pH 5.5 to excess potassium 
hydroxide, monophenoxide and bisphenoxide. The rate 
at which the total concentration of base decreases is 
very close to the rate at which halide ion is produced, 
so that no significant amount of alkali is consumed in 
side reactions, e.g. sulphone cleavage. In Figure 5 the 
liberated bromide ion is plotted against time and clearly 
shows the tendency to 'half-way hydrolysis'. An extra- 
polation of the graph as indicated cuts the ordinate at 
50~ reaction and yields two curves. The curve ABC 
gives data on the formation of bisphenoxide: 

+ 2KBr 

and the difference between curve ABC and curve OBC 
gives data on the formation of monophenoxide: 

B r _ O _ S  O 2 _ O _ B r 2 K  O H 

K O - Q S O 2 - - O - B r  
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Table 9 

Synthesis of poly(arylene ether sulphones) : A. B. Newton and J. B. Rose 

Hydrolysis of 4,4'-dibromodiphenyl sulphone in aqueous dimethyl sulphoxide at 120°C using 4 equivalents KOH 

Titration using 0.1 N H2SO4 

Reaction ml equiv. Titration with 0.021 N A g  + 
time Mass sample 
(min) (g) To pH 9-5 To pH 5.5 To pH 9.5 To pH 5'5 ml equiv. Br 

2 12-430 21"55 22.90 3.650 3'880 4-05 0.1372 
7 11.945 19.35 21.30 3.410 3.752 8.55 0-301 

14 11"760 17"50 20.12 3-132 3-608 12.12 0.434 
20 12-320 17-10 20.60 2.920 3.520 16.10 0.550 
27 11"550 15.34 18.80 2.796 3.427 17.23 0-628 
38 10'970 14.40 18-90 2-763 3.625 21-15 0.812 
62 11-615 17.62 12-62 3.194 2.287 24.00 0.870 
89 11-235 11.38 16.58 2.134 3-110 25-40 0.951 

122 11.415 10.65 16.50 1.962 3-040 27.12 1.000 
274 10'470 9'90 14.75 1.992 2.966 27.00 1.090 
321 10"220 8'85 14.30 1-821 2.945 26.92 1-109 
393 11.045 9.40 15.38 1-792 2-931 29.70 1.132 

1061 11.750 770 15.40 1-380 2.759 35.80 1-282 

14 

12 

IO 
c 
O 

-5 
08  

E 

m 0-6 

'6 

0-4 

O;  

t I I 

0 4 0 0  8 0 0  1 2 0 0  
Reac t ion  tim¢(min) 

Figure 5 Hydrolysis of 4,4'-dibromodiphenyl sulphone at 120°C in 
80.5 wt. % DMSO/water (4mol KOH). A, B, C, see text 

Calculation of rate constants 
For each hydrolysis the reaction product was isolated 

and examined for structure and purity. Usually, this was 
a single substance formed in a clean reaction. From a 
knowledge of the stoichiometry, linear rate functions were 
calculated for different orders of reaction and these were 
plotted. As anticipated, the second order rate plots gave 
straight lines (over at least 80% of the reaction course) 
and the gradient of this line enabled the rate constant to 
be determined. Where insufficient data were available, 
approximate rate constants were obtained by estimation 
of  the half-life of  the reaction or by measuring the initial 
rate of  reaction. In these cases it is necessary to assume 
the reaction order. With some compounds the rate at 
which halide ions was produced was less than the rate 
at which alkali was consumed, e.g. in the reactions with 
the 3-chloro and 3,3'-dichlorodiphenyl sulphones, and 
the difference between these rates was used to estimate 
the rate at which cleavage of the sulphone bond occurred. 

Derivation of rate constant for 4,4'-dibromodiphenyl 
sulphone 

B r - O - S o 2 - O - - B r  + 2KOH • 

[a] [b] 

Let [a] and [b] be the concentrations of  reactants in 
mol/l. I f  [x] tool/1 of  Br-  is generated after a time t then 
for second order kinetics: 

dx/dt=k2(a- x)(b- 2x) 

where k2 is the second order rate constant. Integration 
and writing b=4a, since 4 equivalents of potassium 
hydroxide were used, gives: 

This rate function is plotted in Figure 6, the value of a 
being 0.0488mol/1 at 120°C (15mmol in 307.5ml). 

I ' O  

I I 

0 50 I00 150 
Reaction ti me (min) 

Figure6 Second order rate plotfor4,4'-dibromodiphenyl sulphone 
+4  KOH at 120°C leading to bromophenoxide. S lope=0.9x 10 -'2 
rain -z (1-5x 10-4sec-1) ; k==385 x 10-~1 mol- lsec -z 

A 

Gn 
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Figure 7 Second order rate plot for p-KO-(C~H4)-SOz-(C~Ha)-p-Br 
-I-2KOH at 120°C leading to bisphenoxide. Slope=0"371x10 -8 
m in -1 (0.6183 x 10 -5 sec -z) ; ks= 6.33 x 10 -51 rnol -z sec -z 

Clearly, the reaction obeys second order kinetics with 
k2=385 x 10-51mol-Zsec -1. For the formation of bis- 
phenoxide: dx/dt  = k~ (a -  x) (2a -  2x) which yields 2k~t = 
x / a - x .  This rate function is plotted in Figure 7 and as 
the data only extend over 28 ~o of the reaction, second 
order kinetics must be assumed which gives k~=6.33 x 
10 -51 tool -1 sec -1. 

Polycondensation o f  halophenoxides in anhydrous dimethyl 
sulphoxide 

These reactions are much slower than the hydrolysis 
reactions and at 120°C with lengthy reaction periods, salt 
concentrations of 40 wt. ~ were necessary. These reactions 
were studied in evacuated, sealed, glass tubes which were 
thermostated for known reaction periods at 120°C and 
at 178°C. The tubes were then cooled, opened and ana- 
lysed for residual phenoxide and potassium halide (which 
precipitate in this system). In all cases, the halide gener- 
ated corresponded to the phenoxide consumed and no 
evidence for side reactions could be obtained. Initial 
rate constants were calculated from the slopes of the 
curves in Figure 2 at zero time. 

Reaction o f  potassium phenoxide with halosulphones 

These reactions were faster than the hydrolysis reactions 
and were studied in the stainless-steel apparatus described. 
The reactions were started by adding 10mmol of the 
halosulphone to a thermostated solution of 10mmol of  
pure potassium phenoxide in 250 ml of anhydrous 
DMSO at 120°C. Samples were removed periodically 
and estimated for residual phenoxide. Halide ion could 
not be determined with reliability because it is thrown 
out of  solution. Using the phenoxide data, second order 
rate plots were made and second order rate constants 
were determined. 
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Effect of end groups on the melting 
temperatures of low molecular weight 
poly(ethylene oxide) 

C. Booth, J. Malcolm Bruce and M. Buggy 
Department of Chemistry, University of Manchester, Manchester M13 9PL, UK 
(Received 27 March 1972) 

Chloro- and phenoxy-ended poly(ethylene oxide) fractions of molecular weight 1000 and 
1500 have been prepared. Their melting points are substantially (5-7 deg) lower than those 
of the corresponding hydroxy-ended poly(ethylene oxide) fractions. The differences in 
melting point correspond to an increase in end interracial free energy ((re) of 0"5 kcal/mol, 
relative to the hydroxy-ended polymers. The effect is explained in terms of a stabilization 
due to hydrogen bonding in the end interracial layer of the crystals of the hydroxy-ended 
polymers. 

INTRODUCTION 

The properties (such as melting points, densities, crystal- 
lite morphologies, and crystallization rates) of low 
molecular weight fractions of poly(ethylene oxide) a r e  

usually interpreted in terms of molecular theories which 
assume exclusion of end groups from the crystalline 
phase, with the implication that the end groups are 
concentrated in the interfacial phase. Most experimental 
measurements have been made using hydroxy-ended 
samples of poly(ethylene oxide) ~-10. Consequently it was 
of interest to investigate the effect of replacing hydroxy- 
ends by less polar groups. Here we report on the prepara- 
tion of chloro- and phenoxy-ended poly(ethylene oxide)s 
of number-average molecular weights 1000and 1500, and 
on their melting points. 

EXPERIMENTAL 

Preparation of materials 
Hydroxy-ended poly(ethylene oxide) samples were 

obtained from Shell Chemical Co. Ltd (mol.wt. 1000 
and 1500) or were prepared as described elsewhere 5 
(mol. wt. 3300). Fractions, comprising about half the 
original sample, were obtained by addition of iso-octane 
to a dilute solution of the poly(ethylene oxide) in benzene, 
and were freeze-dried from benzene before use. Number- 
average molecular weights of the fractions (Table 1) 
were close to the nominal molecular weights given above. 

Model experiments for the transformations 

HO(CH2CH20)nH -+ CI(CH2CH20)n-ICH2CH2C1 -+ 

PhO(CH2CH20)nPh 

were carried out using diethylene glycol, 

HO(CH2CHzO)2H. 

Diethylene glycol has previously been converted into 
bis(2-chloroethyl) ether by treatment with thionyl 
chloride either alonO 1 (72 ~ yield) or in the presencO 2 
of pyridine (62~ yield). The latter mixture is often 
used 13 for the corresponding transformation of mono- 

hydric alcohols, and it has also been employed 14 for 
higher poly(ethylene glycol)s, e.g. HO(CHzCH20)nH 
with n--6, 18 and 42 gave the corresponding dichloro- 
compounds in yields of, respectively, 77, 38.5 and 28 ~. 
We obtained the best yields (68-70 9/0) of bis(2-chloro- 
ethyl) ether using the thionyl chloride/pyridine reagent in 
benzene as solvent; tetrahydrofuran was less effective 
than benzene, and yields were not improved by addition 15 
of catalytic quantities of dimethylformamide. 

Almost quantitative O-alkylation of phenols has been 
effected 16 using the sodium salt and a n-alkyl halide in 
dimethyl sulphoxide, and this method was used in the 
present work. The maximum yield of bis(2-phenoxyethyl) 
ether obtained was 80 ~. 

Application of the above chlorination procedure to 
the polymers HO(CH2CH20)nH with n=22 (mol.wt. 
1000) and n = 34 (tool. wt. 1500) failed to effect complete 
replacement of the hydroxy groups, but the dichloro- 
polymer could be separated from hydroxy-polymer by 
extraction with ether. Yields were about 20~. The 
method failed for n=74 (tool. wt. 3300). Treatment of 
the dichloro-polymers with sodium phenoxide in dimethyl 
sulphoxide gave the corresponding diphenoxy-polymers 
in yields of about 60 ~. 

Thionyl chloride was distilled from quinoline and then 
from boiled linseed oil 17. Pyridine was dried over and 
distilled from solid potassium hydroxide. Benzene was 
dried by distillation, and then distilled from lithium 
aluminium hydride. Dimethyl sulphoxide was dried over 
and distilled (reduced pressure) from calcium hydride. 
Diethylene glycol was distilled. 

Bis(2-ehloroethyl) ether. Thionyl chloride (9g) was 
added dropwise during 40rain to a stirred, ice-cooled 
solution of diethylene glycol (4g) and pyridine (8 g) in 
benzene (20ml), and the mixture was then heated on a 
steam-bath for 1 h, cooled, and added to aqueous 5 
sodium hydroxide (75ml). The mixture was extracted 
with benzene (5x25ml), and the combined extracts 
were washed with aqueous 20 ~ sulphuric acid (2 × 5 ml) 
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and then with water (2x20ml) and dried (CaCI2). 
Removal of the solvent and distillation of the residue 
gave the ether (4.5g, 70%), b.p. 68-70°C at 15mmHg 
(lit. 12 65°C at 15-16mmHg), identical (infra-red spec- 
trum) with authentic 18 material. 

Bis(2-phenoxyethyl) ether. Sodium hydride (1.05g) 
was added portionwise to a solution of phenol (4g) 
in dimethyl sulphoxide (100ml) stirred under nitrogen at 
room temperature, and stirring was continued for 2h. 
Bis(2-chloroethyl) ether (3.04 g) was then added, and the 
mixture was stirred at 60°C for 6 h, and then cooled and 
added to water (100ml). The solution was acidified with 
10 % hydrochloric acid, and then extracted with benzene 
(6 x 50ml), the combined extracts being washed with 
aqueous 10% sodium hydroxide (3x 30ml), then with 
water (4 x 20ml), and dried (MgSO4). Removal of the 
solvent gave the ether (4.38g, 80%), m.p. 63-65°C, 
identical (mixed m.p. and infra-red spectrum) with 
authentic 19 material (m.p. 64-65°C). 

Chloro-ended polymers. Poly(ethylene oxide) (19g, 
mol.wt. 1500) in a mixture of benzene (100ml) and 
pyridine (50ml) was added during 50rain to a stirred, 
ice-cooled, solution of thionyl chloride (4 ml) in benzene 
(100ml) and stirring was continued at 0°C for 5h, and 
finally under reflux for 30min. Volatile materials were 
removed at 25-30°C and 20mmHg, and the residual 
mixture of pyridine hydrochloride and polymer was 
extracted with dry benzene to remove the polymer, 
which was then recovered by freeze-drying. Continuous 
(Soxhlet) extraction of the crude product with dry ether 
for 24h gave the chlorine-ended polymer, which was 
crystallized from dry ether (25 ml/g) and then freeze-dried 
from benzene to give an almost white solid (4g, 20%) 
(Found: C, 52.6%; H, 8.9%; C1, 4.9%; 

CI(CH2CH20) saCH2CH2C1 

requires C, 54-5%; H, 9-1%; C1, 4.7%). 
Polymer of tool. wt. 1000 was prepared analogously, 

but the scale was reduced to one-twentieth. 

Phenoxy-ended polymers. Sodium hydride (0.15 g) was 
added portionwise to a stirred solution of phenol (0.6 g) 
in dimethyl sulphoxide (30 ml) at room temperature, and 
stirring was then continued for 2h. The solution was 
heated to 60°C, and to it was added dropwise to a solution 
of chlorine-ended poly(ethylene oxide) (0.9g, mol.wt. 
1500) in dimethyl sulphoxide (10ml), and the mixture 
was then stirred at 60°C for 24h. The mixture was cooled, 
added to water (50ml), and the solution was acidified 
with 10% hydrochloric acid and then extracted with 
benzene (6 x 30ml). The combined extracts were shaken 
with sodium hydroxide pellets (10 g) for 30 min, separated 
and the solvent was removed, finally at 100°C and 20 
mmHg, leaving phenoxy-ended polymer (,,~ 60% yield) 
contaminated with dimethyl sulphoxide. The polymer 
was purified by gel permeation chromatography (see 
below). 

An analogous reaction was carried out with polymer 
of tool. wt. 1000, but residual dimethyl sulphoxide was 
removed by distillation at 100°C (bath) and 0.01 mmHg 
into a trap cooled in liquid nitrogen. The yield was 60 %. 

IH n.m.r, spectra of the phenoxy-ended polymers 
(in CrDr) showed only bands due to PhO@- 2.70-3.05) 
and -CH20-  (~ 6.50) groups, with the required intensities. 

Molecular weights 
No degradation of molecular weight was observed in 

the preparations of chloro- and phenoxy-ended polymers. 
The relevant molecular weight data are given in Table 1. 
The intrinsic viscosity in benzene at 25 °C of the chloro- 
ended 1500 polymer was identical (0.062dl/g) with that 
of the hydroxy-ended polymer. Intrinsic viscosities ofpoly- 
(ethylene oxide) samples are 2° insensitive to end-group 
when the molecular weight exceeds 1000. All fractions 
were characterized by gel permeation chromatography 
(tetrahydrofuran at 45°C, 2ml injection of 0-25% 
solution, flow rate ! ml/min, columns: maximum nominal 
pore sizes (A) of 1-5 x 105, 1.5 x 104, 2 x 103, 3.5 x 102). 
Calibration was by means of hydroxy-ended poly(ethylene 
oxide) fractions covering the molecular weight range 
1000 to 10 000. Correction for adventitious dispersion 
was made by the method of Aldhouse and Stanford 21. 
Minor variations in the number-average molecular 
weights calculated from the gel permeation chromato- 
graphs are attributable to the overlap of impurity peaks 
with the low molecular weight tail of the distributions, 
and also to changes in the size and polarity of the end- 
group. 

Melting points 
Dilatometry. Small samples (<200mg), moulded in 

high vacuum, were placed in glass dilatometers, outgassed 
and confined with mercury. The dilatometers were 
immersed in boiling water for 15min and their contents 
were then allowed to crystallize at room temperature. 
Melting was effected by placing the dilatometer in an 
oil bath held a degree or so below the melting point and 
then raising the temperature by 8 deg/h. Expansion was 
followed by means of a cathetometer. The melting point 
was taken to be that point at which detectable crystallinity 
(judged by volume) disappeared. 

Microscopy. Small samples (<10mg) were placed 
between slide and coverslip, melted near 80°C, and then 
allowed to crystallize at room temperature. The slide 
was viewed on the hot stage of a Reichert polarizing 
microscope, the temperature of which was raised at 
about 1 deg/min. The temperature at which birefringence 
disappeared was taken to be the melting point. 

RESULTS 

Melting points were measured several times and mean 
values are given in Table 2. Reproducibility was about 
+0.1 deg for dilatometry, +0.5deg for microscopy. 

Values of the end interracial free energy of lamellar 
crystals (~e) have been calculated by comparison of the 

Table I Molecular characteristics of poly(ethylene oxide) fractions 

Hydroxy- Ch lo ro -  Phenoxy-  
ended ended ended 

['r/] Mw/ ["1] Mw/ Mw/ 
Fract ion i n  (dl /g) Mn Mn (dl /g) Mn Mr= Mn 

1000 1000 - -  1-06 1000 - -  1-05 1000 1-05 
1500 1500 0 '062 1"05 1300 0.062 1.05 1500 1-05 
3300 3300 0.110 1.08 . . . . .  
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Table 2 Melting points (Tin) and end interracial free energies (ere) 
of poly(ethylene oxide) fract ions 

Tm (°c) 
ae 

Fraction End group Di latometry Microscopy (kcal/mol) 

1000 

1500 

-OH 39-1" 37.5 1.4 
-Cl  - -  30"0 1 '9 
-OPh - -  30.7 1-9 
-OH 48.5 48.9 1-5 
-CI 43-6 43.9 9.0 
-OPh - -  43.0 2-0 

* Data reported earlier a for a similar fraction 

measured melting points with those calculated for ex- 
tended chain lamellar crystals of poly(ethylene oxide). 
The calculation, discussed in detail in an earlier paper 4, 
is based on Flory's theory 22 of  melting of  crystals 
composed of polymer of finite molecular weight, which 
has been modified 4 to allow for the effect of molecular 
weight distribution. The appropriate equation for 
extended chain crystals is4: 

TIn=T°[1 --(2~e/ Ah~)]/{1 +(RT°/Ah)[(1/xn)-OnI/O]} 

where T °, the thermodynamic melting point of poly- 
(ethylene oxide), is z3 349K; Ah, the heat of  fusion of  
bulk poly(ethylene oxide), isZ, 24 2kcal (mol chain 
units)-1; xn is the number-average chain length (in chain 
units ;) ~ is the lamellar crystal thickness (in chain units); 
I is given by: 

where w(x) is the weight distribution, which can be 
taken 4 to be given by a Schulz-Zimm 25 distribution. 

The assumption ~=0.9xn, which is indicated by 
observations of  lamellar thickness and density for 
crystals of  hydroxy-ended poly(ethylene oxide), taken 
together with the values of Xn and Mw/Mn indicated 
by Table 1, leads to the values of ~re given in Table 2. 
It has already been shown 4 that values of ~e calculated 
in this way are not very sensitive to the choice of  lamellar 
thickness. 

DISCUSSION 

As expected, the melting points of fractions 1000 are 
consistently lower than those of  1500 no matter what the 
end-group. However, the melting points of  the hydroxy- 
ended poly(ethylene oxide) fractions are higher, by some 
5-7deg, than those of  the fractions with non-polar 
end-groups, either chloro or phenoxy. Within the assump- 
tion that crystallites of  all the samples are lamellae 
composed essentially of extended-chain molecules, the 
lowering of melting point observed when the hydroxy- 
ends are replaced by chloro- or phenoxy-ends corresponds 
to an increase in end interfacial free energy Ore) of  about 
0.5kcal (mol of  chains emerging) -1 irrespective of  
molecular weight. The alternative assumption, that 
(re is unchanged and that the lowering of  melting point 
observed on replacing hydroxy-ends by non-polar-ends 
is due to a large decrease in lamellar thickness, is not 
attractive. A decrease in lamellar thickness to about 
half the extended chain length would be required in 
order to explain the observed changes in melting points, 

and this would be possible at constant ae only if extensive 
chain-folding occurred 5. A decrease in lamellar thickness 
whilst maintaining the extended-chain conformation of 
the polymer would result 4 in a large increase in ae. 

The similarity of  the effects found for chloro- and 
phenoxy-ended poly(ethylene oxide) fractions points to 
an explanation based on differences in end-group inter- 
actions rather than on differences in packing in the end 
interfacial layer. In particular there is the possibility of  
forming hydrogen bonds (hydroxy-hydroxy and hydroxy- 
ether) in systems involving hydroxy-ended polymers. 

The end interfacial free energy of  an extended chain 
crystal is the free energy change on transferring 1 mol of 
chain ends from the melt to the melt-crystal end inter- 
facial layer. Measurements of  the density of  hydroxy- 
ended poly(ethylene oxide) of molecular weight near 
1000 indicate a degree of crystallinity of about 80 % so 
that exclusion of  end-groups from the crystalline phase 
results in their concentration in the interfacial (inter- 
lamellar) layer, to mol % near 45 in the interfacial layer 
compared with 9 in the melt. Consequently the process 
of formation of the end interface will be accompanied by 
an interchange of  hydroxy-ether for hydroxy-hydroxy 
hydrogen bonds which can be written : 

( - O H  - -  - O ( )  ~ ½(-OH - - -  OH-)  + 

o() (1) 

O / an \ 

(2) 

+(_o.___oD+ 
(S - - - S) (3) 

- - - O J ) + ½ ( S - - - S )  (4) 

where - O H  denotes a hydroxy end-unit and 

ether chain-unit, and the intermolecular contacts are 

indicated by - O H  - - - O / and - O H  - - - O H -  for \ 
hydrogen bonding, and by \ \ O - - -  O / for van der / \ 
Waals interaction. I f  we assume, reasonably, that the 
interchange free energy for the end-unit and chain-unit 

contacts is near zero when the polymers are chloro- or 
phenoxy-ended, then our result is consistent with a free 
energy change for the interchange process (1) of not less 
than - 0 . 5  kcal/mol, and equal to - 0.5 kcal/mol if all 
hydroxy-groups are involved in the interchange process. 

The thermodynamic properties of hydrogen-bonded 
species between alcohols and between alcohols and ethers 
have been discussed by Pimentel and McClellan 26. Data 
are available 26 for processes of formation in inert solvents 
(S) which can be written: 

(S - - - OH-)  ~ ½(-OH - - - OH-)  + ½(S - - - S) 

(s---  OH-)+ (S--- O 0 

(s o0+,( o 
and which provide a path [ (2)+(4)-(3)]  equivalent to 
the interchange process (1). Values of  AH and AS for 
process (4), which involves interchange of van der Waals 
interactions, will be effectively zero. Values of AH and 
AS for processes (2) and (3) vary with the alcohol or 
ether under consideration, but place the value of  AG 
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for  process  (1) between zero and  - 1  kca l /mol  in the 
t empera tu re  range used in this  work.  I t  wou ld  seem, 
therefore,  tha t  a very s imple mode l  for  the crystal-  
l izat ion in which h y d r o x y - h y d r o x y  bond ing  is infrequent  
in the mel t  bu t  p r e d o m i n a n t  in the interfacial  layer  con- 
forms with  our  exper imenta l  results.  
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High temperature stability in 
fluorosilicone vulcanisates 

D. K. Thomas 

Materials Department, Royal Aircraft Establishment, Farnborough, Hants, UK 
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Fluorosilicones are less heat stable than conventional methyl silicones because (a) they 
are more likely to revert to low molecular weight cyclic products, and (b) they are more 
susceptible to oxidation and free radical attack generally. Reversion is promoted by base 
catalyst residues from the polymerization process, but the effect can be minimized by a 
proper choice of compounding ingredients and vulcanizing reagents. Oxidation leads to 
crosslinking and in certain circumstances this can mask the effect of reversion. 

INTRODUCTION 

Silicone rubbers are outstanding in their ability to resist 
the effects of high and low temperature. At present the 
best balance of properties in respect of mechanical 
strength and resistance to extremes of temperature is 
achieved in the methyl-vinyl silicones, but they lack 
resistance to a range of commercially important hydro- 
carbon based fluids. 

The introduction of fluorosilicones provided silicone 
rubbers having an excellent resistance to non-polar 
fluids. In many other respects their properties are 
comparable with those of methyl-vinyl silicones, but in 
both the vulcanized and unvulcanized state they appear 
to be substantially less heat stable than the latter. For 
example, conventional oven ageing tests gave the follow- 
ing estimates for heat stability in the two vulcanisatesl : 

Useful life in hours at high 
temperature 

150°C 175°C 200°C 

Fluorosilicone 20 000 5 000 4 000 
Methyl-vinyl silicone 30 000 15 000 10 000 

It has been shown, for methyl-vinyl silicones, that the 
type of organic peroxide used for vulcanization has a 
significant effect on vulcanisate stability 2 and that 
residual catalyst from the polymerization process can 
adversely affect heat stability 3. It is also known that 
hydrolytic scission can be a major cause of structural 
change in methyl-vinyl silicones in confined or humid 
conditions at moderately high temperatures 4, and that 
certain fine particle fillers have a considerable effect on 
heat stability. 

The present work is concerned with establishing the 
principal causes of high temperature instability in 
vulcanisates produced from commercially available 
fluorosilicone gum stock. The effect on heat stability of 
the different curatives and fine silica powder used in 
practical formulations is also considered. 

EXPERIMENTAL 

Materials and processing 
The polymers used were a commercially available 

methyl trifluoropropyl silicone (Dow-Corning LS.420) 
containing about 0.2mol~ of vinyl groups and a non- 
vinyl methyl trifluoropropyl silicone (not available 
commercially; supplied by Dow-Corning). The cross- 
linking reagents used were benzoyl peroxide (BzP), 
dichlorobenzoyl peroxide (DCBzP), dicumyl peroxide 
(DCP), and 2,5-dimethyl-2,5-di-t-butylperoxyhexane 
(VX). Filled compounds contained 20 parts by weight 
of fine fumed silica, Aerosil K3 (now known as Aerosil 
200). 

In all cases compounding was carried out on a 6 x 2 in 
laboratory roll mill and vulcanization was effected under 
pressure for l h at 160°C; no post-cure treatment was 
given. 

Equilibrium swelling measurements 
The solubility and degree of swelling of fluorosilicone 

vulcanisates was determined in ethyl acetate at 28°C. 
About 0-2g of rubber was weighed accurately and 
immersed in a large excess of ethyl acetate until it had 
reached an equilibrium swollen state (usually about 
48 h). The rubber was then removed, surface dried, and 
weighed in a stoppered bottle. Finally the solvent was 
removed under reduced pressure at room temperature 
and the dry rubber was weighed. Solubility was calculated 
from the initial and final dry weights, and the volume 
fraction of rubber in the vulcanisate swollen to equi- 
librium (Vr) was calculated using values of 1.30 and 0.90 
for the densities of polymer and solvent respectively. 
The value of Vr is related to crosslink density or the 
number-average molecular weight between crosslinks 
(Me) by the Flory-Rehner equation 5. In some instances 
the results of swelling measurements are expressed in 
terms of a swelling ratio (= equilibrium swollen weight/ 
final dry weight); this is designated SR and the smaller 
it is the more highly crosslinked is the rubber. 
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Oven ageing experiments 
Rubber specimens of thickness 0.50 mm were exposed 

to high temperature in air in a relaxed state. Heating was 
carried out in an oven having forced ventilation and 
changes in rubber network structure were followed by 
swelling measurements in ethyl acetate. 

Stress-relaxation measurements 
Continuous stress-relaxation measurements were made 

using the technique described previously 6. Measurements 
were made on strips of rubber of dimensions 51 x 5.1 × 
0.5mm at a constant extension of about 25%. When 
'moist' and 'dry' atmospheres were required the pro- 
cedure described by Lewis and Turner 7 was adopted. 
The rate of flow of air through the relaxometer envelope 
was 0.76 1/min in all cases and the temperature was 
controlled to within +0.2°C. 

RESULTS AND DISCUSSION 

Vulcanization of  fluorosilicones 
In methyl-vinyl silicones the crosslink density achieved 

on heating with organic peroxides is virtually controlled 
by the concentration of vinyl groups in the polymer 2. 
The crosslink density rises sharply with increasing 
peroxide concentration and quickly reaches a maximum, 
the value of which is determined by the vinyl content of 
the material. In the fluorosilicones the situation appears 
to be different. In vinyl-containing fluorosilicones there 
is again a sharp rise in crosslink density at low peroxide 
concentration, but this is followed by a continuing 
upward trend in crosslink density with increasing 
peroxide concentration (see Figure 1). Furthermore 
experiments carried out with a non-vinyl fluorosilicone 
and curing agents BzP and DCBzP give results which are 
virtually coincident with those found for the vinyl 
containing polymer. 

Apart from indicating the much greater susceptibility 
to free radical attack of the fluorosilicones by comparison 
with the methyl silicones, and the implications this has 
in terms of their ability to resist thermo-oxidative attack, 
these results suggest that the nature of the crosslinks may 
be rather different as between vinyl-fluorosilicones and 
methyl-vinyl silicones. It is also possible that unreacted 
vinyl groups may be present in press-cured vinyl- 
fluorosilicone rubber. 

From equilibrium swelling measurements in ethyl 
acetate and a knowledge of the molar concentration of 
peroxide curing agent, it is possible to calculate the 
crosslinking efficiency of each peroxide in the vinyl- 
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QO 
CM 
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o 
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/ 

I 
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I I I I 
O I 2 3 4 

Wt 9'o peroxide 
Figure I Crosslinking of fluorosilicone rubber. Q, VX; C), BzP; 
x,  DCBzP; +, DCP; ~, BzP in non-vinyl rubber 
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Figure 2 Crosslinking efficiency of organic peroxides in fluoro- 
silicone. O, BzP; ©, VX; +, DCBzP; A, DCP 

fluorosilicone. The efficiency of all four peroxides appears 
essentially the same (see Figure 2), varying from 109~o 
at the lowest concentration to 27~ at the highest. 
The occurrence of efficiencies greater than 100~o indicates 
that vinyl groups must be involved to some extent in the 
crosslinking reaction. Such high efficiencies would follow 
from the mechanism proposed for the vinyl group 
crosslinking reaction in which the primary aryloxy or 
alkoxy free radicals are regenerated. 

~ F ArO" ~F 
- - O - - S i - - O - -  or Ro ~ - - O - - S i - - O - -  

I I 
CH RO-- CH 
II I 
CH2 CH2 

.F 
--O--Si--O-- + --O--Si--O-- i. ~ O - - S i - -  O -  

I I I +RO" 
RO-- CH CHa (CH2)a 

I I 
C. H2 - - O - - S i - - O - -  

I 
RF 

In terms of ease of handling and crosslinking efficiency 
there is no apparent difference between the four peroxides 
used. However, in view of the ease with which BzP and 
DCBzP crosslink a non-vinyl fluorosilicone they are 
likely to leave significant amounts of rather involatile 
acidic residues in a vinyl-fluorosilicone vulcanisate. 
VX and DCP are cleaner reagents in that they produce 
volatile by-products which should be lost from the 
vulcanisate during press and post-cure treatment. 

Network seission at high temperature 
In a peroxide-cured vinyl-containing fluorosilicone 

there are four reactions which could lead to network 
scission during heating in air: (a) depolymerization or 
reversion to give low molecular weight cyclic products; 
(b) hydrolytic scission at siloxane bonds in the main 
chain polymer; (c) oxidative scission at crosslinks which 
are hydrocarbon in nature; (d) thermal scission of labile 
crosslinks, e.g. -Si-Si-. During long-term heating in the 
absence of air and moisture the main effect would be a 
reversion of the polymer to low molecular weight cyclic 
products, and this process will be accelerated in the 
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Table 1 Loss of weight in vinyl-fluorosilicone gum vulcanisates 
during heating in air at 200°C 

i | |  

Loss in weight (%) 

Curative 100h 200h 400h 600h 1000h 

2"5% DCP 6"6 8"6 12"0 14"8 19"6 
2"0% BzP 4.7 5"5 6"8 8'0 10'0 
1 '5% VX 4.0 4 '6  6.4 7 '5 
1 "5% DCBzP 3.8 4'1 4.8 5"4 6"8 

. 

presence of  base catalyst residues 3. These cyclic siloxanes, 
presumably trimer and tetramer, will be volatile at 
elevated temperatures and their formation will be 
evidenced by a progressive loss in weight during heating. 
The losses in weight observed on heating vinyl-fluoro- 
silicone gum vulcanisates in air at 200°C are shown in 
Table 1, and there appear to be significant differences in 
stability between vulcanisates prepared with different 
peroxides. 

In addition to a loss in weight there is also a consider- 
able increase in the fraction of vulcanisate soluble in 
ethyl acetate. The results of solubility and weight loss 
measurements on a 2-5~ DCP vulcanisate are shown 
together in Figure 3, and they indicate that reversion to 
volatile products is accompanied, or possibly preceded, 
by a scission reaction leading to the production of 
involatile but soluble main chain fragments. Such a 
reaction could be hydrolytic scission in the main chain 
which has previously been established as a cause of 
network scission in methyl-vinyl silicones 4. 

The best method of observing network scission in a 
rubber vulcanisate is by means of continuous stress- 
relaxation measurements. Experiments carried out on 

Table 2 Cont inuous stress-relaxation rate constants (k) for 
vinyl- f luorosi l icone gum vulcanisates 

Wt.% of k in moist air at 200°C (min -1) 
peroxide 
curative DCBzP VX BzP DCP 

1 '0 - -  - -  1 .2x  10 -3 
1-5 - -  - -  1 .3x10-3  
2-0 4 .15x  10-4 - -  1 '35x10 -z Too unstable 
2-5 2 .7x10  -4 8 .2x10  -~ ~ for  measurement 
3.0 - -  - -  1.59x10-3 

Table 3 Cont inuous stress-relaxation rate constants (k) for 
sil ica-fi l led vinyl- f luorosi l icone vulcanisates 

k in '  moist '  air at 200°C ( min -1) 
Wt.% of 
peroxide 
curative DCBzP VX BzP DCP 

1.0 3 .2x10  -4 3 .8x  10 -a 6 x  10-4 _ 
1.5 - -  - -  6 .2x  10 -4 - -  
2.0 3 .2x10  -4 5 .0x10  -4 9 .0x  10-4 - -  
2.5 3 .4x10  -4 4-0×10-4 - -  6 .6x  10-4 

Table 4 Rates of network scission in fi l led v inyl- f iuorosi l icone 
vulcanisates in 'moist '  and 'dry' air at 200°C 

Cont inuous relaxation rate constant, k 
(min -1) 

Curative In 'moist '  air In 'dry' air 

2"5% DCP 6"6x  10 -4 2 .3x  10 -4 
2"5% DCBzP 3 .4x  10 -4 5 .8x  10-6 
2-5% VX 4"0× 10 -4 8 .2x  10-5 

22 
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Figure 3 Effect of heating a fluorosilicone gum vulcanisate in air 
at 200°C. e ,  Weigh t  loss; + ,  solubil i ty in ethyl acetate 
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Figure4 Continuous stress-relaxation in moist air at 200°C 
©,3% BzP; x , 2 . 5 %  VX; +,2.5% DCBzP 

gum vulcanisates in 'moist' air at 200°C confirmed the 
order of  stability given by the weight loss experiments, 
the DCP vulcanisate being so unstable that a meaningful 
value could not be obtained for the relaxation rate 
constant. A few continuous stress-relaxation curves are 
shown in Figure 4 and the relaxation rate constants, 
expressed as slopes of the semi-log plots of  relative 
stress (ft/fo) versus time, are shown in Table 2. 

The DCBzP gum vulcanisate is clearly the most 
resistant to network scission and the order of  stability in 
moist air at 200°C is DCBzP > VX > BzP>>DCP. With 
an optimum amount of DCBzP or VX the resistance of  
fluorosilicone gum vulcanisates to network scission at 
200°C can equal that of  methyl-vinyl gum vulcanisates. 

The incorporation of 20 parts by weight of fine silica 
improves vulcanisate stability in all cases, and it becomes 
possible to assign a relaxation rate constant to DCP 
vulcanisates. The results are shown in Table 3 and it can 
be seen that although the addition of fine silica has gone 
some way towards smoothing out the differences between 
vulcanisates, those prepared with DCBzP and VX are 
still the most stable. 

At 250°C the superior stability of DCBzP vulcanisates 
in moist air is also evident : 

2 .5~ DCBzP k=2-76 × 10-3rain -1 
2.5~ VX k=4-54 × 10-3min -1 
1.5~ BzP k = 5-03 × 10 -3 min -1 

As with methyl-vinyl silicones a change in environment 
from 'moist" to 'dry' air leads to a significant decrease 
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in the rate of network scission, presumably the same 
reaction, i.e. hydrolytic scission in the main chain 
polymer, is responsible for this difference in stability. 
The data in Table 4 illustrate the magnitude of the 
contribution of hydrolytic scission to network instability 
at 200°C. 

The relatively small contribution made by oxidative 
reactions to the observed rate of continuous stress- 
relaxation is shown by the small change in rate on going 
from air to nitrogen. For example, for a 1"5~o BzP 
unfilled vulcanisate the relaxation rate constant at 200°C 
was reduced from 1.3 x 10 -3 to 1.07 x 10 -3 on changing 
the environment from air to nitrogen. 

susceptible to oxidative attack than methyl silicones 
because of their high content of methylene groups. 
Oxidative reactions at these groups could lead to cross- 
linking. 

CF3 
I 

CFs CH2 
I I 

(CHz)s HCOOH 
i o ,  I 

--O--Si--O-- ~ --O--Si--O-- 
[ High temp. [ 

CHB CHs 

Heat 

Crosslinking at high temperature 

In general both scission and crosslinking occur during 
the heat ageing of rubbers in air; fluorosilicones are no 
exception. Preliminary experiments carried out in air 
at 250°C showed gross differences in behaviour between 
gum vulcanisates cured with different peroxides. Whereas 
DCBzP and VX vulcanisates embrittled rapidly, DCP and 
BzP vulcanisates became extremely soft and sticky. These 
changes occurred too quickly at 250°C for quantitative 
study but indicate that scission reactions predominate in 
DCP and BzP vulcanisates while crosslinking reactions 
predominate in DCBzP and VX vulcanisates. 

In order to study the changes occurring during heat 
ageing in air more closely a series of experiments was 
carried out at 200°C on gum vulcanisates prepared with 
various concentrations of all four peroxides. Typical 
results are shown in Figure 5 as plots of relative swelling 
ratio in ethyl acetate against time of heating. The 
behaviour observed at 250°C is reproduced at 200°C but 
over a much longer time scale, i.e. DCBzP and VX 
vulcanisates eventually embrittle and DCP and BzP 
vulcanisates soften. An additional feature apparent in 
these results is that stability is sensitive to peroxide 
concentration. For example, the degree of softening in a 
2.5% DCP vulcanisate is significantly greater than in a 
1"5~o DCP vulcanisate, and the rate of hardening in a 
1"5~o DCBzP vulcanisate is somewhat higher than that 
in a 2-5% DCBzP vulcanisate. The increases in swelling 
ratio shown in Figure 5 are always accompanied by an 
increase in the fraction of soluble material in the 
vulcanisate. 

In oven ageing experiments the observed change in 
network chain concentration will be the overall change 
resulting from scission and crosslinking reactions. It 
might be expected that fluorosilicones would be more 
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The extent to which oxidative crosslinking occurs is 
shown by a comparison of the overall changes in network 
chain concentration following heating in air and in vacuo. 
In a 2% DCP gum vulcanisate the value of the relative 
swelling ratio after 53 h heating in air was 1.43, the value 
after the same time in vacuo was 2"05. The much smaller 
decrease in network chain concentration evident after 
heating in air must be due to a high rate of oxidative 
crosslinking partly offsetting the effects of network 
scission. 

It appears, therefore, that the fluorosilicone network, 
as represented by DCP gum vulcanisates, is extremely 
unstable at temperatures of 200°C and above. The 
stability observed in gum vulcanisates during oven 
ageing at these temperatures is not a genuine stability 
but merely reflects the extent to which oxidative cross- 
linking is countering the effects of scission due to 
hydrolysis and reversion. In a situation in which the 
vulcanisate is in a strained configuration the real insta- 
bility should become evident. 

The use of peroxides other than DCP can lead to 
vulcanisates of much greater stability, and the results of 
continuous stress-relaxation experiments together with 
those of oven ageing suggest that the principal effect of 
using VX, BzP, or DCBzP in place of DCP is to reduce 
substantially the rate of network scission. It is important 
at this stage to consider why stability in gum vulcanisates 
is so dependent upon the nature of the peroxide used. 

Stability of DCBzP and BzP vulcanisates 
The primary products of thermal decomposition of 

DCBzP and BzP are dichlorobenzoyloxy and benzoyloxy 
radicals respectively and in a hydrocarbon substrate they 
may abstract hydrogen and form dichlorobenzoic and 
benzoic acid. It is known that DCBzP and BzP can pro- 
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duce crosslinks in a polydimethylsilicone, albeit with very 
low efficiency, by abstraction of hydrogen from methyl 
side groups. The opportunities for hydrogen abstraction 
are much greater in a fluorosilicone, as evidenced by the 
ease with which both peroxides vulcanize a non-vinyl 
fluorosilicone, and there will undoubtedly be a consider- 
able amount of  hydrogen abstraction, and therefore 
production of  free acid, during vulcanization of a 
vinyl-fluorosilicone with these peroxides. An alternative 
fate for the primary aryloxy radical would be rearrange- 
ment to give carbon dioxide and a phenyl radical, and a 
certain amount of this may also occur. 

Tests showed the raw vinyl-fluorosilicone polymer to 
be alkaline to litmus, and this is due, presumably, to 
residual basic catalyst from the polymerization reaction. 
Since the presence of  residual catalyst encourages 
reversion of  the polymer to low molecular weight cyclic 
siloxanes at elevated temperature it is possible that the 
improved stability of  DCBzP and BzP vulcanisates, 
relative to that of DCP vulcanisates, is due to a de- 
activation of  base catalyst residues by free acid and/or 
by carbon dioxide formed during vulcanization. If  
neutralization by free acid were the principal cause of 
improved stability it should be possible to achieve the 
overall stability of a DCBzP gum vulcanisate by addition 
of  free dichlorobenzoic acid to a DCP formulation before 
vulcanization. The crucial test of  whether free acid 
stabilizes the rubber by reducing network scission lies in 
continuous stress-relaxation measurements rather than 
in oven ageing tests where the issue could be clouded by 
the occurrence of  acid catalysed oxidative crosslinking. 

The results of continuous stress-relaxation measure- 
ments on a DCP gum vulcanisate containing 0 .2~ by 
weight of  free dichlorobenzoic acid are shown in Figure 6. 
The same vulcanisate without free acid was too unstable 
for measurements to be made at 200°C and it is evident, 
therefore, that the introduction of  free acid has led to a 
large reduction in the rate of  network scission. Increasing 
the concentration of  free acid to 2-0~ only produced a 
further 18~ decrease in rate of  network scission, and it 
would appear that addition of around 0 .2~ dichloro- 
benzoic acid is sufficient to neutralize the base catalyst 
residues in this particular batch of vinyl-fluorosilicone 
gumstock. The overall stabilization achieved by the 
addition of free acid is shown by the results of  oven ageing 
tests in Figure 7. The effect is striking, and the similarity 
between a vulcanisate compounded with free acid and 
one in which acid is produced as a by-product of 
vulcanization is evident. 

The increased stability of silica-filled vulcanisates over 
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Figure 6 Continuous stress-relaxation of a fluorosilicone gum 
vulcanisate in moist air at 200°C (1 "5% DCP+0.2% free acid) 

I-E 

0"9 
IOO 300 500 700 90(3 

Time (h) 

Figure 7 Oven ageing offluorosilicone gum vulcanisates at 200°C. 
o, 1.5% DCP; A, 1.5% DCP+0.2% acid; D, 1.5% DCP+1.0% 
acid 

that shown by gum vulcanisates may also be connected 
with neutralization of base catalyst residues. The fine 
fumed silica normally used in silicone rubbers gives a 
strongly acidic reaction; a 10~ by weight slurry of  fine 
silica in water had a pH in the range 4.2-4.3. It is signifi- 
cant that the addition of silica had very little effect on 
the rate of network scission in DCBzP vulcanisates 
(see Tables 2 and 3) where it is proposed that free acid 
produced during cure is itself sufficient to neutralize 
base catalyst residues. 

Differences in heat stability between VX and DCP 
vulcanisates 

In silicone rubber technology both VX and DCP are 
regarded as vinyl specific reagents. They are both 
relatively unreactive towards the primary hydrogen 
atoms in a dimethyl silicone rubber and in an unreactive 
substrate they both give rise to methyl radicals by 
rearrangement of the primary alkoxy or aryloxy radical. 

As far as reaction with the base fluorosilicone polymer 
is concerned the reagents should be closely similar; 
the gross difference in heat stability between their 
respective gum vulcanisates must derive from another 
source. 

The DCP used in the present work was in pure crystal- 
line form and was not diluted with inert powders or low 
molecular weight silicones, as is often the case with 
organic peroxides used in rubber processing. The VX was 
used as a 50:50 mixture with finely divided calcium 
carbonate. Under vulcanizing conditions, and at the 
temperatures used for evaluating heat stability a certain 
amount of carbon dioxide will be evolved and this is 
known to deactivate base catalyst residues in the polymer 3. 
The stability of VX vulcanisates is due, therefore, to a 
reduction in the rate of base catalysed reversion, and it 
should be possible to achieve a similar stability in a DCP 
gum vulcanisate by the addition of calcium carbonate 
during compounding. The results of oven ageing experi- 
ments are shown in Figure 8 and the increase in stability 
is striking. 

CONCLUSIONS 

A fluorosilicone gum rubber, as represented by DCP 
vulcanisates, is very unstable at high temperatures. 
At 200°C in the presence or absence of air network 
scission proceeds at a high rate, and appears to be due 
to the additive effects of  hydrolytic attack in the main 
chain polymer and reversion to low molecular weight 
cyclics. The rate of reversion is influenced by the presence 
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Figure8 Oven ageing offluorosilicone gum vulcanisates at 200°C. 
O, 1.5~ DCP; ©, 1.5% DCP+3% CaCOa 

in the polymer of base catalyst residues from the poly- 
merization process. It is proposed that the superior 
stability shown by DCBzP, BzP, VX, and all fumed 
silica-filled vulcanisates is due to a neutralization of these 
residues during vulcanization. Neutralization could be 
due to the free acid produced during vulcanization with 
DCBzP and BzP, to the acidic nature of the silica filler, 
or to the production of carbon dioxide from the calcium 
carbonate used as carrier for VX. 

The advantages of using free acid or calcium carbonate 
when compounding polymer containing base catalyst 
residues are shown by the results of continuous stress- 
relaxation measurements and oven ageing tests. The use 
of free acid must be closely controlled since amounts in 
excess of that required to neutralize catalyst residues will 

catalyse oxidative crosslinking and thereby lead to poor 
compression and tension set characteristics in the 
rubber. Fluorosilicones are susceptible to oxidative 
crosslinking at elevated temperatures and it is possible 
that further significant improvements in stability could 
be achieved by the use of suitable antioxidants. 

When compounding fluorosilicones for maximum heat 
stability it would seem desirable first to determine the 
pH of the gum stock. If the polymer is basic it is possible 
to select the type and concentration level of peroxide 
curative and filler to neutralize the system and thereby 
stabilize the polymer against excessive reversion. 
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Measurement of infra-red dichroism, stress 
and strain of elongated polymers 

B. E. Read and D. A. Hughes 
Division of Materials Applications, National Physical Laboratory, Teddington, 
Middlesex TW11 OLW, UK 

and D. C. Barnes and F. W. M. Drury 
Measurement Group Equipment Services, National Physical Laboratory, Teddington, 
Middlesex TW11 OLW, UK 
(Received 24 April 1972) 

A differential method is described for determining the difference of infra-red absorbance 
of an elongated polymer for radiation polarized parallel and perpendicular to the stretching 
direction, respectively. Measurements can be made at temperatures up to 200°C and the 
specimen tension and elongation can also be measured. In combination with conventional 
unpolarized measurements on undeformed samples the dichroic ratio, and its relationship 
to stress and strain, may be determined. The technique is similar to that reported by previous 
workers but differs in a number of detailed design features. Also, the sensitivity of the 
method is quantitatively discussed in relation to the sensitivity of conventional dichroism 
measurements. Correction procedures are proposed and analysed both for spectrometer 
resolution, and for the emission of radiation by the specimen at high temperatures. 

INTRODUCTION 

For a uniaxially elongated polymer, the absorbance (A ,,) 
of an infra-red peak measured with radiation polarized 
parallel to the stretching direction generally differs from 
the absorbance (A±) determined for radiation polarized 
perpendicular to this direction. This difference is a con- 
sequence of the orientation of  the transition moment 
vectors of the absorbing molecular groups relative to the 
direction of extension 1. If  the angle between the transition 
moment vector and an axis of  the absorbing group is 
known, then the dichroic ratio D = A ~,/A. can be used to 
evaluate the average orientation of these axes 1. 

For  crosslinked amorphous polymers in the rubberlike 
state, measurements of D for different absorption peaks 
can yield the preferential orientation of different con- 
formational sequences within the polymer chain 2, 3. For  
partially crystalline polymers, dichroic measurements on 
peaks respectively associated with the crystalline and 
amorphous regions can provide information on the rela- 
tive orientation of the two phases 2. Additional measure- 
ments of stress and strain afford a means of relating the 
mechanical behaviour to the structural deformation on a 
molecular level. 

In the conventional determination of the dichroic ratio, 
the oriented polymer and infra-red polarizer are each 
placed in the sample beam of  a double beam spectro- 
meter. A ,, and A .  are then successively determined with 
the polarizer inclined to transmit radiation polarized first 
parallel and then perpendicular to the direction of  elonga- 
tion. However, the magnitude of  A , - A ±  is frequently 

small so that values of D are close to unity. In this case the 
determination of  D from separate measurements of A t~ 
and A± lacks sensitivity. 

Methods have been proposed 1, 4 for the direct determi- 
nation of A , - A ±  which are capable of increased sensi- 
tivity. Marrinan 4 and Tink 1 independently proposed a 
double beam method in which the sample is placed in the 
common beam and two polarizers are employed, one in 
the sample beam and the other in the reference beam. The 
polarizers are inclined to transmit radiation polarized 
parallel and perpendicular, respectively, to the sample 
orientation direction, or vice versa. This type of method 
was subsequently used by Le Grand 5 and by Gotoh and 
coworkers 8-a and more recently by Wilkes and Stein TM. 
The present method is similar to that reported by these 
authors but differs in a number of detailed design features. 
Also, the sensitivity of the method is quantitatively 
analysed, and correction procedures are proposed both 
for resolution and for the emission of  radiation by the 
sample at high temperatures. 

CONSTRUCTION OF APPARATUS 

A schematic diagram illustrating the arrangement of  
components is given in Figure 1. The existing spectro- 
meter was a Grubb Parsons GS 2A or GS 3 instrument. 
The Nernst source (A) was moved back from its original 
location at the present sample space (D) to the position 
shown in Figure 1. Radiation from the source is reflected 
by a plane mirror (B) onto a concave mirror (C) and is 
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Figure 1 Schematic illustration of equipment 

thereby focused on the sample (D) to give an image ap- 
proximately the same size (25 mm high, 3 mm wide) as the 
Nernst source. The sample is clamped in a stretching 
device inclined at 45 ° to the (approximately) vertical 
monochromator components. 

After passing through the sample, the infra-red beam 
enters the double beam unit where it is split into two 
components. The usual reference beam (R) is focused 
close to the comb attenuator (E) and then passes through 
a silver halide wire grid polarizer (F). The polarizer is 
held in a rotatable graduated mount which is set to trans- 
mit radiation polarized at 45 ° to the monochromator 
components. The usual sample beam (S) passes through a 
similar polarizer (G) whose polarization axis is perpendi- 
cular to that of polarizer F. Subsequently the two beams 
are alternately focused on the entrance slit (I) of the mono- 
chromator (J) by means of the 12.5Hz reciprocating 
mirrors (H). After being dispersed by the mono- 
chromator the beams are received by the thermocouple 
detector (K) and the spectrometer then functions in the 
normal manner. At null balance, the trace obtained on the 
recorder (L) is the ratio of intensities transmitted by the 
sample and reference beam polarizers, respectively, as a 
function of wavelength. 

In order to correct for the effects of sample radiation at 
high temperatures (see below), a rotating sector (Q) may 
be placed immediately in front of the Nernst source. This 
serves to reduce the intensity incident upon, and hence 
transmitted by, the specimen. Three rotating sectors have 
been constructed, and these reduce the incident intensity 
by 25, 50 and 75~o respectively. The sector is rotated by a 
motor at about 130 Hz, which is a factor of about ten 
greater than the frequency of the reciprocating 
mirrors. 

The sample elongation is determined from the change in 
the distance between lines which are vapour deposited on 
the sample surface. The distance between lines is measured 
with a cathetometer (P). The cathetometer receives light 

from the sample via a reflecting mirror device (O) which 
may be inserted into a track on the optical bench between 
spectral measurements. The mirror system comprises two 
mirrors mounted one above the other in a Perspex frame. 
The lower mirror is located in line with the sample and its 
plane is inclined at 45 ° both to the horizontal and vertical 
planes. The plane of the upper mirror is perpendicular to 
the sample plane and 77.5 ° to the horizontal. This 
geometry yields a vertical image of the sample at the 
cathetometer having a 1 : 1 magnification. The lines on 
the sample thus appear horizontal. 

The stretching device, shown in Figure 2, is designed to 
displace samples equally from both ends 11. It incorporates 
a proof ring (M), the displacement of which is detected by 
a transducer (T) and recorded on the meter of an associ- 
ated bridge (N, Figure 1). The proof ring displacement is 
calibrated against load, and thus yields the tension in the 
specimen. The sample is surrounded by an insulated 
enclosure (U) which may be heated electrically to 200°C. 
Temperature is controlled manually by a Variac trans- 
former and measured with a chromel-alumel thermo- 
couple (V) inserted through guide tubes at the top of the 
enclosure. Inlet tubes (W and W') allow the introduction 
of inert gas and a fan-shaft respectively. The enclosure 
contains KBr windows (X) which are held between sili- 
cone rubber gaskets within detachable mounts. The 
windows allow the transmission of the infra-red beam. For 
reducing the height of the beam at the sample when study- 
ing narrow specimens, collimating plates (Y) are attached 
to the ends of adjustable rods (Z) inserted through oppo- 
site sides of the enclosure. 

Samples are vacuum moulded into dumbell shapes 
having dimensions shown in Figure 3. This Figure also 
illustrates the positions of the surface lines used for 
elongation measurements. The effective lengths of the 
unextended samples between clamps of the stretcher is 
50 ram. They can be extended to an effective length of up 
to 150 mm, equivalent to a maximum extension of 200~. 
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Figure 2 Stretcher unit and accessories 
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The percentage extension may be considerably increased 
by using shorter unextended samples. 

The following aspects of the current design merit 
particular comment. (1) The 45 o inclination of the sample 
and polarizers eliminates polarization effects subsequently 
introduced by the monochromatod. (2) The location of 
the sample in front of the double beam unit differs from 
most previous designs 1, 4, 6-9 in which the sample is placed 
in front of the monochromator entrance slit after the two 
beams have been recombined Our arrangement was 
adopted since, with relatively minor modifications, it 
yielded greater space for, and accessibility to, the sample 
and accessories. Furthermore this arrangement eliminates 

errors due to sample birefringence which may arise if the 
sample is located between polarizers and mono- 
chromatod. Relatively large local heating of the sample 
by the infra-red beam is encountered with the present 
arrangement, although this effect is no larger than that 
found with many modern infra-red instruments. (3) As 
noted above, the stretcher is designed to displace the 
sample equally from both ends. This design maintains the 
beam at the same part of the sample at all extensions and 
thus eliminates errors arising from non-uniformities of 
specimen thickness or orientation. (4) The wire grid 
polarizers are compact and yield a much higher degree of 
polarization than the tilted plate polarizers frequently 
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Figure 3 Sample dimensions and illustration of vapour deposited 
lines for strain measurement 

employed. Errors due to polarizer inefficiency are thus 
negligible. 

THEORY 

Determination of A ,, - A.  
For a normal infra-red absorption peak, obtained with 

both the sample and polarizer in the usual sample area of 
a double beam instrument, we define A, and A.  as 
follows: 

A ,, =loglo(Io, ,/I,,) (1) 

and 

A .  = 1Oglo(/o, . / /~)  (2) 

where I,, and I .  are the intensities of transmitted radiation 
at the wavelength of maximum absorption for radiation 
polarized, respectively, parallel and perpendicular to the 
stretching direction. I0,. and I0 , .  are the transmitted 
intensities corresponding to the baselines of the parallel 
and perpendicularly polarized spectra respectively. The 
above quantities are schematically illustrated in Figure 4a. 

With the differential method, if the sample and reference 
beam polarizers are inclined to transmit radiation 
polarized parallel and perpendicular to the stretching 
direction respectively, then the intensity transmitted by 
the sample beam polarizer is, from equation (1): 

I,, =I0,  ,. 10 -a,, (3) 

Similarly, from equation (2), the radiation intensity 
transmitted by the reference beam polarizer is: 

I.=Io..10 - a -  (4) 

As noted above, the spectrometer records directly the 
ratio of intensities transmitted by the sample and reference 
polarizers. From equations (3) and (4) this ratio is: 

I,, I 0 ,  , 10_(. 4',_a.) (5) 
I .  I 0 . .  

Thus, 

A ,, - A .  = lOglo(/o. ,/Io, .) --lOglo(I./I.) (6) 

The ratios Io, ,,/Io,., and I , / I .  correspond, respectively, 
to the baseline and the peak of the differential spectrum, 

as indicated schematically in Figure 4b. In practice I0,. 
and Io.. may differ slightly for a number of reasons 
including: (a) possible differences in scattering by the 
sample of the parallel and perpendicular components of 
the incident radiation; and (b) possible differences in 
transmission of the two polarizers. Generally, however, 
the ratio I0, ./Io,. will be close to unity, as assumed by 
Gotoh and coworkers 6. Differences between I0, tr and 
Io , .  are, in any case, of no consequence in this method, 
since A , - A .  is determined from the measured ratios 
I0, ,,/Io,. and I,,/I. according to equation (6). 

If, in the differential method, the sample and reference 
beam polarizers are set to transmit radiation polarized 
perpendicular and parallel, respectively, to the stretching 
direction then equation (6) becomes: 

A,-A.=loglo(I . / I , )- loglo(Io,. / Io, ,) (7) 

In this case the baseline and peak of the differential 
spectrum correspond to Io, 1/lo,, and I . /I ,  respectively, 
as illustrated in Figure 4e, and A , - A ±  is calculated 
according to equation (7). 

It must be emphasized that the absorbances A, and A., 
and hence the difference A, - Al, are proportional to the 
thickness d of the specimen in the infra-red beam. In order 
to eliminate the thickness variable, and obtain a number 
characteristic of a given material, the quantity (A, - A . ) / d  
could be evaluated. Similarly, if we define an extinction 
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Figure 4 Schematic illustration of ordinary polarized spectra (a) 
and differential spectra with sample beam polarized [I, reference 
beam polarized _L (b) and sample beam polarized _L, reference 
beam polarized Jl (c). Left and right hand diagrams correspond 
to positive and negative values of A I I -A± respectively 
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coefficient c by ~=Aldp,  where p is the sample density, 
then the difference in extinction coefficient for parallel 
and perpendicular radiation, c, - c . = ( A , - A 3-)/ dp may 
be determined. Preferably, however, the dichroic ratio 
D = A , / A ±  = c , /% should be obtained, since this quantity 
is both independent of specimen thickness and has been 
related theoretically to the average orientation of absorb- 
ing molecular groups. In the following section the deter- 
mination of D from A, - A± will therefore be considered. 

Determination o f  the dichroic ratio f rom A ,  - A± 

Additional measurements of either A ~r or A .  enable the 
determination of D from A ~t-A± since: 

Aii - A ±  _ D -  1 (8) 
A± 

o r  

A ,, - A ± _  1 - D -1 (9) 
A Ii 

If  the sample accessories and polarizer are sufficiently 
compact to fit into the usual sample space of the spectro- 
meter, then the separate determination of  A, or A± can be 
effected in the conventional manner. However, with the 
present spectrometer, the usual sample area is too small to 
accommodate the stretcher, temperature enclosure and 
polarizer and A, or A .  are estimated from absorbance 
measurements on unextended samples. The method is 
based on the assumption, frequently valid to a good 
approximation, that the concentration of  absorbing 
species is unaffected by the deformation. In this case A, 
and A± are related to the average absorbance A0 for the 
unstrained polymer, measured with unpolarized radiation, 
by the equation: 

A, + 2 A . = 3 A 0  dp_ =3c0dp (10) 
uOp 0 

where do, p0 and E0 are the thickness, density and extinc- 
tion coefficient, respectively, for the unextended specimen. 
From equation (10) it follows that: 

Aii - 2(A ii - A±) + 3 codp 3 ( l l )  

and 

Hence 

A 3 -=3codp- (A  ,, - A 3-) 
3 (12) 

D _ 2 ( A , , - A ± ) +  3codp 
3 c o d p -  (A,, - A. )  (13) 

The determination of D from A, - A ±  thus requires the 
additional knowledge of c0, d and p. c0 can be obtained 
from measurements of  A0, do and p0. The determination 
of A0 is straightforward and only requires the unstrained 
specimen in a small temperature enclosure to be accom- 
modated in the usual sample area. Assuming negligible 
volume change on extension, and an equal contraction in 
thickness and width, then p = po and d can be calculated 
from measured values of  do and elongation. 

Sensitivity o f  measurement 
It has been variously reported that the differential 

method increases the precision of dichroism measure- 

ments by over a hundredfold ~ or tenfold 9 compared with 
the conventional method. In fact the relative sensitivity of 
the two methods depends on the magnitude of both the 
dichroic ratio D and the average absorbance 
A = (A, +2A.)/3.  We may note that D is related to the 
molecular orientation and is independent of the con- 
centration of absorbing species. Conversely A is propor- 
tional to the concentration of absorbing species and sample 
thickness and, providing that these remain constant, is 
independent of orientation. In the following discussion D 
and A are thus taken as the independent variables. 

For purposes of analysing the sensitivity of the dif- 
ferential technique, it is convenient to derive a few rele- 
vant relationships. Firstly, from the definition D = A ~/A ± 
and equations (1) and (2) we have: 

logl0(10, H/I ,,) = Dlogl0(10, 3-/13_) (14) 

Furthermore, from equation (14) we obtain: 

A = ½(A ~ + 2A±) 

= ~[log10(10, ~,/ltl) + 21og10(10, ±/1.)] 

Hence, 

= 1(D + 2)log 10(Io, ±/1~) (15) 

[3_ _ 10_3A/(D+2) (16) 
I0, ± 

From equations (14) and (15): 

1 D + 2  
A = ~ ( - ] 9 - ) l o g l o ( I o , , i / I u )  (17) 

Thus 

[11 = IO-3DA/(D+2 ) (18)  
/0 ,  II 

The sensitivity of the differential technique depends on 
the magnitude of the observed peak height as a function of 
D and A. Considering the case in which the sample and 
reference polarizers are set in the parallel and perpendicu- 
lar orientations, respectively, it is evident from Figure 4b 
that the peak height can be represented by: 

- ~ I o ,  3_ I ~ / / l o ,  3_ 

= 1 - ( I , , / lo ,  ,,)/(I±/Io, 3_) (19) 

Equations (16), (18) and (19) then yield, 

H =  1 - lO -3A(D-1)/(D+2) (20) 

Figure 5 shows plots of H against D for different values 
of A according to equation (20). The sensitivity of mea- 
surement, as represented by the slopes of  these curves, is 
seen to increase with increasing A and decreasing D. The 
slopes are given by the partial derivative: 

~H 2 303 ×9A 1 3A(3 1)/(3+2) 
( ~ D ) A - -  ' i T A ;  2 O- - (21)  

As D tends to unity equation (21) becomes 

D----~I 

so that the sensitivity becomes proportional to A. Accord- 
ing to equation (22) a dichroic ratio of 1.01 would yield 
peak heights of about 2"3~ and 4.5~ of a full-scale 
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Figure 5 Differential peak height, H, plotted against D for various 
values of average absorbance, A, indicated on the curves 
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Figure 6 Plots of A against D for different values of average 
absorbance, A, indicated on the curves 

deflection for average absorbancies of 1 and 2, respec- 
tively. Dichroic ratios of the order of 1.01 probably repre- 
sent the lowest dichroic effects which could be determined 
by the differential method. 

The relationship between the differential and con- 
ventional methods is illustrated by recasting equation (19) 
in the form: 

H- (I±/Io, ±)- (I,/Io, ,) 
(/~/Io, ±) 

_ Io, j. r(Io,_, -_ I , )  ( Io ,  ± - / 1 ) ]  
Ix L Io,, Io,± J 

_Io, ±A 
1± 

(23) 

Reference to Figure 4a shows that A measures the dif- 
ference between peak heights of the two spectra deter- 
mined separately with parallel and perpendicularly 
polarized radiation, respectively. This quantity largely 
determines the sensitivity of the conventional method. 

From equations (16), (18) and (23) it follows that: 

A = 1 0 - 3 A / ( D + 2 )  - -  I O - 3 D A / ( D + 2 )  (24) 

Figure 6 shows plots of A against D for different values 
of A according to equation (24). From the slopes of these 
curves we observe that the sensitivity passes through a 

: B.E. Read et al. 

maximum at intermediate values ofA. The slopes are given 
by: 

(~AD)A--2"303x--3ArlozA/(D+2)+2xIO-aDA/(D+2)I(D +2) 2 L j (25) 

which becomes: 

( ~ ) a  = 2"303A10 -a (26) 

3)--.1 

as D approaches unity. 
The condition of maximum sensitivity is obtained by 

differentiating equation (26) with respect to A, 

[ ~(~a/~D)A] 
~ l D = 2"303 X 10-a(1 -- 2"303A) (27) 

/9-+1 

Equating equation (27) to zero we observe that the 
maximum slope at D = 1 occurs when A = 1/2.303 =0.434. 
At this value of A 

~A) = 10_0.434=0.368 (28) ~ A  
D--~I 

which is less than the value of unity for (OH/~D)a. The 
maximum sensitivity of the conventional method at 
intermediate A values is further evident from the appear- 
ance of maxima or minima in plots of A against A at dif- 
ferent D values. The maxima or minima occur at A values 
determined from: 

~A) 2"303 × 3(D x 10 -3DA/(D+2) - -  1 0  - 3 A / ( D + 2 ) )  =0  
D = D + 2  

(29) 

which yields 

A ( D+ 2 ) .  ,~ (30) 
= 3 ( D -  1) l°gl°U 

Comparison of Figures 5 and 6 shows that a is con- 
siderably smaller than H except at very low A values. This 
result is best illustrated by considering the ratio H/A 
which, from equations (16) and (23) is given by: 

R_H_Io, ±_ 103A/(D+2) 
a / .  

o r  

lOgl 0R = 3A/(D + 2) (31) 

The ratio R thus increases with increasing A and decreas- 
ing D. As D tends to unity logl0R =A so that R is equal to 
10 for A = I  and is equal to 100 for A=2.  As A tends to 
zero, the two methods approach equal sensitivity ( R ~  1), 
but at low A values each method lacks precision. 

We conclude that, whereas the conventional method 
attains reasonable precision when average absorbancies 
are around 0.434, the differential method is always more 
sensitive. The relative sensitivity of the differential 
method is particularly high at low dichroic ratios and 
high average absorbancies. For high absorbancies, the 
main problem with the differential method concerns the 
decrease in available energy. Methods for increasing this 
energy are considered below. 
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OPERATIONAL PROCEDURES AND CORRECTION 
OF ERRORS 

With the differential method, many of the procedures for 
setting up and operating the instrument are the same as 
those required for normal infra-red measurements. These 
include, for example, the alignment of optical components 
and adjustments to the reference comb for linearity. 
Certain procedures, however, require particular considera- 
tion in the case of the differential technique and these are 
considered below. Correction procedures are also pro- 
posed and analysed for the major sources of error so far 
encountered. 

Orientation of polarizers and sample 
Two methods have been jointly employed for setting 

the polarizers at the desired orientations of + 45 ° to the 
(approximately) vertical monochromator components. In 
the first method, each polarizer is placed successively in 
the usual sample space and two angular settings are locat- 
ed which are separated by exactly 90 ° and which yield the 
same transmission. These angles correspond to the 
required + 45 ° settings. The second method follows from 
the observation of a sharp change in polarization behavi- 
our of the GS 2A and GS 3 monochromators in the wave- 
length range between 9 tzm and 10tzm. This effect gives 
rise to a peak in transmission at about 9.5/zm when the 
polarizer setting differs from + 45 °. The required 45 ° 
setting is obtained by rotating the polarizer until the peak 
in the transmission-wavelength scan is eliminated. Each of 
the two methods yields the same polarizer settings to 
within the experimental error of 0.5 °. The second method 
has been found particularly sensitive for final small adjust- 
ments to the two polarizer settings after they have been 
located in their respective positions in the sample and 
reference beams. 

Having set the polarizers at their respective +45 ° and 
-45  ° orientations to the monochromator polarization 
direction, the 45 ° sample orientation is adjusted. Using an 
extended sample, this adjustment is effected by rotating 
the stretcher until the differential peak is maximized. 

Gain, slit width and scan speed settings 
Concerning the question of energy availability, we have 

shown above that the sensitivity of the differential method 
increases as the average absorbance increases. Hence, to 
achieve sufficient sensitivity, it may frequently be neces- 
sary to increase the average absorbance by increasing the 
specimen thickness. However, with highly absorbing 
samples in the common beam, the available energy for 
operating the reference comb servo motor is considerably 
reduced. An increase in energy may be achieved by increas- 
ing the gain of the detector amplifier, but this method is 
limited by the increase in noise level. 

The most useful method of increasing energy is to 
increase manually the monochromator slit width. When 
estimating the required slit width, account should be 
taken of the reference beam polarizer which transmits 
about 40% of the incident intensity. Hence, with a sample 
having an average peak absorbance of 1, corresponding 
to 10% transmission, the total energy at the wavelength of 
maximum absorption is only about 4~ of that available 
under normal operating conditions. Since the energy is 
proportional to the square of the slit width, the slit width 
needs to be increased by a factor of five (251/2) of its 
normal value if the normal gain setting is unaltered. By 

similar reasoning, an average sample absorbance of 2, 
corresponding to 1% peak transmission, would require 
the slit width to be increased by a factor of about 16 
(2501/2) for a given gain setting. These increases in slit 
width can be reduced, of course, by increasing the gain 
(providing that the noise increase is acceptable) and by 
using very slow wavelength scans, thereby reducing the 
energy necessary for the accurate recording of peaks. 

Selection of baseline 
As discussed above, the determination of D from 

A , - A .  requires the measurement of the absorbance Ao 
for the undeformed specimen. This measurement is sub- 
ject to errors arising from the overlap of neighbouring 
absorptions, which causes uncertainties in the choice of 
baseline and hence in the value of I0. The problem could 
be approached by attempting to resolve the overlapping 
peaks although this procedure is laborious and generally 
somewhat arbitrary. The method so far adopted has been 
to select different baselines (Figure 7 indicates schemati- 
cally two types of selection), and to evaluate A0 as a 
function of sample thickness do. Since the absorbance 
should be proportional to thickness (A0= Eopodo), the 
most suitable baseline corresponds to that which yields a 
plot of A0 against do which is both linear and passes 
through the origin. 

The determination of A , - A ±  from the differential 
spectrum is not subject to baseline uncertainties of the 
above type. In this case the baseline (I0, ,,/Io, ±) is obtained 
independently from measurements with the unextended 
sample in the common beam. 

Corrections for insufficient resolution 
Since the differential method often necessitates slit 

widths considerably larger than those employed for 
normal operation, it should be remembered that an 
increase in slit width causes a proportionate reduction in 
spectrometer resolution, and that corrections may thus be 
required to the observed A t~-A~_ values. For conven- 
tional unpolarized spectra, Ramsay 12 has computed 
theoretical correction factors for the observed peak 
absorbancies to account for insufficient spectrometer 
resolution. His calculations are based on the assumption 
that for monochromatic radiation the absorption band 
shape can be represented by a Lorentz curve: 

I [Io~ a 
Oge~7~v-- (v - vo)2+b 2 (32) 

where v is the frequency in cm -1, v0 the frequency of the 
peak maximum and a and b are constants. It follows from 
equation (32) that the peak intensity is given by: 

loge(~) vo=a/b2 (33) 

and that the bandwidth at half peak intensity is, 

AVl/2=2b (34) 

Ramsay has further assumed that the wavelength band 
emerging from the exit slit can be represented by a tri- 
angular energy distribution function p(v, v'). v' is the 
frequency at which the spectrometer is set and is assumed 
to be the frequency of maximum energy. The energy 
distribution is also characterized by a half-energy spectral 
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slit width, s. The apparent values of 1/lo are then given 
by: 

(~o);,=fP(v'v')exp[(v-~-~2+b2] dv (35) 

f p(v, v')dv 

Equation (35) was numerically integrated for various 
values of a, b and the spectral slit width s, and the 
observed absorption peaks characterized by their apparent 
peak intensity, loge(Io/I)av(max), and apparent half- 
intensity width Av~/2. Ramsay has tabulated values of 
correction factors [loge(Io/l)v(max)]/[loge(Io/I)~(max)] for 
various values of the apparent peak intensity and the 
ratio s/Av~/2. These values could be used for estimating 
corrections to the observed A0 values. 

In applying Ramsay's procedure to the differential 
spectra we assume that the parallel and perpendicularly 
polarized spectra, if measured separately with mono- 
chromatic radiation, can each be represented by Lorentz 
curves and have the same maximum frequency v0 and 
half-intensity bandwidth Avll2. These assumptions seem 
reasonable for low degrees of orientation where the 
vibrational interactions are not highly anisotropic. The 
true differential peak may then be represented by: 

[ I o . . ' ~  . [ Io .  l ' l  a .  - a .  o g e ~ - )  - , o g e k ~ )  -(vS-v~)~+b9 (36) 

which has a peak intensity equal to (a, - aA/b 2 and a half- 
intensity bandwidth of 2b. In terms of the triangular slit 
function, the apparent differential peak is then given by: 

[ I,/I± )~ fp(v,¢)exp[-(at'-a±)]v,)dv [ ( ~  o~+b-2 J dv (37) 
\z0, ,,//0, Ip(v, 

The right-hand sides of equations (35) and (37) become 
identical if we equate the parameters a and a , - a ± .  
Hence Ramsay's correction factors can be applied to the 
observed values of An-A± if the differential peak 
intensities are identified with his ordinary peak intensities. 
It should, however, be remembered that these factors are 
theoretically derived on the basis of a triangular slit 
function and Lorentz shaped curves for monochromatic 
radiation. Whilst these factors may serve as approxima- 
tions to the corrections for a given s/Avl/2 ratio, it would 
seem preferable to obtain independent experimental 
estimates of the required corrections. 

One method involves the measurement of peak absor- 
bance as a function of mechanical slit width for the ordi- 
nary unpolarized spectrum. As the slit width is decreased, 
the peak absorbance should attain, or approach, the true 
value corresponding to that for monochromatic radiation. 
The correction factor is thus obtained as the ratio of this 
limiting absorbance value to the observed absorbance at 
the slit width employed for the differential measurement. 
Repeated measurements with varying sample thickness 
should serve to establish if the correction factor depends 
on peak absorbance. This method is based, of course, on 
the above analysis [equations (35) and (37)] which sug- 
gests, with reasonable assumptions, that the ordinary and 
differential spectra are similarly dependent on resolution. 

Corrections for sample radiation at high temperatures 
The infra-red spectra of materials at high temperatures 

are subject to errors arising from the emission of radiation 

by the sample itself. For highly absorbing samples placed 
close to a focus in the optical system, the intensity of 
sample radiation reaching the detector may become 
significant compared with the intensity of the transmitted 
beam. The intensity of the sample radiation, indicated by 
lr in Figure 7, is given by the recorder trace obtained after 
blocking off the sample beam prior to entering the 
specimen. Since lr adds to allintensities in the subsequently 
recorded spectrum, the sample radiation decreases the 
apparent height of the absorption peak. In general Ir will 
vary with wavelength, and the transmitted intensity I at 
the peak wavelength hmax is obtained by subtracting 
lr, max at this wavelength from the apparent intensity Ia, 

/=ra-Ir, max (38) 
If a linear baseline is drawn between two points on the 

spectrum at wavelengths hi and A2 (Figure 7), then I0 may 
be estimated by subtracting from the apparent intensity 
the mean value of It1 and It, observed at ~1 and A2 
respectively: 

I0--- I0, [It, (Ir,-Ir)(h2--hmax)] (39) 

In the case of symmetrical peaks for which A2-Al= 
2(A2-Amax) then equation (39) reduces to: 

X0=/0, a -  (Z~,+S,)/2 (40) 

so that the proposed correction involves the subtraction 
of the arithmetic mean of Ir, and lr,. Alternatively, if a 
horizontal baseline is drawn from the point on the 
spectrum at wavelength A2 then 10 may be estimated 
from: 

Io=Ia,- I r ,  (41) 

where Ia, is the total measured intensity at hz. The above 
corrections may be applied in the evaluation of Ao. 

The emission of radiation by the sample can also reduce 
apparent peak intensities in the differential spectra, in 
addition to causing other spurious effects such as the 
appearance of small peaks on the baseline for an un- 
extended sample. With the specimen located in the com- 
mon beam, sample radiation may reach the detector via 
both the sample and reference paths, and if the intensities 
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Figure 7 Illustration of the effect of sample emission on the 
ordinary unpolarized spectrum 
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of these two radiations become comparable with the 
transmitted intensities from the source, then the differen- 
tial spectra will be affected. In order to investigate and, if 
necessary, correct for the effects of sample radiation, a 
method has been devised which involves the use of rotat- 
ing sectors immediately in front of the source to succes- 
sively reduce the source intensity. The technique is shown 
schematically in Figure 8. 

If the source is completely blocked off in front of the 
sample, then the incident, and hence transmitted, inten- 
sities become zero. The spectrometer then records the 
ratio Isr/IRr (Figure 8) where Isr and I~r are the intensities 
of sample radiation reaching the dotector through the 
sample and reference paths respectively. Although the 
ratio Isr/IRr will be independent of qeavelength, Isr and 
IRr will individually vary with wavelength. In the follow- 
ing analysis it is assumed that these variations are 
negligible compared with the transmitted intensities over 
the wavelength range of a differential peak. Considering 
first the case in which the sample and reference beam 
polarizers have the parallel and perpendicular orientation, 
respectively, then the ratio of the observed baseline, with 
no rotating sector in front of the source, to [Sr/IRr is 
given by (Figure 8a): 

(Io, ,, + Isr) IRr C (42) 
(Io, ± + IRr) Isr 

It will be noted that C depends on the difference in 
partitioning between the sample and reference paths of 
the radiation transmitted by and radiated from the 
specimen, respectively. When the transmitted and radiated 
intensities are equally partitioned between the two paths 

a i i ! 
xZ,,+Is: z,,* zs: Zo,,,* XSr XZo ,,* Zsr Zs~ 

_ _  [. . . . .  

, f  

.z±. zs~ z±. zs: Zo, l .  Is: ~Zo.:Zs~ Zs~ 
.z,,+z~ z,, +z/~ %.,,+ z~,. ~Zo.,,, zR,. z~,. 

! 
' I 

V 
Figure 8 Illustration of the effects of sample radiation on the 
differential spectrum. Dotted lines indicate the baselines obtained 
with an unextended specimen 

then C becomes unity. If we now consider the baseline 
observed when a rotating sector is employed which passes 
x ~  of the source intensity, then from Figure 8a we have: 

(xlo, ,, + Isr). IRr = Cz (43) 
(xlo, ± + IRr) L','," 

From equations (42) and (43) we obtain: 

Io, ,, I s r f C ( C x - 1 ) - x C x ( C - l ) ]  
Io, 2=Inr[  ~ [ ~ Z X ( C ' I )  ] (44) 

The recorded intensities at the peak maxima (Figure 8a) 
also yield the following ratios: 

(I,, + Isr). Inr = K (45) 
(I± + Inr) lsr 

(xI,, + Isr). IRr = Kz (46) 
( x I .  + IR,.) L~,. 

Equations (45) and (46) give 

I,, Isr fK(Kx-  1)-  xKx(K-  1)] 
~=I.,[ ( K x - - i ) - x ( K - ] )  J (47) 

and we finally obtain from equations (44) and (47): 

Io, ,,I± _ 

Ill I0, ± 

[ C ( C x -  1 ) - x C x ( C -  1)][(Kz 7 ! ) - x ( K -  1)] (48) 
[(Cx - 1) - x(C - 1 )] [K (Kx - 1 ) - x K x ( K -  1)] 

Figure 8b illustrates the intensity ratios recorded when 
the s a m p l e  and reference  b e a m  polar izers  are set to  trans- 
mi t  the perpendicular and parallel polarized components, 
respectively. By a procedure analogous to that used above, 
these intensity ratios yield: 

Io, , , I ±  
I, 10, ± 

[(C~- 1 ) - x ( C ' -  1)][K'(Kx- 1 ) -xK;c (K ' -  1)] 
[C' (C~-  1 ) - x C ~ ( C ' -  1)][(K.~- 1 ) - x ( K ' -  1)] (49) 

in which 

(Io, ± + 1St) IRr 
= C '  (50) 

(Io, ,, + IRr) Isr 

(xlo, ± +Isr) IRr C~ (51) 
(xIo, ,, T~;~)  I ~ , -  

(I± + Izr) IRr K'  (52) 
(I,, + IRr) Isr 

(xll  +Isr) IRr 
(xI,t + 1Rr) " Isr = K:~ (53) 

The absorbance difference A , -  A± is now obtained as 
the logarithm of the right-hand side of either equation 
(48) or (49). It will be noted that if the sample radiation is 
neglected the apparent value of A H-Al  is calculated as 
the logarithm of either C/K or K' /C ' .  When the sample 
radiation intensity is, in fact, negligible in comparison 
with the transmitted intensity then these ratios each 
become equal to Io, J±/I,Io, j, the logarithm of which 
yields the true value of A , - A ± .  

Three points deserve comment in connection with the 
above analysis. Firstly, when using rotating sectors the 
spectrometer slit width should be the same as that 
employed in the absence of a sector, otherwise the dif- 
ferential peak height will be modified due to changes in 
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resolution. Secondly, when determining the baseline 
using an undeformed sample, the transmitted intensities 
pass through a minimum at the wavelengths of  maximum 
sample absorption. Consequently the ratio of  the inten- 
sities radiated by and transmitted through the sample, 
respectively, passes through a maximum. This effect may 
result in the appearance of  small peaks on the baseline 
(Figure 8) which are not related to molecular orientation 
in the specimen (since it is unextended) and the direction 
(or sign) of  which are thus independent of  polarizer 
orientations. The peaks are generally small and may be 
ignored in the baseline determination. Thirdly, since the 
sample temperature is increased somewhat by the energy 
absorbed from the incident beam, the sample emission 
may be slightly reduced when a rotating sector is employed 
to decrease the source intensity. This effect may be com- 
pensated for by re-establishing the original sample tem- 
perature (by adjusting the enclosure temperature) sub- 
sequent to introducing the sector. Alternatively a range of  
sectors may be successively employed, corresponding to 
different x values in the above analysis, and the corrected 
values of Io, ,IaJI,Io,  ± extrapolated to x =  1, at which 
point the sample emission is unchanged. 

Other sources o f  error and order o f  corrections 

Additional sources of  error have been discussed by 
Zbinden 1 and these arise from polarizer inefficiency, 
beam convergence, scattered light and spectral dilution. 
With the present apparatus, errors due to these factors 
should be small or negligible. The major sources of error 
so far encountered involve the choice of baseline for the 
ordinary unpolarized spectra, and the problems of  resolu- 

tion and sample radiation at high temperatures for the 
differential spectra. Ordinary spectra are first determined 
with various specimen thicknesses and spectrometer slit 
widths. After correcting for sample radiation (if recorded 
at high temperatures) these measurements enable the 
baseline to be selected and yield A 0 (or E0) and the factors 
required for resolution corrections. With the differential 
spectra, corrections are first made for sample radiation, if 
necessary, and subsequently for resolution. 

Results obtained with the present equipment, using the 
proposed correction methods, are discussed in a later 
paper la. 
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Using a differential method, measurements have been made of the dichroic ratio of the 
4.92/~m (2033cm -z) infra-red band during the elongation of crosslinked amorphous poly- 
ethylene at 170°C. Simultaneous measurements of stress and strain were also made. 
Corrections of the infra-red data for polarizer inefficiency were negligible, but the data 
required correcting both for resolution and for the effects of sample emission at high 
temperatures. From the data, second moment orientation functions are evaluated as a 
function of strain. Analysis of the results in terms of recent statistical calculations of Flory 
and Abe, suggests that the orienting units detected in measurements on the 4.92/~m band 
comprise on average trans sequences of about 7 chain bonds. 

INTRODUCTION 

The dichroic ratios of infra-red absorption peaks can 
yield valuable information on the relative orientation of 
different parts of a polymer structure when the material 
is deformed 1. In the case of crosslinked rubberlike 
polymers, stress-dichroism data should complement 
stress-birefringence results 2 and provide more detailed 
information on the preferential orientation of different 
conformational sequences within the polymer chain 1, 3. 
Furthermore, the analysis of such data in terms of statisti- 
cal calculations of polymer chain conformations 3 may 
aid in the assignments of infra-red bands of amorphous 
origin 4. 

In a previous report 5 equipment has been described for 
simultaneously determining the stress, strain and infra-red 
dichroic ratio of extended polymers. The purpose of 
this report is to present and discuss results obtained on 
the 4.92 #m (2033 cm -1) band of crosslinked amorphous 
polyethylene at 170°C. 

THEORY 

For a uniaxially elongated material, the dichroic ratio 
D is defined as the ratio of the absorbance A ,, measured 
with radiation polarized parallel to the stretching direc- 
tion, to the absorbance A± determined with perpendicu- 
larly polarized radiation: 

D = A,, _ loglo(Io, ,,/I,t) 
A . logzo(Io,±/I_L (1) 

In equation (1), I,  and I± are the transmitted intensities 
at the wavelength of an absorption peak determined with 
parallel and perpendicularly polarized radiation, respec- 
tively. I0, ,, and I0,± are the transmitted intensities at the 
baselines of the respective peaks. 

The magnitude of D is determined by the average 
orientation of the transition moment vectors of absorbing 
molecular groups relative to the direction of extension. 

If the angle ¢ between the transition moment vector and 
an axis of the absorbing group is known 6, then measure- 
ments of D yield the molecular second moment orienta- 
tion function f2, 

(Do+2) (D-  l) 
f2 =½(3c°s20- 1) = (D0-  1)(D+ 2) (2) 

Here Do = 2cot2¢ and 0 is the angle between the axis of 
the absorbing group and the stretching direction. The 
quantity cos20 is the value of cos20 averaged over all 
orienting groups. 

For crosslinked amorphous polymers in the rubberlike 
state, Flory and Abe 3 have recently derived the following 
equation relating D to the extension ratio: 

D -  1 ~ ( 3 G ~ / Z n ' ) ( V / V o ) 2 / 3 ( a  ~ - l/a) (3) 

where V is the volume of the strained specimen and V0 
a reference volume which may usually be taken as the 
unstrained volume. The extension ratio ~ equals l/lo 
where l is the extended sample length and l0 the unex- 
tended length referred to the same volume V. In practice 
the volume changes produced by extending rubbers is 
very small and the factor V / V o  has a value close to unity. 
The quantity n' represents the number of chain bonds or 
bond sequences eligible to assume the local conformation 
required for the specified absorption. G~ is a parameter 
describing the average correlation, per absorbing group, 
of the transition moment directions with respect to the 
chain end-to-end vector. From a detailed accounting of 
polymer chain statistics, Flory and Abe have evaluated 
G~ for a polymethylene chain for several conformational 
sequences and various axes referred to each conformation. 

The corresponding stress-strain relationship for cross- 
linked rubbers is: 

t = N k T ( V / V 0 )  2/a(~2 _ l/a) (4) 

where t is the stress referred to the cross-sectional area 
of the extended specimen, N is the number of polymer 
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chains per unit volume between crosslink points, k is 
Boltzmann's constant and T the absolute temperature. 
The factor N k T  in equation (4) may be written: 

N k T =  pRT pRT 
Me - nMo (5) 

where p is the sample density, R the gas constant and 
Me the molecular weight of a network chain between 
crosslink points, n is the number of bonds or repeat units 
in the network chain and Mo the molecular weight of a 
repe atunit. Hence the slope of a plot of t against ~2_ (l/a) 
yields Mc or n providing that p and M0 are known and 
that V/Vo is either known or assumed equal to unity. 
Alternatively Me or n can be estimated from the Young's 
modulus E, defined as the slope of the plot of t against 
~a t  ~=1, 

E (dt  3 Rr 3 Rr 
= ~d-a~] ==1- Mcc - nMo (6) 

Combining equations (3), (4) and (5) we obtain: 

D -  1 ,,~ 3G~nMo 
t ~ 2n'pRT (7) 

When n is much greater than the number of chain bonds 
involved in the local absorbing sequence we assume that 
n ~ n' and equation (7) becomes: 

D -  1 ~ 3G~Mo (8) 
t "~ 2pRT 

Equation (8) enables the determination of G~ from the 
measured ratio ( D - 1 ) / t .  A comparison of measured 
values of G~ with values calculated for different local 
conformational sequences, provides a method for 
exploring the nature of the orienting chain unit, and 
additionally should aid in the assignment of the infra-red 
peak under investigation. 

EXPERIMENTAL 

Material 

The polyethylene employed in this investigation was a 
linear high density grade obtained in fine powdered form 
from Hoechst Chemicals Ltd. It was designated Hostalen 
GUR and was reported 7 to have a weight-average 
molecular weight of 1.5×106 and number-average 
molecular weight of 105. Crosslinking was affected by 
adding 3wt.~ dicumyl peroxide to the polymer and 
vacuum moulding at 180°C for about 15min. In order 
to incorporate the dicumyl peroxide into the polymer, it 
was dissolved in ethyl alcohol or acetone and the powd- 
ered polymer was suspended in the solution. Whilst 
stirring the suspension, the solvent was evaporated and 
the peroxide containing polymer was thoroughly dried 
at 60°C. The dimensions of the dumbell shaped specimens 
and also the arrangement of vapour deposited lines used 
for strain determinations are given in a previous paper 5. 

Measurement o f  sample density, thickness, extension ratio 
and stress 

Samples were freely suspended in a silicone oil bath 
and their widths and lengths were measured with a 
cathetometer whilst cycling the temperature between 
20°C and 190°C. Assuming isotropic expansion, the 

results of these measurements were used to compute 
densities (p0), thicknesses (do) and widths (b0) of unex- 
tended samples at 170°C from measured values at room 
temperature. The room temperature densities and 
thicknesses were measured with a density gradient 
column and micrometer, respectively. All room tempera- 
ture dimensions were made after cycling to high tempera- 
tures, since the original dimensions were influenced by 
the pressure maintained on the mould during cooling. 

Extension ratios (~) were calculated from the change 
in the distance between lines on the specimen surface 5. 
Thicknesses (d) and cross-sectional areas of extended 
samples were calculated from ~, do and b0 values assuming 
a negligible volume change (p = p0) and an equal contrac- 
tion in thickness and width on extension. Stresses (t) 
were calculated from the measured tension 5 and extended 
cross-sections. 

Absorbance measurements on undeformed specimens 

The extinction coefficient c0 for the undeformed 
sample at 170°C was determined from measurements of 
A o (Eo = A o/podo) using unpolarized radiation. The sample 
was placed in the sample beam of the spectrometer in 
an evacuated, temperature controlled, enclosure obtained 
from RIIC Ltd. The temperature was measured with a 
chromel-alumel thermocouple resting lightly against the 
sample within the infra-red beam. After attaining 
temperature equilibrium at 170°C, the spectrum was 
scanned at 1/zm/8min between 4.5/zm and 5.5/~m. 
Subsequently the sample beam was blocked off  prior to 
entering the specimen, and the slight fall in sample 
temperature (about 4°C) compensated for by re-adjusting 
the temperature controller. The wavelength was then 
scanned in order to determine the intensity of emitted 
radiation from the sample reaching the detector. For 
purposes of exploring the most suitable baseline, and for 
obtaining correction factors for resolution, the above 
measurements were carried out for a range of specimen 
thickness (0.5 to 3ram) and spectrometer slit width, 
respectively. 

Measurement o f  differential spectra 
Details of the differential method for determining 

A , - A .  are presented in a previous paper~. The method 
consists, essentially, of extending the sample at a focus 
in the infra-red beam prior to splitting. After splitting, 
the beam passes through two polarizers, one in the usual 
sample beam and the other in the reference beam. The 
polarizers are of the wire grid type, corrections for 
inefficiency being negligible 5. They are oriented to trans- 
mit parallel and perpendicularly polarized radiation, 
respectively, or vice versa. The spectrometer then records 
the ratio of intensities (Is/IR) transmitted by the sample 
beam and reference beam polarizers, respectively. From 
this record A , - A ±  can be evaluated 5. 

During the initial heating of the specimen to 170°C, 
and for all subsequent measurements, a slow stream of 
oxygen-free nitrogen was introduced into the sample 
enclosure to minimize thermal oxidation of the specimen. 
After establishing a steady temperature of 170°C, 
collimating plates 5 were first adjusted to ensure that the 
infra-red beam was fully contained within the sample 
area for both the unextended and extended sample. The 
sample beam comb was adjusted to give a suitable base- 
line level, and preliminary scans performed to establish 
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the gain, slit width and scan speed settings required for 
sufficient energy. A scan speed of 1/zm/4min was 
generally employed. 

The wavelength was first scanned to determine the 
baseline for the unextended sample, both parallel/per- 
pendicular and perpendicular/parallel orientations of  
the two polarizers being studied. These measurements 
were repeated after blocking off the source completely 
and again after introducing rotating sectors in front of  
the source which transmitted, respectively, 25~  and 50~ 
of the source intensity. The rotating sectors were intro- 
duced to correct, if necessary, for the effects of sample 
radiation reaching the detector 5. After measuring the 
spacing between lines on the sample, and setting the 
force measuring bridge to zero, the sample was slowly 
extended in increments of about 12~ strain. 

At each extension, the differential spectrum was 
recorded for both parallel/perpendicular and perpen- 
dicular/parallel orientations of the two polarizers, both 
without and with rotating sectors and with the source 
completely blocked. Care was taken not to alter the 
spectrometer slit width or the sample comb position, 
thus maintaining the baseline at its original level. The 
force and elongation were also determined. Generally 
the differential spectra were recorded over the wavelength 
range 4.5ffm to 5-5ffm, but occasionally the range 
4 ffm to 6 ffm was covered for purposes of more accurately 
defining the baseline. 

Specimen thicknesses of about 1 mm, 2 mm and 3 mm 
were studied and the slit width was occasionally varied. 
These variations served as a check on stress determina- 
tions and on the procedures adopted for the correction 
of resolution and sample radiation. After cooling samples 
to room temperature at the completion of experiments, 
the KBr window mounts were detached and stored in a 
vacuum desiccator to avoid the absorption of atmo- 
spheric moisture by the windows. 

RESULTS 

Stress-strain data 
The tensile stress t is plotted against extension ratio c~ 

and ~z-(1/~) in Figures la and lb respectively. Good 
reproducibility is shown by the results on a number of 

2 

I I 
12 1.4 

c~ 

I 
o I 

a2-(,/a) 

Figure f Plots of the tensile stress t at 170°C against (a) extension 
ratio c~ and (b) c~2-(1/c~). The different point symbols refer to 
samples of different thickness, each crosslinked with 3wt.% 
dicumyl peroxide. Unstrained sample thicknesses: ©, 1.16mm; 
A, 2-27mm; C],3-43mm 
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samples (indicated by different point symbols in Figure 1) 
each crosslinked with 3wt .~  dicumyl peroxide. Figures 
la and lb each deviate only slightly from linearity over 
the range of ~ investigated. As ~ tends to unity, they 
yield, from equations (6) and (4) respectively, E =  5.83 × 
106 N/m 2 and NkT= 1.94 × 106 N/m 2. Inserting the value 
of the measured density (p=0.790g/cm ~ at 170°C) and 
the value Mo = 14 into equations (5) or (6) gives Mc = 1497 
and n = 107. 

Unpolarized spectra 
Figures 2 and 3 illustrate the unpolarized spectra 

obtained with different sample thicknesses and spectro- 
meter slit widths, respectively. The line labelled /r in 
Figure 2b shows the trace obtained after blocking off 
the sample beam prior to entering the specimen, and 
arises from the emission of radiation by the sample itself. 
Owing to the overlap of the neighbouring peak at 4.6 ffm, 
the choice of baseline for the 4.92 ffm peak requires 
investigation, and Figure 2b shows three baselines A, B 
and C, respectively, which have been studied. Baselines 
B and C are horizontal lines drawn from minima at 
4.73 ffm and 5-2 ffm respectively, and baseline. A is the 
straight line connecting the two minima. Taking account 

Wavenumber [cm -I) 
2 2 0 0  2 0 0 0  2 2 0 0  2 0 0 0  2 2 0 0  2 0 0 0  

0 I ,,I I ~'r I - -  - I ' 

a . . . .  l . . . . . .  J b  , . . . . . . .  ] c  L I 
4.5 5 0  4-5 5 . 0  4.5 5 . 0  

Wov¢l¢ngth (p-m) 

Figure 2 Ordinary unpolarized spectra at 170°C for three unex- 
tended samples using a mechanical slit width of O.5mm. Sample 
thicknesses: (a) O-62mm; (b) 2.30mm; (c) 3.39mm. Scan speed 
I / ,m/8 min 

Wavenumber (crn -I} 
2 2 0 0 2 0 0 0 2 2 0 0 2 0 0 0 2 2 0 0 2 0 0 0  

O [ ,  .._____L V --  ' - -  ' ' 

i 

Y , 

l a  , . . . . . . . .  ~ b  . . . . .  , _ 1 c  , 
4 5  5"O 4.5 5 0  4 5  5 '0  

Wav¢lenqth (ptm) 

Figure 3 Unpolarized spectra for a 1.15mm thick unstrained 
specimen. (a), (b) and (c) refer to mechanical slit widths of 
0.5mm, l mm and 1.5mm, respectively. Scan speed l f fm/8min 
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of the sample radiation, absorbancies Ao=logi0(I0//) 
were evaluated for each of the three baselines by methods 
detailed previously 5. According to the proposed methods, 
the transmitted intensity I at the peak maximum is 
obtained from: 

I=  Ia-  Ir,max (9) 

where Ia is the total measured intensity and It,max the 
sample radiation intensity at the peak wavelength 5. For 
baselines B and C the I0 values were calculated from 

Io=Ia - l r ,  (10) 

and 

Io=Ix - I  n (11) 

respectively. Here Ix, and Ix, are the total recorded 
intensities at wavelengths 4.73/~m and 5.2 ~m respectively, 
and It, and It, the sample radiation intensities at these 
wavelengths. For baseline A, Io was calculated from, 

Io = Io, a-(Ir,+Zr,)/2 (12) 

where I0, = is the apparent I0 value. Although strictly 
applicable to symmetrical peaks, equation (12) was 
found to be an adequate approximation for present 
purposes. 

In Figure 4 the calculated values of A0, obtained using 
a slit width of 0.5mm, are plotted against specimen 
thickness. Baseline C yields a curved plot which extra- 
polates to give a positive intercept on the abscissa. 
Baselines A and B each yield linear plots within experi- 
mental error, although the points obtained from baseline 
B appear to extrapolate closer to the origin. For this 
reason, baseline B would seem to be the better choice, 
and will therefore be employed in the subsequent analysis. 
However, on account of the combined errors in the 
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0 6 -  

O 
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0 2 , -  

I i I 
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O~____L I I I 
I 2 3 

Specimen thickness (mm) 

Figure 4 Average absorbance Ao of unstrained samples plotted 
against sample thickness. The three lines were obtained using 
baselines A, B and C, as indicated 
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Figure 5 Variation of the absorbance Ao (a) and the ratio Ao,um/Ao 
(b) with spectrometer slit width, Sample thicknesses: ©, 
1.15ram; I-q, 0.63mm 

measurement of A0 and thickness, and the consequent 
degree of uncertainty in the precise choice of baseline, 
final results evaluated according to baseline A will also 
be noted. 

Figure 5a shows plots of A0, calculated according to 
baseline B, against spectrometer slit width for two 
samples of thickness 1.15mm and 0.63mm respectively. 
Extrapolating these plots to zero slit width we obtain the 
limiting values A0,1irn of 0"356 and 0.178 respectively. 
The values of Ao,nm/Ao shown in Figure 5b were subse- 
quently used as correction factors for insufficient resolu- 
tion, as described earlierL From the slopes in Figure 4 
after multiplying by the Ao,lim/Ao value corresponding 
to a 0.5 mm slit width, we obtain the extinction coefficient 
~o=Ao,zim/dopo. Baseline B yields E0=389mm2/g and, 
by a similar procedure, baseline A gives E0=319mm2/g. 

Differential spectra 
Figure 6 illustrates the differential spectra between 

4 txm and 6/~m for a 2.92 mm thick specimen having an 
extension ratio of 1.379. The spectra obtained with the 
parallel/perpendicular and perpendicular/parallel polari- 
zer orientations, respectively, are shown, together with 
the baselines obtained for the unextended sample. The 
effect of blocking off the source completely, and of 
introducing a rotating sector in front of the source 
which transmits 2570 of the source intensity, is shown in 
Figure 7. 

As proposed in ref. 5, the rotating sectors were 
employed to correct, if necessary, for the effects of 
radiation emitted from the sample. With the sample and 
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Figure 6 Differential spectra for a sample extended by 37.9% 
at 170°C, and having an unstrained thickness of 3.43mm. (a), 
Sample beam polarizer parallel, reference beam polarizer perpen- 
dicular; (b), sample beam polarizer perpendicular, reference beam 
polarizer parallel. Broken lines are the baselines for the unex- 
tended specimen. Slit width 1.5mm; scan speed 1/zm/4min 
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Figure 7 Change in the differential spectra of Figure 6 after 
blocking off the source ( . . . . .  ) and after introducing a rotating 
sector which transmits 25% of the source intensity ( . . . .  ) 

reference beam polarizers in the parallel and perpendicular 
orientations, respectively, we obtainS: 

Io,, I± _ [ C l ( C x -  1)- X C x ( C l  - -  1)] [ (Kx-  1) - x ( K 1 - 1 ) ]  
IliIo,j_ 

where 

[(Cz - 1) - x ( C 1  - 1)]  [ K I ( K x  - I) - xKx(K1 - 1)] 
( 1 3 )  

_ ( x l o , , ,  +Isr) IRr (14) 
Cx - (xIo, ± + IRr)" Isr 

(xI,, Jr'Isr) IRr (15) 
K~ (x,r±+tRr) Is~ 

and C1 and K1 are the values of C= and Kz, respectively, 
when x = 1. Here x is the fraction of  the source intensity 

crosslinked polyethylene: B. E. Read and D. A. Hughes 

transmitted by the rotating sector. Isr and IRr are the 
sample radiation intensities reaching the detector via the 
sample and reference paths, respectively. The correspond- 
ing equations for the case in which the sample and 
reference beam polarizers are oriented in the perpendicu- 
lar and parallel orientations, respectively, are: 

Io,, Ix _ [(C~ - l) - x(C{ - 1)] [KI(K~ - 1) - xK~(K~ - 1)] 
I,,Io,± [C~(C~- l )  x ' ' - C x ( C z -  1)][(K.~- 1)-x(K~_- 1)] 

(16) 
in which 

C, (xlo, x +Isr)  IRr (17) 
x= (xlo~o,, + IRr) ' Isr  

, (XI±+Zsr) IRr (18) 
K~ = (XIE I + I•r)" Isr 

and C~ and K~ are the values of C~ and K'=, respectively, 
for x = l .  

We note that the ratio Isr/Iar corresponds to the trace 
obtained when the source is completely blocked off, and 
it follows 5 from Figure 7 that this ratio is larger than 
either Io,,/Io,± or Io,±/Io, ~t. This result is responsible 5 
for the small downward peaks observed on the baselines 
of Figure 6 at wavelengths of maximum absorption. The 
peaks are small and may be neglected in the determina- 
tion of Cz. 

Neglecting the effects of sample radiation, the apparent 
values of (Io, ,I±)/(I ,  Io,±) are given by either Cx/Kx or 
K '/ '~' These ratios have been calculated from the results 
of  Figures 6 and 7 and are plotted as a function of  x 
in Figure 8. Corrected values of (Io, J±)/(I , Io,±) from 
equation (13) correspond to those obtained from equation 
(16) within the error limits indicated in Figure 8. However, 

13 

-4 12 K ~  

" ~ Cx/Kx 
'~-4 I.[ 

i.o I 
O 0-5 I O  

X 

Figure 8 Plots of apparent values (O) of (/0,11/±)/(/11 Io,±) and 
values corrected for sample radiation against the fraction x 
of source intensity transmitted by the rotating sector 
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Figure 9 Calculated values of (AII-AJ_)/d plotted against exten- 
sion ratio for three samples having unstrained thicknesses of 
1-16mm (©), 2-27mm (/k) and 3.43mm ([7). (a), Uncorrected 
values; (b), values corrected for sample radiation; (c), values 
further corrected for resolution 

a fairly general observation is that the corrected values 
tend to increase somewhat with increasing x. This effect 
probably arises from the fact that the sample temperature 
within the infra-red beam is decreased (by 5°C to 10°C) 
when the source intensity is reduced by the rotating 
sectors. The sample radiation would be consequently 
reduced by an amount which increases with decreasing x. 
The effect could have been compensated for by restoring 
the sample to its original temperature subsequent to 
introducing the rotating sectors. However, with the 
present results we have estimated the correction for this 
effect by extrapolating the corrected values of 
(Io.,I±)/(I,Io.±) to x =  1 at which point the effect must 
vanish. 

and D. A. Hughes 

Values of (A,-A±)/d were evaluated from the loga- 
rithm of  (Io,,I±)/(I, Io,±) values both before and after 
correcting this ratio for the effects of sample radiation. 
Figure 9 shows the results of these calculations as a 
function of extension ratio. In Figure 9a the apparent 
values of (A , -Az) /d  were obtained from the arithmetic 
mean of the Cx/Kz and K~/C~ values at x = 1 (Figure 8). 
The values shown in Figure 9b were obtained from the 
corrected values of  (I0, ,I±)/(I, I0,±) after extrapolating to 
x = 1, as in Figure 8. It will be observed that the correc- 
tions for sample radiation were negligible in the case of 
the 1.16 mm thick sample. However for the 2.27 mm and 
3.43mm thick specimens, the corrections for sample 
radiation produced increases in the apparent ( A , -  A ±)/d 
values of  about 7% and 33%, respectively. The increasing 
effect of  sample radiation with increasing thickness 
results from the increased sample absorption, such that 
ratio of radiated to transmitted intensity increases. 

The (A , -A l ) /d  values in Figure 9e were obtained 
from the values in Figure 9b by multiplying by the 
correction factors for resolution shown in Figure 5b. 
Differential spectra occasionally obtained at different slit 
widths substantiated that these factors were applicable to 
the differential results. For  the 1.16mm, 2.27mm and 
3-43 mm thick samples, slit widths of 0.5 mm, 0.75 mm 
and 1-5 mm were employed, so that the correction factors 
for resolution increased with sample thickness. After 
applying these corrections for resolution the ( A , -  A ±)/d 
values for the three specimens correspond within about 
5% (Figure 9c). 

From the corrected values of A , - A ± ,  and the meas- 
ured value of  E0 for the unstrained sample, the dichroic 
ratio was evaluated fromS: 

D = 2(A ,, - A ±) + 3 ,oap (19) 
3 Eodp -- (A, - A ±) 

Values of  (D-1)/(D+2) using the co value obtained 
from baseline B are plotted against ~ in Figure 10. Since 
the transition moment vectors are parallel to the chain 
axis for the 4.92 tzm band la this plot represents the 
variation of the second moment orientation function f2 

0-061 I I 

0 '04  

+ 

0"02 

o I I 
1'2 1.4 

C~ 

Figure 10 (D--1)/(D+2) plotted against extension ratio. Results 
evaluated according to baseline B 
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Figure 11 Variat ion of D - l ,  calculated from baseline B, with 
tensile stress, t 

with a [equation (2) with D 0 = ~ ] .  Values of ( D - 1 ) /  
(D + 2) obtained according to baseline A are about 20~  
higher than those from baseline B. 

A plot of D - 1 ,  evaluated using baseline B, against 
stress is shown in Figure 11. The plot is linear within 
experimental error and its slope gives (D-1) / t=7.3× 
10-8m2/N. From equation (8) with M0= 14, p=0.790g/  
cm ~ and T = 4 4 3 K  we thus obtain G~=10-1. A similar 
plot according to baseline A gives (D-1)/ t=9.1 × 10 -s 
m2/N and G~ = 12.6. 

DISCUSSION 

In discussing the above data we first note that, for 
partially crystalline polyethylene at room temperature, 
the band under investigation occurs at 4.96/~m (2016 
cm-1) TM. The slight shift of the band to shorter wave- 
lengths (4.92/~m) for the wholly amorphous polymer is 
thought to be mainly due to the elimination of the 
neighbouring crystalline peak at 5.28 ~m (1894cm -1) 
and the increasing influence of the overlapping peak at 
4.6 t~m. The 4.96 ffm band has components due to both 
the crystalline and the amorphous regions of the polymer la 
and has been assigned to a combination mode involving 
in part, the 720cm -1 fundamental. This assignment, in 
conjunction with the observation that the amorphous 
orientation functions are higher for this band than for all 
other bands of amorphous origin, is responsible for the 
suggestion that extended sequences of more than four 
bonds in the trans conformation give rise to the amorphous 
component of the absorption la, 3, 4. 

As mentioned earlier, Flory and Abe have calculated 
the parameter G~ for a variety of local conformational 
sequences within the polyethylene chain and for different 
axes referred to each conformation. The value of G~ 
obtained from the present experiments is considerably 
larger (in absolute magnitude) than any of the values so 
far calculated 3. This result suggests that relatively long 
extended sequences are responsible for the dichroism 
results on the 4.92 t~m band. 

With regard to the assignment proposed above, Flory 
and Abe's calculations on trans sequences are based on 
the conformation and orthogonal axes reproduced in 
Figure 12. Since the transition moment vector for the 

crossfinked polyethylene: B. E. Read and D. A. Hughes 

4.92 ffm band is parallel to the chain axis TM, the calculated 
values of G~ for the a' axis are relevant to the present 
discussion. However, two points should be mentioned 
about the values given in ref. 3. First, they refer to a 
temperature of 140°C, and depend on the parameters 
a = e x p ( -  E~/RT) and co = e x p ( -  E,o/RT) where E~ and 
E~ are conformational energies the most probable values 
for which are 500 and 2000cal/mol, respectively 3. At 
170°C, the temperature used for the present measure- 
ments, these values of E~ and E~ give o=0-567 and 
~o=0.103 which compare with the values cr=0.544 and 
oJ =0.0874 at 140°C. From the variation of the calculated 
G~(a') values with e and oJ (Tables I, II and III of ref. 3) 
we estimate that the G~(a') values should decrease by 
less than 2% when the temperature increases from 
140°C to 170°C. Secondly, the calculated values corre- 
spond to a chain with n = 515 bonds compared with the 
effective value of n=107 estimated for the polymer 
studied in this work. From Fig. 3 of ref. 3 we find that 
this decrease in n yields an average decrease of about 4 % 
in the G~(a') values for the trans sequences. 

Since the calculations * ' trans so of G2(a ) for sequences 
far extend to sequences of only four chain bonds, we 
have plotted in Figure 13 values of log G~(a'), slightly 
reduced to account for differences in temperature and 
n value, against the number of bonds in the trans sequence. 
The calculated values give an approximately linear plot 
which we tentatively extrapolate to the values of G~ = 10.1 
and G~= 12.6 obtained using baselines B and A, respec- 
tively. This extrapolation gives values of 6-6 and 7"8 for 
the average number of bonds in the orienting sequence, 
according to baselines B and A, respectively. An extension 
of the G~ calculations to longer chain sequences, and a 

Figure 12 I l lustration of the axes defined by Flory and Abe for the 
calculation of G~ for trans sequences in polyethylene, t represents 
a trans bond 
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Figure 13 Logari thmic plot of G~(a') against the number of 
bonds in the trans sequence. Experimental values of G~ are 
indicated 
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more precise baseline investigation (or resolution of  the 
overlapping peaks), should yield a more accurate 
definition of  the orienting unit. 

Preliminary experiments have been carried out on a 
lower molecular weight grade of linear polyethylene 
(Hostalen GS), also crosslinked with 3wt .~  dicumyl 
peroxide. The measurements were made up to 80~ 
extension, and for a given extension ratio both the stress 
and D -  1 values were about 7 times lower than the values 
obtained for Hostalen GUR.  However, within experi- 
mental error the ratio of  ( D -  1)It was essentially unaf- 
fected. This result suggests that the orienting sequence is 
little affected by a reduction in the effective degree of  
crosslinking (as characterized by the modulus). More 
extensive investigations of  the effects of  degree of cross- 
linking and temperature, as have been made in stress- 
birefringence studies 2, are envisaged. 

No measurable dichroic effects have yet been observed 
at wavelengths above 4.92/~m. This is due to a number 

of  factors including difficulties in obtaining samples of  
required thickness and sufficiently high degrees of  
orientation. The effects of  sample emission become 
increasingly prominent at longer wavelengths and modi- 
fications to the equipment may be required to reduce this 
problem. 
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INTRODUCTION 

Reverse osmosis is an interesting process for the desalina- 
tion of brackish and sea water, and for water purification 
in general. 

The application of cellulose acetate films in a reverse 
osmosis process, was described, for the first time in 1959 
by Reid and Breton I and others 2, a; successful prepara- 
tion methods for high flux membranes, based on cellulose 
acetate, were developed 4, 5 and it became possible to 
obtain an economically valid reverse osmosis process for 
water desalination. The application of different materials 
in reverse osmosis has been intensively studied in many 
laboratories, but today cellulose acetate remains the 
only material used for high flux membranes. 

Nevertheless, cellulose acetate membranes have draw- 
backs, mainly due to the chemical structure of  the 
polymer used in their fabrication. These drawbacks 
greatly limit the application of  reverse osmosis in the 
treatment of  water or in other separation processes. 
Among the various polymeric materials studied as 
substitutes for cellulose acetate, polyamides were found 
to be interesting. In fact, the hydrophilic nature of  
polyamides, together with a chemical structure which 
makes it possible to forecast greater resistance to chemical 
and bacteriological degradation, makes this class of 
polymers potentially useful for reverse osmosis. 

The possibility of  changing the structure of the 
components of the polymer chain of  polyamides, with a 
certain ease, may offer the opportunity of preparing high 
flux membranes with greater resistance to compaction. 
The use of polyamides in reverse osmosis has already 
been described in the literature l-a, 6, 7, but polyamides 
with reverse osmosis properties comparable to cellulose 
acetate have never been reported. During tests carried 
out in our laboratories, on the use of new materials in 
reverse osmosis, it was found that polyamides derived 
from piperazine presented properties of permeability to 
water and salt comparable to those of cellulose acetate s . 

We believe that these polyamides are the first example 
of a class of polymers showing exceptionally high 
permeability to water and high salt rejection, comparable 
to cellulose acetate. 

This paper describes the reverse osmosis properties of  
poly(trans-2,5-dimethylpiperazine fumaramide) films, 
which is one of the most interesting among the materials 
studied. 

EXPERIMENTAL 

The polymer, t-2,5-DMPF (I), was prepared, according 
to a previously described method 9, by condensation of 
fumaric acid dichloride with trans-2,5-dimethylpiperazine: 

_• CHa 

HC--CO--N N \ / 
I 

CHa 

(i) 

The samples of  polymer used had an inherent viscosity 
of 2.2 (determined at a concentration of 0"5 g/100ml of 
98wt.~o H2SO4, at 30°C). The t-2,5-DMPF films were 
prepared by dry casting as described previously 1°, using 
formic acid or a chloroform-methanol mixture in the 
ratio of 88 : 12 parts, as casting solvents. 

The water and salt fluxes were measured by direct 
osmosis (d.o.) using unsupported film of  2 cm diameter. 
The film is assembled in a cell formed of  two Lucite 
blocks. The cell has two holes through which deionized 
water and a salt solution are introduced. Two magnetic 
stirrers, coated with Teflon, are placed as close as possible 
to the film in order to limit polarization phenomena. 

The water flux is determined at two open glass capil- 
laries, each with a diameter of about 0.1 cm; the salt 
flux is measured from the change in the electric conduc- 
tivity of the initially salt-free solution, using two platinum 
electrodes placed within the cell. The reverse osmosis 
(r.o.) measurements were obtained using a laboratory 
test apparatus described previously 11. The samples of 
the films tested in the reverse osmosis plant were rectangu- 
lar in shape and had an area of  18 cm 2. The pressure of 
the feed salt solution can be adjusted from 30 to 120 atm 
(1 a tm-101.325 kN/mZ). The measurements were made 
at temperatures of 25°C and 30°C. 

The permeability to water and salt were calculated 
according to the method of Lonsdale et al. lz from the 
equations: 

J1 = DIC1171( AP  - A zr)/ R T A X  (1) 

J2 = D 2 K A p 2 / A X  (2) 
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where D t C t = P l  is the permeability to water ( g c m  -1 
see-t); DzK=Pz  is the permeability to salt (cm2sec-1); 
J1 and J2 are respectively the water and the salt fluxes 
(g cm-Z sec-~); I7 is the partial volume of the water in 
the outer phase (cruZ/tool); ( A p - A r  0 is the difference 
between the applied pressure and the osmotic pressure 
at the sides of the film (arm); AX is the thickness of the 
film (cm); R and T are respectively the gas constant 
(cm3atmmol- lK -t) and the absolute temperature (K) 
and Apz is the concentration difference of the solute in 
the solutions separated by the film (gcm-3) t2. 

Equation (1) is reduced to equation (3) in direct 
osmosis measurements, when Ap= 0. 

J1 = D1C1 P'I A~ / RT A  X (3) 

The salt rejection in reverse osmosis experiment is 
defined as: 

• / /  

SR = P2-  P~ ~ -  (4) 
P2 

where p~ and p fare respectively the concentrations of the 
solute in the feed solution and in the product. 

RESULTS 

Figure 1 shows a typical flow of water and salt through 
a t-2,5-DMPF film in a d.o. measurement. In general, 
the flow of  water and of salt is constant in time, about 
30min after starting the measurements. Table 1 reports 
the results of the direct osmosis measurements using 
5~o (w/v) NaCl solution on t-2,5-DMPF and cellulose 
acetate film (Eastman 398-3) used as reference. 

The direct osmosis measurements were made on films 
cast from HCOOH and CHCla-CH3OH. The films 
were generally equilibrated in water for 48h before 
making the measurements. The effect of a heat treatment 
was examined on film treated in water at 100°C for 1 h. 

Table 2 gives the results of reverse osmosis measure- 
ments at pressures of 50, 80 and 105atm, with a 0.5~ 
(w/v) NaC1 feed solution. The measurements were made 
on t-2,5-DMPF film cast from HCOOH and CHCla- 
CHaOH and on cellulose acetate film cast from acetone. 

Table 3 gives the results of reverse osmosis measure- 
ments with a feed solution containing 1~ (w/v) of 
MgSO4. 

In the r.o. tests the films were assembled in the plant 

Table I Direct osmosis measurements on completely dry films of t-2,5-DMPF and cellulose acetate. 
5% (w/v) NaCI solution; temperature =25°C 

Water NaCI 
Membrane permeability, permeability, 

Thickness Jzx 105 J~ constant× 107 P1 × 106 P2 P1/P2 
Casting solvent Treatment* (/~m) (gcm-2sec -1) (gcm-~sec -z) (g cm-2sec-latm -z) (gcm-Zsec -z) (cm2sec -z) (gcm -3) 

t-2,5-DMPF: 
HCOOH a 25 1-520 3.98×10 -7 3.83 1.30 1.99×10 -s 61.3 
HCOOH a 44 0.846 3.10x10 -7 2-17 1.29 2.78x10 -8 46.5 
HCOOH b 35 0.572 0.74× 10 -7 1.38 0.65 0.49× 10 -8 131.8 
CHCI3/CHaOH a 36 0.985 2.68x 10 -7 2.48 1.21 1.94× 10 -s 62.5 
CHCI~/CH3OH b 36 0.424 0-35x 10 -7 1-06 0.52 0.25× 10 -8 205.4 

Cellulose acetate (E-398-3): 
Acetone a 26 0.350 7.00× 10 -9 0-88 0.31 3.64:< 10 -z° 854.6 
Acetone a 24 0.394 5.50× 10 -9 0.98 0.32 2.60× 10 -z° 1223.2 

* a=f i lm conditioned 48h in HaO at room temperature (25°C) 
b=f i lm annealed 1 h at 100°C in H20, conditioned 48h in H20 at room temperature (25°C) 

Table 2 Water flux and NaCI rejection of completely dry films of t-2,5-DMPF and cellulose acetate by reverse osmosis. 
Feed=0.5% (w/v) NaCI; temperature=30°C 

Product NaCI Salt Water 
Thickness Pressure Water flux concentration rejection permeability, Pzx 108 Pz/P2 

Casting solvent (/~m) (atm) (I/m 2 per day) (ppm) (%) (g cm-Zsec -z) (gcm -3) 

t-2,5-DMPF: 
HCOOH 40* 50 9.8 440 91.2 1.4 320 
CHCla/CHaOH 30* 50 10" 0 430 91- 4 1.1 330 
HCOOH 40* 80 12.0 295 94-1 1.0 287 
HCOOH 36* 80 15.5 280 94"4 1.2 313 
H CO0 H 22* 80 24- 0 345 93" 1 1.1 243 
HCOOH 13" 80 38"0 310 93.8 1.0 265 
HCOOH 8" 5t 80 64.3 195 96" 1 1.2 468 
H C O O H 40* 105 13.5 175 96" 5 0" 87 384 

Cellulose acetate (E-398-3) : 
Acetone 40* 80 2.4 70 98.6 0.21 1231 

* Films supported on filter paper NageI-Co Duren-No 640 
t Films supported on Millipore-VSWP 29300 membrane 
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Figure 1 Extended water (x )  and NaCI (©) flows through t-2,5- 
DMPF film, cast from CHCI3-CH3OH solution, thickness 36/~m, 
by d.o. measurement 

Table 3 Water flux and MgSO4 rejection by reverse osmosis 
measurements on completely dry films of t-2,5-DMPF. 
Feed =1% (w/v) MgSO4; temperature=30°C 

Product 
Water MgSO4 
flux concen- MgSO4 

Thickness Casting Pressure (I/mZ per tration rejection 
(p.m) solvent (atm) day) (ppm) (%) 

22 CHCIs/ 50 12.0 28 99.7 
CHsOH 

28 HCOOH 50 14.7 20 99.8 
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Figure 2 Water flux (A) and NaCI rejection (O) of t-2,5-DMPF 
film, cast from CHCI3-CH~OH solution, thickness 40Fro, in a 
long r.o. experiment. Pressure: 50 atm; temperature=25°C; 
feed=0.5wt.% NaCI 

after conditioning them for 24h at 25°C and 65% 
relative humidity. The results reported were obtained 
after 24h operation. Reverse osmosis tests carried out 
for over 25 days on t-2,5-DMPF film did not reveal 
flux or salt rejection losses. 

A r.o. test for a long time is given in Figure 2. During 
this test the r.o. plant was subjected to two drops in 
pressure at 192h and 336h. In both cases, when the 
pressure was returned to the original value, the properties 
of  the membrane were re-established. 

Note to the Editor 

DISCUSSION 

The results of the d.o. tests on cellulose acetate film 
given in Table 1 are in good agreement with the values 
reported by LonsdalO 2 and by Bloch and Vieth 13. The 
value of PI  calculated by us from the d.o. measurements 
is intermediate between the values of  0.20 and 0.32 × 10 -6 
g c m - l s e c  -1 reported by Lonsdale 12. Considering that 
the d.o. measurements were carried out using a more 
dilute NaC1 solution, the Table 1 data can be compared 
to those given in the literature for cellulose acetate or 
other polymers. 

The most  important  properties shown by t-2,5-DMPF 
films are: the high permeability to water P1 which is 
4-5 times that of cellulose acetate measured under the 
same conditions (Tables 1 and 2); the good NaC1 rejection 
exceeding 90%, demonstrated in the r.o. tests (Table 2); 
and the very high salt rejection, exceeding 99%, with 
regard to more steric hindered solutes such as MgSO4 
(Table 3). 

The permeselectivity of  t-2,5-DMPF films has been 
indicated in Tables 1 and 2 as the ratio (P1/Pz) between 
the permeability to water and to salt 14. This ratio has a 
relatively low value from the d.o. measurements, while 
it undergoes marked increase in the r.o. measurements. 
Nevertheless, it appears, comparing the values of  Tables 
1 and 2, that the effect of  the pressure has more influence 
on reducing salt permeability than water permeability. 
This fact would appear to indicate marked compaction 
of the material at the pressures used in the r.o. tests. 
The Pt  values from the d.o. measurements are comparable 
with those obtained at 50 and 80atm during the r.o. 
measurements. For the same film 40/~m thick, the 
respective Pt  values obtained at 50, 80 and 105 atm are: 
1.4 × 10-6; 1.0 x 10-6; 0.87 × 10 -6 (gcm -1 sec-1). Anneal- 
ing the films in hot water shows a marked improvement 
in semipermeability properties. As a consequence the 
P1/P2 (Table 1) values approached the r.o. values for 
unbeat-treated films. 

It  can be seen from the values of  Table 2 that the 
reverse osmosis properties are retained when the thickness 
of  the film is reduced, while there is a great increase in 
the water flux. A film 8.5/~m thick permits to obtain, at 
80atm, a flux of 64.3 1/m 2 per day with a 96-1% NaCl 
rejection; it should be pointed out that this film was 
supported on a Millipore membrane,  as the filter paper 
used in the other tests was too coarse for such a fine film. 

The general properties of t-2,5-DMPF were determined 
previously10,15 and are given in Table 4. t-2,5-DMPF 
films look very similar to cellulose acetate films, they 
are transparent and shiny, with a high ultimate tensile 
strength, a high modulus of  elasticity and low elongation. 

Table 4 General properties of t-2,5-DMPF films 
prepared from HCOOH 

Tensile strength (kg/cm 2) 810 
Elongation (%) 5 
Modulus (kg/cm 2) 31 x 103 
Density (g/cm 3) 1.217 
Resistivity (ohm-cm) 2 x 10 -12 
Dielectric strength (kV/25#m) 1.0 
Moisture regain (98% r.h.) (%) 16.6 
Haze (%) 1- 6 
Luminous transmittance (%) 94-96 
Gloss (%) 160 
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Table 5 Tensile properties* of t-2,5-DMPF films after immersion 
in water 15 

Immersion time 
Casting 94 h 790 h 

solvent TS E TM TS E TM 
HCOOH 256 63 34 143 23 56 
CHCIa/CHoOH 875 54 213 286 61 67 

* TS=tensile strength at break (kg/cmS); E=elongation at break 
(~) ;  TM=tensile modulus (kg/cmZxl0 -2) 

The high moisture regain at 987o r.h. is in good agreement 
with the high permeability found in d.o. and r.o. measure- 
ments. 

We have recently observed that t-2,5-DMPF films after 
equilibration in water, show a reduced ultimate tensile 
strength, a reduced modulus of elasticity and an increased 
elongation, as reported in Table 5 15.This negative effect 
of water on the mechanical properties of t-2,5-DMPF 
films does not appear to have any effect on the mechanical 
resistance of the film in the reverse osmosis application, 
even in long time tests (Figure 2). 

By contrast, the effect of the reduction of the modulus 
of elasticity is different. In fact, the compaction which 
the film undergoes in reverse osmosis conditions is justi- 
fied only by the reduced modulus of the wet films. 

In general, it may be believed that the reverse osmosis 
properties of t-2,5-DMPF films are particularly interest- 
ing for practical application: the high permeability to 
water, in comparison with cellulose acetate, makes this 

material suitable for use in the preparation of composite 
membranes  or  hol low fibres. 
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Penn's PVC technology 
Edited by W. V. Titow and B. J. Lanham 
Applied Science Publishers, Barking, 3rd Edn, 1971, 
545 pp. £12.50 

The late W. S. Penn's well established reference book 'PVC 
Technology' has been revised extensively and up-dated by Titow 
and Lanham. They have maintained the essential character of 
the earlier editions which have been valuable to the technologist 
in providing an easy reference source for commercial polymers, 
compounds, plasticizers, stabilizers, fillers and other compounding 
ingredients. Not only is the chemical identity of these products 
indicated but commercial names, grades and sources are given. The 
manifold processes for converting PVC to products are described 
lucidly. 

A substantial rewriting of many chapters had added to the techno- 
logical content. The pattern of presentation is such that there is an 
excellent balance between the discussion of the principles of tech- 
nology and commercial details. Because of this the book well 
achieves the aims of the authors to present a reference source 
which can be read and utilized at several levels. The non-specialist 
has a useful guide to PVC technology whilst the student will have 
a well presented and readable textbook. For  those who wish to read 
the subject in more detail there are ample references to original 
papers in each chapter. 

The final chapter of the book reviews applications of PVC and is 
followed, appropriately, by an appendix which lists BS, ASTM, 
DIN and ISO standards relevant to PVC and its products. A second 
appendix includes units, conversions and definitions. The index, 
although not comprehensive is adequate. 

The book is well produced and is strongly recommended to all 
who have an interest in PVC, its processing and its uses. 

Finally one might comment that this publication is a fitting 
testimony to the valuable contributions which the late W. S. Penn 
made to education and plastics technology. 

K. A. Scott 

Multicomponent Polymer Systems 
Advances in Chemistry Series 99 
American Chemical Society, Washington, 1971, 
588 pp. $16.50 

The above-mentioned book represents another in the well known 
Advances in Chemistry Series published by the American Chemical 
Society. It  contains the series of thirty-seven papers given at a 
recent national ACS meeting. 

The subject of the symposium, namely 'Multicomponent polymer 
systems', is one of the most topical subjects in polymer chemistry 
at this time. Essentially, it is the use of two or more polymeric 
components to produce a different species having certain improved 
properties over those of the original material. This area of research 
is truly 'applied' in that the goals are usually distinct, namely the 
improvement of properties using existing products. This area of 
research becomes even more important if we assume that few, if 
any, new major polymers will appear on the market in the foresee- 
able future. Instead, new polymeric species will be prepared by 
modification of polymerization conditions using existing monomers 
or by the modification of existing polymers. This last area is the one 
with which this series of papers is concerned. 

The subjects covered in the symposium are extremely divergent 
and include topics such as simple polyblends, random block and 
graft copolymers, reinforced plastics and elastomers and fringe 
areas, such as surface coatings. It is within these confines that the 
polymer engineer, polymer physicist and polymer chemist find that 
their own particular disciplines merge into what could be loosely 
termed materials science. 

With regard to the book itself, it is printed in a style which suits 
the reviewer. The diagrams and photographs are very clear and at 
$16.50 for 588 pages it represents exceedingly good value for 
money. It can be thoroughly recommended to anyone with an 
interest in polymer science. 

J. M.  Locke 

Engineering principles of plasticating extrusion 
Z. Tadmor and I. Klein 
Van Nostrand, New York, 1970, 500 pp. £9.35 

This is probably the first book to attempt to represent mathe- 
matically the performance of each section of the single-screw 
extruder--solid feed, melting, and melt pumping. It draws largely 
on previously published work by the authors and others, which 
should permit a lucid treatment of the overall behaviour of the 
complete machine. However, the sheer weight of mathematics 
seems to magnify trivial details and obscure the major effects, 
many of which have previously been represented, at least qualita- 
tively, by simpler approximations. 

The chapter on 'Basic flow concepts' reproduces the fundamental 
equations of continuity, motion, and energy (unfortunately with 
several errors*) followed by a brief discussion including the effects 
of shear rate, temperature, and pressure. There is little adaptation 
to practical situations or indication of how the equations may be 
handled, since in most cases many factors are unknown. Equation 
2.4 assumes constant density, which implies isothermal conditions, 
though this is not stated, nor  is it clear whether thermal expansion 
has been ignored subsequently. Appendix C provides little visco- 
metric data additional to that published in 1959 in 'Processing of 
thermoplastic materials' by Bernhardt. The chapter on 'Screw 
geometry' is an example of undue attention to detail, some of it 
inapplicable to screws as manufactured. 

The feed section is treated by the method of Darnell and Mol, 
with some additional work by the authors covering the effects of 
flight width and pressure rise and of different coefficients of friction 
on the screw and barrel. The latter suggests that the temperature 
difference between screw and barrel in this section will have a pro- 
found influence on the rate of feeding, although no experimental 
data are presented on the variation of friction coefficient with 
temperature for commercial polymers. In practice the temperature 
conditions are rarely critical, providing cooling is applied to the 
feed section. Pressure rise is shown to be exponential and hence 
critically dependent on the initial pressure. However, factors 
influencing flow in the feed hopper and the filling of the screw, e.g. 
particle size distribution, degree of hopper filling, air entrainment, 
and geometry of the hopper and feed opening are not considered. 

The melt pumping section is treated in a very long chapter (nearly 
150 pages) similarly to a number  of other computer analyses, 
where the equations are progressively developed from the Newtonian 
isothermal case to non-Newtonian non-isothermal with shear 
heating and channel curvature. The first 40 pages or so present the 
work of previous authors on the isothermal Newtonian case, but 
in what appears to be an unnecessarily obscure manner. In 'Polymer 
processing' McKelvey shows curves of output versus helix angle 
which clearly explain why the apparent optimum angle of 30 ° is 
not often used, yet these are not reproduced; the conditions for 
maximum pressure gradient (p 222) could be much more clearly 
described in terms of the dimensionless factor Q~ Wbh or the pressure 
flow/drag flow ratio; there is much discussion of velocity profiles 
yet only one rough pressure profile (p 237), although these are used 
later in Section 8.3 as basis for comparison of theory and experi- 
ment. A section of seven pages of mathematics on the effect of 
flight clearance leads to the well-known correction (1 - 8/H) to the 
drag flow, yet the much more significant effect on power input is 
not really tackled. Although given in great detail, the treatment is 
not critical as in 'Extruder screw design' by Fenner, and Fig. 6.43 
is the only attempt to justify the additional computing time required 
for the more sophisticated solutions. 

The key section of the book deals with the process of melting the 
solid polymer in the screw; this is based on work done by the 
authors and colleagues in the Western Electric laboratories. They 
are to be congratulated on deriving expressions with a minimum 
number  of factors to be determined experimentally. However, 
some of the assumptions are surprising, e.g. that the molten film 
above the solid bed is of uniform thickness in the cross-channel 

* E.g. p 12, Table 2.2A: minus sign omitted before penultimate 
term and third denominator given as 0x in place of ~z. p 18, 
Table 2.6A: first denominator given as 0x in place of 0t~ 
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direction, that heat transfer from the barrel to the solid is by pure 
conduction through molten film, and that heat transfer between the 
solid polymer and the melt pool is negligible in spite of the high 
shear rates at this point. It is claimed that by this method it is 
possible to calculate reliably the melting length from physical and 
geometrical factors and so supply the principal missing factor, 
the effective length, for calculations of the melt pumping section. 
Considerable experimental evidence with a number  of commercial 
polymers is presented in support of the theoretical predictions, but 
the range of screw diameters, profiles, and speeds is small, and the 
resulting melting lengths also vary over a comparatively small 
range of say 15-25 diameters. Although the authors '  results show 
both temperature fluctuations and discrete unmolten regions 
towards the end of the melting section, they do not consider the 
mechanisms by which these are reduced further along the screw, 
and yet any practical extrusion technologist knows that it is these 
factors, as much as any, that lead to poor quality extrusion, 
especially as output is raised. 

The overall performance of the extruder is given mathematically 
by a simple addition of the effects of the separate sections, with 
only the most trivial consideration of interactions between them. 
Some experimental results are compared with calculation; on 
p 365 it is stated, ' the only general conclusion that can be drawn 
from the results presented is that the better the melting conditions, 
the better is the agreement of theory to experiments'. While the 
theory predicts many features of the experimental pressure and 
temperature profiles, the reviewer feels the quantitative agreement is 
not shown to be reliable enough to justify the vast computational 
effort involved. The present theory fails to give any indication of 
instabilities such as surging, which frequently limit performance; 
a shorter chapter on 'Stability' discusses experimental data on 
fluctuations of temperature, pressure etc., but the only theory 
referred to is by previous workers. 

This book is well produced, though with typographical errors. 
Its complexity makes it impossible to make general statements on 
the overall performance of the extruder, and the book will therefore 
be of little assistance to the process technologist. It would probably 
have been better to produce the original work in the form of a 
monograph covering the melting zone only. 

M. J. Stevens 

IUPAC International Symposium on 
Macromolecules 
Edited by M. J. Voorn 
Butterworths, London, 1971, 282 pp. £7.75 

This volume collects together the main lectures and the survey 
lectures presented at the IUPAC Symposium on Macromolecules 
held in Leiden in September 1970. The main lectures are a particu- 
larly powerful group of papers. Flory brings up to date the work 
described in detail in his book on the statistical mechanics of chain 
molecules, and Professor Hodgkin presents a synopsis of the 
current knowledge of the structure of insulin molecules in a way 
which will be appreciated by polymer scientists. The article by 
Vinogradov on the flow and rubber elasticity of polymeric materials 
presents a view which is not often seen in the West. There are also 
contributions by Katchalsky on polyelectrolytes and Fischer on 
X-ray scattering studies of phase transitions. 

Among the eight survey lectures included in the volume, I would 
single out articles by Zerbi on defect induced infra-red absorption 
of polymers and Stockmayer et aL on local jump models for chain 
dynamics as papers illustrating the complexity and the difficulties 
faced by workers in these particular fields. A paper on the stiffness 
of polymers by Holliday and White collects together the results of 
macroscopic estimates of Young's modulus of crystals and com- 
pares them with estimates obtained from various forms of spectro- 
scopy. Among the other lectures, workers in the field of polymeric 
characterization will be particularly interested to read the resumg 
by Strazielle and Benoit of the results of the molecular characteriza- 
tion of a series of commercial polymers by a number of laboratories. 
The conclusion is that the results are not much better than the 
ones obtained in a similar experiment by Atlas and Mark in 1961, 
but one has to remember that the present exercise was much 
more ambitious in that it included polymers having a wide variety 
of molecular weight distributions and polymers of complicated 
structure. 

The book is priced at £7.75. It should certainly be on the shelves 
of all libraries and workers in special fields will wish to buy the 
volume for one or two outstanding individual papers. 

G. Allen 

Conference Announcement 

10- 14 September 1973 

The Chemical Society 

IUPAC International Symposium on 
Macromolecules 

University of Aberdeen, Scotland 
The programme will be arranged in the following two main sections, running in parallel 
throughout the Meeting: Synthesis and Manufactureand Physical and Technological Aspects. 
Emphasis will be given to the relationship between the science and technology of poly- 
mers. Each section will consist of a limited number of invited lectures and contributed 
papers. 
The Programme Committee will consider contributed papers of special interest and novelty 
in relation to the following topics with major emphasis on Thermoplastic Polymers and 
Elastomers, and in particular the relationship between any of these topics: (1) The Manu- 
facture of Polymers; (2) Synthesis of Polymers; (3) Science and Technology of Fluid 
Polymers; and (4) Science and Technology of Solid Polymers. Those wishing to present 
a paper should apply to Dr John F. Gibson, The Chemical Society, Burlington House, London 
WlV 0BN for the form of a submission of a communication, which should be returned 
together with the abstract not later than 1 January 1973. 
Further details about registration, accommodation, travel, social and ladies' programme will 
be available in February 1973. 
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Penn's PVC technology 
Edited by W. V. Titow and B. J. Lanham 
Applied Science Publishers, Barking, 3rd Edn, 1971, 
545 pp. £12.50 

The late W. S. Penn's well established reference book 'PVC 
Technology' has been revised extensively and up-dated by Titow 
and Lanham. They have maintained the essential character of 
the earlier editions which have been valuable to the technologist 
in providing an easy reference source for commercial polymers, 
compounds, plasticizers, stabilizers, fillers and other compounding 
ingredients. Not only is the chemical identity of these products 
indicated but commercial names, grades and sources are given. The 
manifold processes for converting PVC to products are described 
lucidly. 

A substantial rewriting of many chapters had added to the techno- 
logical content. The pattern of presentation is such that there is an 
excellent balance between the discussion of the principles of tech- 
nology and commercial details. Because of this the book well 
achieves the aims of the authors to present a reference source 
which can be read and utilized at several levels. The non-specialist 
has a useful guide to PVC technology whilst the student will have 
a well presented and readable textbook. For  those who wish to read 
the subject in more detail there are ample references to original 
papers in each chapter. 

The final chapter of the book reviews applications of PVC and is 
followed, appropriately, by an appendix which lists BS, ASTM, 
DIN and ISO standards relevant to PVC and its products. A second 
appendix includes units, conversions and definitions. The index, 
although not comprehensive is adequate. 

The book is well produced and is strongly recommended to all 
who have an interest in PVC, its processing and its uses. 

Finally one might comment that this publication is a fitting 
testimony to the valuable contributions which the late W. S. Penn 
made to education and plastics technology. 

K. A. Scott 

Multicomponent Polymer Systems 
Advances in Chemistry Series 99 
American Chemical Society, Washington, 1971, 
588 pp. $16.50 

The above-mentioned book represents another in the well known 
Advances in Chemistry Series published by the American Chemical 
Society. It  contains the series of thirty-seven papers given at a 
recent national ACS meeting. 

The subject of the symposium, namely 'Multicomponent polymer 
systems', is one of the most topical subjects in polymer chemistry 
at this time. Essentially, it is the use of two or more polymeric 
components to produce a different species having certain improved 
properties over those of the original material. This area of research 
is truly 'applied' in that the goals are usually distinct, namely the 
improvement of properties using existing products. This area of 
research becomes even more important if we assume that few, if 
any, new major polymers will appear on the market in the foresee- 
able future. Instead, new polymeric species will be prepared by 
modification of polymerization conditions using existing monomers 
or by the modification of existing polymers. This last area is the one 
with which this series of papers is concerned. 

The subjects covered in the symposium are extremely divergent 
and include topics such as simple polyblends, random block and 
graft copolymers, reinforced plastics and elastomers and fringe 
areas, such as surface coatings. It is within these confines that the 
polymer engineer, polymer physicist and polymer chemist find that 
their own particular disciplines merge into what could be loosely 
termed materials science. 

With regard to the book itself, it is printed in a style which suits 
the reviewer. The diagrams and photographs are very clear and at 
$16.50 for 588 pages it represents exceedingly good value for 
money. It can be thoroughly recommended to anyone with an 
interest in polymer science. 

J. M.  Locke 

Engineering principles of plasticating extrusion 
Z. Tadmor and I. Klein 
Van Nostrand, New York, 1970, 500 pp. £9.35 

This is probably the first book to attempt to represent mathe- 
matically the performance of each section of the single-screw 
extruder--solid feed, melting, and melt pumping. It draws largely 
on previously published work by the authors and others, which 
should permit a lucid treatment of the overall behaviour of the 
complete machine. However, the sheer weight of mathematics 
seems to magnify trivial details and obscure the major effects, 
many of which have previously been represented, at least qualita- 
tively, by simpler approximations. 

The chapter on 'Basic flow concepts' reproduces the fundamental 
equations of continuity, motion, and energy (unfortunately with 
several errors*) followed by a brief discussion including the effects 
of shear rate, temperature, and pressure. There is little adaptation 
to practical situations or indication of how the equations may be 
handled, since in most cases many factors are unknown. Equation 
2.4 assumes constant density, which implies isothermal conditions, 
though this is not stated, nor  is it clear whether thermal expansion 
has been ignored subsequently. Appendix C provides little visco- 
metric data additional to that published in 1959 in 'Processing of 
thermoplastic materials' by Bernhardt. The chapter on 'Screw 
geometry' is an example of undue attention to detail, some of it 
inapplicable to screws as manufactured. 

The feed section is treated by the method of Darnell and Mol, 
with some additional work by the authors covering the effects of 
flight width and pressure rise and of different coefficients of friction 
on the screw and barrel. The latter suggests that the temperature 
difference between screw and barrel in this section will have a pro- 
found influence on the rate of feeding, although no experimental 
data are presented on the variation of friction coefficient with 
temperature for commercial polymers. In practice the temperature 
conditions are rarely critical, providing cooling is applied to the 
feed section. Pressure rise is shown to be exponential and hence 
critically dependent on the initial pressure. However, factors 
influencing flow in the feed hopper and the filling of the screw, e.g. 
particle size distribution, degree of hopper filling, air entrainment, 
and geometry of the hopper and feed opening are not considered. 

The melt pumping section is treated in a very long chapter (nearly 
150 pages) similarly to a number  of other computer analyses, 
where the equations are progressively developed from the Newtonian 
isothermal case to non-Newtonian non-isothermal with shear 
heating and channel curvature. The first 40 pages or so present the 
work of previous authors on the isothermal Newtonian case, but 
in what appears to be an unnecessarily obscure manner. In 'Polymer 
processing' McKelvey shows curves of output versus helix angle 
which clearly explain why the apparent optimum angle of 30 ° is 
not often used, yet these are not reproduced; the conditions for 
maximum pressure gradient (p 222) could be much more clearly 
described in terms of the dimensionless factor Q~ Wbh or the pressure 
flow/drag flow ratio; there is much discussion of velocity profiles 
yet only one rough pressure profile (p 237), although these are used 
later in Section 8.3 as basis for comparison of theory and experi- 
ment. A section of seven pages of mathematics on the effect of 
flight clearance leads to the well-known correction (1 - 8/H) to the 
drag flow, yet the much more significant effect on power input is 
not really tackled. Although given in great detail, the treatment is 
not critical as in 'Extruder screw design' by Fenner, and Fig. 6.43 
is the only attempt to justify the additional computing time required 
for the more sophisticated solutions. 

The key section of the book deals with the process of melting the 
solid polymer in the screw; this is based on work done by the 
authors and colleagues in the Western Electric laboratories. They 
are to be congratulated on deriving expressions with a minimum 
number  of factors to be determined experimentally. However, 
some of the assumptions are surprising, e.g. that the molten film 
above the solid bed is of uniform thickness in the cross-channel 

* E.g. p 12, Table 2.2A: minus sign omitted before penultimate 
term and third denominator given as 0x in place of ~z. p 18, 
Table 2.6A: first denominator given as 0x in place of 0t~ 
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direction, that heat transfer from the barrel to the solid is by pure 
conduction through molten film, and that heat transfer between the 
solid polymer and the melt pool is negligible in spite of the high 
shear rates at this point. It is claimed that by this method it is 
possible to calculate reliably the melting length from physical and 
geometrical factors and so supply the principal missing factor, 
the effective length, for calculations of the melt pumping section. 
Considerable experimental evidence with a number  of commercial 
polymers is presented in support of the theoretical predictions, but 
the range of screw diameters, profiles, and speeds is small, and the 
resulting melting lengths also vary over a comparatively small 
range of say 15-25 diameters. Although the authors '  results show 
both temperature fluctuations and discrete unmolten regions 
towards the end of the melting section, they do not consider the 
mechanisms by which these are reduced further along the screw, 
and yet any practical extrusion technologist knows that it is these 
factors, as much as any, that lead to poor quality extrusion, 
especially as output is raised. 

The overall performance of the extruder is given mathematically 
by a simple addition of the effects of the separate sections, with 
only the most trivial consideration of interactions between them. 
Some experimental results are compared with calculation; on 
p 365 it is stated, ' the only general conclusion that can be drawn 
from the results presented is that the better the melting conditions, 
the better is the agreement of theory to experiments'. While the 
theory predicts many features of the experimental pressure and 
temperature profiles, the reviewer feels the quantitative agreement is 
not shown to be reliable enough to justify the vast computational 
effort involved. The present theory fails to give any indication of 
instabilities such as surging, which frequently limit performance; 
a shorter chapter on 'Stability' discusses experimental data on 
fluctuations of temperature, pressure etc., but the only theory 
referred to is by previous workers. 

This book is well produced, though with typographical errors. 
Its complexity makes it impossible to make general statements on 
the overall performance of the extruder, and the book will therefore 
be of little assistance to the process technologist. It would probably 
have been better to produce the original work in the form of a 
monograph covering the melting zone only. 

M. J. Stevens 

IUPAC International Symposium on 
Macromolecules 
Edited by M. J. Voorn 
Butterworths, London, 1971, 282 pp. £7.75 

This volume collects together the main lectures and the survey 
lectures presented at the IUPAC Symposium on Macromolecules 
held in Leiden in September 1970. The main lectures are a particu- 
larly powerful group of papers. Flory brings up to date the work 
described in detail in his book on the statistical mechanics of chain 
molecules, and Professor Hodgkin presents a synopsis of the 
current knowledge of the structure of insulin molecules in a way 
which will be appreciated by polymer scientists. The article by 
Vinogradov on the flow and rubber elasticity of polymeric materials 
presents a view which is not often seen in the West. There are also 
contributions by Katchalsky on polyelectrolytes and Fischer on 
X-ray scattering studies of phase transitions. 

Among the eight survey lectures included in the volume, I would 
single out articles by Zerbi on defect induced infra-red absorption 
of polymers and Stockmayer et aL on local jump models for chain 
dynamics as papers illustrating the complexity and the difficulties 
faced by workers in these particular fields. A paper on the stiffness 
of polymers by Holliday and White collects together the results of 
macroscopic estimates of Young's modulus of crystals and com- 
pares them with estimates obtained from various forms of spectro- 
scopy. Among the other lectures, workers in the field of polymeric 
characterization will be particularly interested to read the resumg 
by Strazielle and Benoit of the results of the molecular characteriza- 
tion of a series of commercial polymers by a number of laboratories. 
The conclusion is that the results are not much better than the 
ones obtained in a similar experiment by Atlas and Mark in 1961, 
but one has to remember that the present exercise was much 
more ambitious in that it included polymers having a wide variety 
of molecular weight distributions and polymers of complicated 
structure. 

The book is priced at £7.75. It should certainly be on the shelves 
of all libraries and workers in special fields will wish to buy the 
volume for one or two outstanding individual papers. 

G. Allen 

Conference Announcement 

10- 14 September 1973 

The Chemical Society 

IUPAC International Symposium on 
Macromolecules 

University of Aberdeen, Scotland 
The programme will be arranged in the following two main sections, running in parallel 
throughout the Meeting: Synthesis and Manufactureand Physical and Technological Aspects. 
Emphasis will be given to the relationship between the science and technology of poly- 
mers. Each section will consist of a limited number of invited lectures and contributed 
papers. 
The Programme Committee will consider contributed papers of special interest and novelty 
in relation to the following topics with major emphasis on Thermoplastic Polymers and 
Elastomers, and in particular the relationship between any of these topics: (1) The Manu- 
facture of Polymers; (2) Synthesis of Polymers; (3) Science and Technology of Fluid 
Polymers; and (4) Science and Technology of Solid Polymers. Those wishing to present 
a paper should apply to Dr John F. Gibson, The Chemical Society, Burlington House, London 
WlV 0BN for the form of a submission of a communication, which should be returned 
together with the abstract not later than 1 January 1973. 
Further details about registration, accommodation, travel, social and ladies' programme will 
be available in February 1973. 
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Ziegler-Natta catalysis: 5. A molecular 
weight investigation 

I. D. McKenzie and P. d. T. Tait 

Department of Chemistry, University of Manchester Institute of Science and Technology, 
Manchester M60 1QD, UK 
(Received 11 April 1972) 

Molecular weight relationships in the polymerization of 4-methylpentene-1 by the Ziegler- 
Natta system VCI3/AIRz have been examined at 30°C and 40°C. The dependence of the 
number-average degree of polymerization on the concentration of metal halide, aluminium 
alkyl concentration, monomer concentration, temperature, and nature of the aluminium 
alkyl has been established. The results have been examined in relation to a previously 
described kinetic scheme, and the rate constant for chain transfer with adsorbed monomer 
has been evaluated. 

INTRODUCTION 

An analysis of the molecular weight relationships which 
operate in Ziegler-Natta polymerization systems can 
yield important information concerning the nature of this 
complex polymerization process. That this is so has been 
clearly demonstrated for the polymerization of  pro- 
pylene 1-7 and ethylene s and for other systems as well. No 
comparable studies have been reported on the poly- 
merization of 4-methylpentene-l(4-MP-1) by the catalyst 
system VCla/A1Ra. The results reported in this paper 
form an integral part of  a fairly comprehensive study on 
this particular polymerization system. 

EXPERIMENTAL 

The polymerization procedures which are used have 
already been describedL 

Owing to the insolubility of  poly(4-methylpentene-1) it 
was necessary to carry out viscosity measurements in 
decalin at 135°C. A viscometer employing a vapour bath 
thermostat was used in these determinations, and was a 
modified Ubbelohde suspended level dilution viscometer 
of the Fitzsimon type 1°A1. The temperature of  the 
viscometer was controlled within + 0.05°C. 

The relationship: 

[~7] = 1.94 x 10-4(Mn) °'sl 

as derived by Hoffman et aL 12, was used in the calculation 
of number-average molecular weights for this study. 

RESULTS 

Effect of polymerization time on number-average 
molecular weight 

Polymerizations were carried out at 30°C and 40°C 
using a constant vanadium trichloride and monomer 
concentration and a constant A I : V  ratio. Typical 
experimental details and results are shown in Figure 1. It 
may be seen that the molecular weight increases up to a 
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Figure 1 Plot of molecular weight versus time. [4-MP-1]=2.0 
mol/I; ARV ratio=2.0:1 ; solvent=benzene. 0: 30°C; [VCla]= 18.5 
mmol/I; O: 40°C; [VCI3]=7.4mmol/l 

limiting value with increase in reaction time. At 40°C the 
limiting value of the molecular weight is reached in 
~ 100 min. Other workers report similar results 1, s, z3. 

The average lifetime (~-) of a growing polymer chain can 
be calculated from the variation in the number-average 
degree of polymerization (/~n) with reaction time, pro- 
vided that Co is independent of time, and provided that 
the molecular weight distribution remains constant, i.e. 

d(I/P~)P~ 
~ -  d(1/t) (1) 

Some workers t, 8 have used this equation to determine 
the average lifetime of a growing polymer chain. For the 
present system this relationship can only be used satis- 
factorily in the earlier stages of  the polymerization as is 
seen in Figure 2. Use of equation (1) would, however, 
introduce serious errors into the calculation of ~-, since Co 
is known not to be constant during the early stages of these 
polymerizations. 
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Figure 2 Plot of 1~fin against 1# for 30°C. [4-MP-1]=2.0mol/I; 
AI:V ratio=2.0:1; [VCI3]=18.Smmol/I 

Table I Effect of catalyst concentration on number-average 
molecular weight at 40°C 

Reaction time [VCI3] x 103 [~7] 
(rain) (tool/I) (dl/g) Mn x 10 -5 

180 3-62 13.70 9"66 
180 3.85 13"80 9.75 
180 7.35 14'00 9"95 
240 7.45 14-25 10'17 
180 8.74 13"35 9.33 
180 11.22 13"50 9.51 
180 18.41 13"40 9"43 

The average steady state value of ~- may, nevertheless, 
be calculated from the equation, 

PnCo 
= ( 2 )  

Rp 

Use of equation (2) yields values for r of 14"8 rain and 
7-8 min at 30°C and 40°C respectively. 

Values of 1--30 min have been reported 14 for ~- in the 
polymerization of propylene by the catalyst system 
TiCI3/AI(iBu) a. 

Effect of catalyst concentration on the number-average 
molecular weight 

Molecular weight determinations were carried out on 
samples of polymers prepared at 40°C using a constant 
A I : V  ratio, constant monomer concentration and 
constant duration of polymerization. The results of  these 
experiments are shown in Table 1, and show quite clearly 
that the vanadium trichloride concentration has no effect 
on the number-average molecular weight of the polymer 
over the sixfold range of  concentration investigated. These 
results appear to conflict with the results of Natta et al. 1 
for the polymerization of propylene by the catalyst 
system a-TiC18/A1Et3. However, it is important to ensure 
that the duration of the polymerization reaction is fairly 
long (180 min in this case) owing to the somewhat long 
average chain lifetimes found in these systems. 

Effect of tri-isobutylaluminium concentration on number- 
average molecular weight 

Polymerizations were carried out at 40°C using con- 
stant vanadium trichloride and monomer concentrations, 

but using differing concentrations of tri-isobutyl- 
aluminium. Typical results are shown in Figure 3, and 
show that the molecular weight initially increases slightly 
with the alkyl concentration up to a value which cor- 
responds to an A1 : V ratio of 2 : 1 ; above this ratio the 
molecular weight decreases with further increase in alkyl 
concentration. This complex behaviour should be com- 
pared with that observed for the rate dependence on the 
alkyl concentration described previously 9. 

Many authors 3-6 have reported that, in MCla/A1R3 
catalyst systems, the molecular weight decreases as the 
ratio A1R3/MC13 is increased, and this has usually been 
interpreted as arising from chain transfer with aluminium 
alkyl. 

Furthermore, chain transfer with adsorbed alkyl has 
already been demonstrated TM 16 

Effect of monomer concentration on number-average 
molecular weight 

All experiments were carried out at constant catalyst 
concentration, and were taken to constant conversion. In 
all cases the duration of polymerization was in excess of 
200 rain and so the polymer samples obtained were not in 
the time-molecular weight-dependent region. Typical 
results for 30°C and 40°C are shown in Figure 4. Inverse 
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Figure 3 Plot of number-average molecular weight versus tri- 
isobutylaluminium concentration. [4-MP-1]=2.0mol/I; [VCI3]= 
8.7mmol/I; temperature=40°C; solvent= benzene 
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Plot of number-average molecular weight versus 
temperature. [4-MP-1]=2.0mol/I; AI :V ratio=2.0:1; solvent= 
benzene 

plots of number-average degree of polymerization versus 
monomer concentration are linear, and the results 
obtained are shown in Figures 5 and 6. 

From these results it is concluded that the monomer is 
involved in a chain transfer process with the growing 
polymer chain, a feature which is consistent with results 
obtained in many other Ziegler-Natta systems 1, 8, a 

Effect of temperature on the number-average 
molecular weight 

The range of temperature investigated was 30-70°C. 
The A1 : V ratio and monomer concentration were kept 
constant. The results obtained are plotted in Figure 7. 

The molecular weight above a temperature of 40°C was 
found to decrease with increasing temperature, indicating 
that the activation energy of  termination is greater than 
that of propagation. This is supported by the results of  
Chirkov et aL 2 who determined the activation energies of 
chain propagation and chain rupture to be 16.8 and 
26.7 kcal/mol, respectively. 

Effect of varying the nature of the aluminium alkyl com- 
pound on the number-average molecular weight 

In all cases the AI : V ratio, monomer and vanadium 
trichloride concentrations and duration of  the poly- 
merization reaction were kept constant. The results of 
these experiments are shown in Table 2. 

On the basis of  these experiments the aluminium alkyl 
compounds can be placed in the following order of  ability 
to reduce the molecular weight of the polymer: 

A1Mea > A1Et3 > Al(ndecyl)3 > Al(iBu)a/> A1Et~CI. 

DISCUSSION 

The relationships established above may be summarized 
as follows: (i) the molecular weight initially increases with 
reaction time, gradually becoming independent of the 
duration of polymerization after about 2 h; (ii) the mole- 
cular weight is independent of  the vanadium trichloride 
concentration at a constant AI : V ratio of 2 : 1 ; (iii) the 
molecular weight decreases with increase in the tri- 
isobutylaluminium concentration above an A1 : V ratio 
of 2 : 1 ; (iv) the molecular weight increases with increas- 
ing monomer concentration, such that an inverse relation- 
ship between the number-average molecular weight and 
the monomer concentration gives a linear plot; (v) the 
molecular weight decreases with an increase in the 
polymerization temperature; (vi) the molecular weight is 
dependent on the nature of the aluminium alkyl used. 

It will be apparent that these relationships are in 
excellent qualitative agreement with those predicted on 
the basis of a kinetic scheme presented in a previous 
paper n.  

The following termination and transfer reactions may 
now be formulatedZ: 

(a) Spontaneous termination: 
ks 

Cat+C--H 2--CH ~ P > Cat+H - + CH2 = C ~ P 

I I 
R R 

This reaction may be followed by realkylation of the 
resulting catalyst-hydride bond, so that there is no change 

Table 2 Effect of varying the nature of the alkylaluminium 
compound on the number-average molecular weight 
[4-MP-1]=2-0 mol/I; [VCI3]= 8.4 mmol/I; AIRs :VCla=2.0:I; 
solvent= benzene; polymerization temperature=40°C 

Alkylaluminium Reaction time [-q] 
compound (min) (dl/g) /~nX 10 -5 

Trimethyl 180 3.40 1-74 
Triethyl 160 8.25 5.18 
Diethylchloride 180 14-50 10.40 
Tri-isobutyl 180 13.35 9-33 
Tri-isobutyl 180 14.00 9.95 
Tri-n-decyl 180 11.00 7.40 
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in the overall number of active centres, i.e. 

ki 
Ca t+H-+  CH2 = CHR ) Cat+CH2--CH2R 

Such a spontaneous termination process is not considered 
to be important at temperatures between 30°C and 40°C. 

(b) Transfer to monomer: 
km 

Cat+CHz--CH ~ P + CHz = CHR ) 

I 
R 

Cat+CH 2--CH2R + CH~. = C ~ P 
I 

R 

(c ) Transfer to tri-isobutylaluminium : 
ka 

Cat+CH 2--CH ~ P + Al(iBu) 3 

I 
R 

Cat+CH 2CH(CH3) 2 + Al(iBu) 2CH z - -CH ~ P 

I 
R 

It is emphasized that these equations are formulations 
only in which ks, k~ and k~ are rate constants for the 
spontaneous termination of  growing chains, transfer with 
monomer and transfer with tri-isobutylaluminium. 

In addition to these transfer steps it is possible that the 
tri-isobutylaluminium might be deactivating the active 
centres in some manner, i.e. 

(d) Termination of active centres: 
kt 

Cat+CHz--CH ~ P + Al(iBu)3 ~ polymer + 
I inactive products 

R 

It is considered unlikely, nevertheless, that any true 
termination reactions are occurring in the catalytic 
system VC13/AI(iBu)a at 30°C, in view of  the observed 
constancy, over long periods, of  the rates of poly- 
merization. However, at a temperature of 50°C when using 
Al(iBu)a, and at 30°C when using AIEta, the steady state 
rate gradually decreases with time 9, indicating that some 
deactivation process, perhaps by reduction, is occurring• 

If the propagation reaction were considered to occur 
between an adsorbed monomer molecule and an active 
centre, and if the transfer reactions are with adsorbed 
monomer and adsorbed aluminium alkyl then the follow- 
ing equations 17 are valid for the present system: 

St k~OMCodt 
Pn := Co + ItokmOiCodt + ItokaOACodt (3) 

Integration and inversion yields: 

1 kaOA 1 km 
Pn-kpOM+ k~OM-t 4 kp (4) 

Substitution for 0~t and 0A gives: 

1 kaKA[A] , 1/t ( l l t )KA [A ]  4_(1/ t )+km 
f i n -  k;~2M-[~'l ] * kpKM[M] + kpK~[M] k~ (5) 

Ziegler-Natta catalysis (5)" I. D. McKenzie and P. J. T. Tait 

2O 

_o 
X 

1o 

I I I 

O IO 20 30 

[AI (iBu) 3] x IO2(mol/I) 

Figure 8 Plot of 1/Pn against [Al(iBu)3]. [4-MP-1]=2.0mol/I; 
[VC1~]=8"7 mmol/I; temperature-40°C; solvent=benzene 

Table 3 Values of transfer constant with monomer 

km (min -I) 

Source 30°C 40°C 

Molecular weight data (equation 6) 
Tritium data 
Molecular weight data (equation 6) 
Molecular weight data (equation 7) 

0.26_+0.06 
0.26_+0.08 

0.49_+0"10 
0.70_+0.15 

A plot of 1/Pn against 1/[M] should thus be linear as 
has already been demonstrated in Figures 5 and 6 (see also 
Appendix). 

It is now possible to evaluate the rate constant for chain 
transfer with adsorbed monomer (km) since in accordance 
with equation (5) a plot of 1/Pn against I/[M] is linear 
with: 

. • ( 1 / t ) +km 
mtercept = kp (6) 

In addition, a plot of 1/Pn against [A] is also linear, as 
is shown in Figure 8, and in this case: 

• . . I / t  , 

intercept = kpKM[M]  -~ k l, (7) 

Using values of kp=(3.18 +0.05) x 10Zmin 1 at 30°C 
and (14"6+2"5)× 103min 1 at 40°C, the values of k,~ 
given in Table 3 can be calculated. 

It is possible to check the value of km at 30°C since it 
has already been shown 15 using tritium end-group analysis 
that the ratio: 

rate of transfer with monomer (~t,,)T' 
rate of transfer with metal alkyi = ( ~ , ) / ~  (8) 

UQn)T and (~tn)R have already been defined and evalu- 
atedaL (3~tn)T' is now defined for poly(4-methylpentene-1) 
a s :  

/l~ 84 SoRpdt 
( n)z.= stoRt~dt (9) 

(~tn)T can thus be evaluated, and hence: 

(h'Tn)~' 5"78 x 106_ 5"07 
(h4n~ = 1:i4 x l 0  ~ - (10) 
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However, 

rate of  transfer with monomer kmOMCo kmOr~ 
- (I1) 

rate of  transfer with metal alkyl kaO.~Co kaO~, 

On combining equations (8), (10) and (11) the following 
equation can be obtained: 

5"07 x ka x O A 
k m -  OM (12) 

Using values of  ka = 0'067 rain -1, 0A = 0.125 (assumed 
constant over the duration of  the polymerization), and 
0~t=0.162 (average value up to 300rain), it is possible 
now to calculate km from equation (12): 

km= (0"26 + 0"08) rain -1. 

This value for km compares exceptionally well with the 
value listed in Table 3. 

Unfortunately a comparable check on the values of  km 
at 40°C is not possible due to the absence of  reliable 
numerical data for 0m 0A and ka at this temperature. 

For  km=0"49min -1 the activation energy, Etm, is 
11"9 kcal/mol, while for km= 0"70 min -1 Etm has the value 
18.5kcal/mol. These Etm values compare with E , =  14.8 
kcal/mol and Eta=16.3 kcal/mol which have already 
been determined for this system 16. The value of 11.9 kcal/ 
mol for Etm is, however, more consistent with the data 
plotted in Figure 7. The decrease in molecular weight at 
temperatures greater than 40°C could then arise from the 
onset of  spontaneous termination x, 3. Moreover, vana- 
dium alkyl compounds are unstable at these higher 
temperatures. 

In conclusion, the molecular weight results presented in 
this paper can be successfully interpreted using the 
proposed kinetic scheme, and are consistent with both 
active centre and kinetic investigations presented in earlier 
papers. In addition, an analysis of these results has 
afforded an evaluation of the rate constant, kin, for chain 
transfer with adsorbed monomer, which process is found 
to be the predominant chain regulating process in this 
system. 
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APPENDIX 

If  chain transfer were with unadsorbed monomer and 
adsorbed metal alkyl: 

1/~ kaKA[A] lit (1/t)KA[A]. I / t .  

km ~ kmKA[A] 
k~KM + -t kp[M] 

Since km[M]/kp is a large term compared with the other 
terms, a plot of 1/Pn against 1/[M] would be non-linear. 
A plot of 1/Pn against [A] should, however, be linear, but 
in this case; 

slope 1/[M] .{kaKA(1 + l/t)} +kmKA 
intercept (1/t ) [M] + ( KM/ t ) +km + ( kmKM [M ]) 

Solving this equation for km and using the relevant 
experimental values reveals that km has a negative value, 
clearly demonstrating that chain transfer is not with 
unadsorbed monomer. 
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Sequence peptide polymers: Part 2. 
Poly(leucyl-leucyl-aspartic acid)-- 
conformational aspects in water solution 
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Istituto Chimico, Universit& di Roma, 00185 Roma, Italy 
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A new sequential peptide, poly(leucyl-leucyl-aspartic acid) has been synthesized and the 
conformational properties in water have been examined by spectroscopic methods at 
different degrees of neutralization of the fl-carboxyls of the aspartate residues and by 
potentiometric measurements. The experimental data are in agreement with the presence 
of a-helical segments stabilized by strong hydrophobic interactions. The calculation of the 
thermodynamic functions, AG °, AH °, AS ° related to the transition uncharged random coil 
to uncharged a-helical state, gives at 25°C the following values: AG0=-1575cal/mol; 
AH°=6173cal/mol; AS0=26.0cal/deg mol. These values are expressed in cal/mol of repeat- 
ing unit. The temperature dependence of the ellipticity and the function pH-Iog[~/(1 -=) ]  
versus ~, allows us to analyse the conformational stability of poly(leucyl-leucyl-aspartic 
acid). 

INTRODUCTION 

As is known, a number of factors influence the conforma- 
tion of biological macromolecules in solution and it is 
difficult to determine quantitatively the predominance of 
one of these factors over the others. Although it is not 
difficult to propose contributing factors, a quantitative 
estimate of the thermodynamic functions for any bio- 
logical macromolecule is a hard task. In fact, in many 
cases it is not yet known from experimental measure- 
ments whether the enthalpy and entropy terms are 
positive or negative. 

The quantitative data available from models are 
inadequate either for the lack of theory or for the 
inaccuracy of the models. In addition, most of the 
factors, already computed in the chemistry of small 
molecules and of some polypeptides, cannot be trans- 
ferred in proteins, so that they do not provide a firm 
basis for the quantitative analysis of the thermodynamics 
of folding. 

Hydrophobic interactions 1 are very often introduced 
in discussing the conformation of biological macro- 
molecules mainly in terms of their stabilizing effect. 
This is due to the important role which the solvent 
structure plays in determining the stability of the macro- 
molecule, but more to the fact that hydrophobic forces 
are experimentally well supported because of the co- 
operativity of the interactions and which are, therefore, 
greatly perturbed by small variations of temperature, 
solvent composition, and pressure. 

In order to gain a better understanding of the hydro- 
phobic interactions involved in the conformation of 
biological macromolecules in water, it seemed meaningful 

* To whom enquiries should be addressed. 

to study the behaviour in water of some sequential 
polypeptides containing non-polar and polar amino acid 
residues. These systems are more appropriate research 
model compounds than homopolypeptides, block and 
random copolypeptides, because it is generally accepted 
that the three-dimensional structure of a protein molecule 
is chiefly determined by the primary structure. In this 
paper we report an investigation on the conformational 
transition of poly(leucyl-leucyl aspartic acid) when the 
polypeptide is subjected to pH changes. 

Zimm and Rice 2, and Nagasawa and Holtzer 3 showed 
that the free-energy change of the helix-coil transition 
of an ionizable polypeptide could be obtained by 
analysing potentiometric titration data. This method has 
been repeatedly used for the estimation of the degree of 
stability of uncharged poly(L-glutamic acid) 4-7, poly- 
(L-lysine) 5,s, as well as other ionizable poly(~-amino 
acids), and random copolymers 9 in aqueous media. 

Applying this method to the poly(leucyl-leucyl- 
aspartic acid) at various temperatures, we obtained 
AG °, AS °, and AH ° for the repeating unit, characterizing 
the transition process. 

The presence of o~-helical conformation is established 
for the poly(leucyl-leucyl-aspartic acid) when the /3- 
carboxyls of the aspartate residues are in the uncharged 
state, by means of spectroscopic methods. 

EXPERIMENTAL 
Synthesis of poly( leueyl-leueyl-aspartie acid) ( PL LA A) 

PLLAA has been obtained by the removal of the 
benzyl groups from the corresponding poly(leucyMeucyl- 
aspartic acid-fi-benzyl ester) (PLLAB), prepared as 
described in a previous paper TM. The debenzylation was 
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accomplished according to the method of Fasman 
et al. 11. 

The detailed procedure used for the synthesis of 
PLLAA was the following. To a solution of the PLLAB 
([7]25°=2.04 in CHaC1-HCONH2 (99.5:0.570)) in an- 
hydrous, freshly distilled chloroform (0.1 g in 30ml), 
benzene (15ml) was added. Dry gaseous HCI was 
bubbled for 0.5h through the solution which remained 
perfectly clear. Then dry gaseous HBr was bubbled 
through for 2h, and the deblocked polymer precipitated 
as a white powder. The mixture was left standing for 3 h. 
The polymer, recovered by filtration, was exhaustively 
washed with dry acetone and diethyl ether (Merck). 

The polymer, after drying, was dissolved in dilute 
NaOH and dialysed. Dialysis was performed with a 
4465-A2 dialysing tube (A. Thomas Co., Philadelphia) 
which retains materials with a molecular weight of 
12 000 or higher. 

Finally, the polymer was recovered by lyophilization 
and dried under vacuum over phosphorus pentoxide at 
100°C; spectrophotometric controls allowed us to 
establish the accomplishment of the reaction. 

Titrations 
Potentiometric titrations were carried out with a 

Radiometer titrator, pH meter 26, using a 2222 B glass 
electrode and a K 4112 calomel electrode in a thermo- 
stated vessel. The pH meter was initially standardized 
at several pH values with standard buffers (Radiometer). 
A flow of nitrogen, CO2 free, was used to prevent atmo- 
spheric CO2 from dissolving in solution during the 
experiment. 

Some base (0.1 N COz-free NaOH) was added to 
obtain the PLLAA in solution. 

The water used to make the solutions was doubly 
distilled and CO2 free. Each experiment was performed 
with 5 ml of solution at 0"0370 in PLLAA concentration. 

The polymer concentration of sample solutions were 
determined by amino acid analyses. The solutions were 
titrated with 0.1 N HC1 by use of a micrometer syringe. 

Amino acid analyses 
The polymer concentrations of sample solutions were 

determined by amino acid analyses with a BioCal BC 200 
automatic amino acid analyser. Hydrolysis of the 
polymer was carried out with 5N HCI at 106°C in 
degassed sealed tubes for 72 h. 

Circular dichroism and optical rotatory dispersion 
The circular dichroism (c.d.) spectra were recorded 

on a Cary 61 apparatus using 0.1 and 0.01 cm quartz 
cells. The optical rotatory dispersion (o.r.d.) was measured 
with a Cary 60 spectropolarimeter. 

C.d. and o.r.d, measurements on PLLAA solutions at 
various pH values were carried out from aliquots of a 
mother solution at a pH of 10.40, brought to the desired 
pH value by adding HC104 at 87o or 37o (Merck) with a 
micrometer syringe. 

It was not possible to carry out measurements on 
polymer solutions at pH lower than 4.00 because of 
polymer precipitation. In addition, c.d. spectra for 
aqueous solutions at two different pH values (4.57 and 
6.96) were recorded as a function of temperature in the 
range 28-71°C. The data obtained are shown in 
Figures 1-3. 

M. D'Alagni 

Infra-red (i.r. ) spectra 
I.r. spectra were performed on a Beckman IR 9 

apparatus in D20 solutions using 0.1mm BaF2 cells 
or KBr pellets. We have not been able to obtain an 
oriented sample. Some characteristic spectra are shown 
in Figure 4. 

RESULTS 

The equation 12 describing the hydrogen ion titration of 
polyacids or polybases is : 

p n -  log[~/(1 - ~)] = pK 0 + (0.434/RT)(OGOon)/Oo 0 (1) 

where ~ is the dissociation degree, K o is the intrinsic 
dissociation constant, and G(ion) is the electrostatic and 
conformational free energy. 

The value of ~, which corresponds to each pH, is 
the ratio of net mol of added base at this pH to mol of 
residue. The net mol of added base have been obtained 
by subtracting the amount of titrant used in the solvent 
blank from the total mol of base added to the solution. 
pK ° is determined by extrapolating to ~ = 0 a plot of the 
experimentally determined function pH-log[~J(1-~)] 
versus o~. 

The change in free energy associated with the transition 
from uncharged coil to uncharged hdix (AG °) is rela- 
ted 3, 5, 6 to the area lying between this curve, obtained 
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Figure I C.d. spectrum of PLLAA in water. A, at pH=4"20; 
B, at pH=6.37; C, at pH=10.40 
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Figure 4 The in f ra - red  s p e c t r a  of  PLLAA in D20: A, pH=4-15 
(pD_~4.55); B, pH=10.24 (pD~10.64) 
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Figure 5 Potentiometric titration curves of ~against pH, of PLLAA 
in water at two different temperatures: G, 25°C; Q, 45°C 

from the experimental titration, and the corresponding 
hypothetical curve for the 'pure' random coil. This curve 
may be calculated by 0-434 AGO/RTN, where AG°/N 
is the free energy change per residue. 

Figure 6 shows the titration curves of PLLAA, plotted 
according to equation (1). Extrapolation to ~=0  gives 
the intrinsic pK value, pK 0, of an aspartic acid residue, 
flanked with two leucine residues on each side, in an 
aqueous solution containing 0.012M NaC1 at the end 
of titration, pK 0 does not depend on temperature within 
experimental error (+  0"02 unit) for titrations between 25 
and 45°C. It is well known 5, 6 that the plots of Figure 6 
offer some difficulties in determining by extrapolation 
the limit of the function p H - l o g [ ~ / ( 1 - ~ ) ]  at very low 
and very high ~ values. The procedure used by us was 
to determine by trials, using a computer programme, the 
straight lines which best fitted the experimental points 
for the same value of pK °. 

The values of AG O against T, reported in Figure 7, 
were fitted with a straight line: its slope is - A S  °, the 
standard entropy change of the transition from which 
is readily computed the enthalpy change. 
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Figure 6 Titration data for PLLAA at three different tempera- 
tures, plotted in the manner of Zimm and Rice 2. A, 45°C; B, 25°C; 
C, 55°C 
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Figure 7 Standard free energies for the formation of the 
uncharged a-helix from the uncharged random coil for PLLAA, 
as a function of temperature. Values are expressed in cal/mol 
of repeating unit 

DISCUSSION 

It has been widely shown 13,14 that helix-coil transitions 
can be brought about through pH change of the solutions 
for polypeptides with ionizable groups on the side-chain. 
In Figure I are shown the c.d. spectra of PLLAA obtained 
at three different pH values. The c.d. spectrum at 
pH=4.20, relative to the uncharged polymer is not 
characterized for any pure conformational state reported 
in the literature 15. However, the 192nm, 207nm and 
222nm bands together with their signs and intensities 
point to the presence at least of segments in a right- 
handed ~-helical structure. In agreement with this 
interpretation is the o.r.d, curve of PLLAA obtained for 
the same uncharged state. In fact, the o.r.d, spectrum 
reproduced in Figure 2 exhibits, in addition to the 
negative Cotton effect (through at 233 nm), a crossover 
at 222-223nm, a shoulder near 215nm, and a peak at 
199nm, supporting the identification of a right-handed 
o~-helical conformation 16. 

Curve C in Figure 1 shows a peculiar behaviour of the 
PLLAA in the random state. The c.d. spectrum is quite 
different :compared to those obtained for random 
homopolyamino acids 17. In fact, the observed spectrum 
does not show the positive dichroic band near 218nm 
and the same band shift for the minimum located at 
207 nm, as in the case of the completely ionized form of 
poly(glutamic acid) and polylysine in wated s. We do 
not have an explanation for this difference, but we wish 
to point out that similar behaviour has been already 
noted 17 for several proteins (myoglobin, ribonuclease, 
fl-lactoglobulin, chymotrypsinogen, and lysozyme) in 
random conformation. 

To clarify this interesting feature it is necessary to 
analyse other sequential polypeptides; that investigation 
may further improve the use of circular dichroism for the 
evaluation of protein conformation. 

Support for the interpretation of c.d. and o.r.d, results 
is obtained by inspection of the i.r. spectra. A comparison 
of spectra A and B in Figure 4 shows the presence of two 
different conformational states corresponding to the 
almost uncharged and charged PLLAA: curve A, 
recorded in D20 at pH=4.15 (pD=4.55), gives the 
amide I band at about 1652cm -1, consistent 15,19,2° 
with the predominance of an a-helical conformation; 
curve B, measured at pH= 10.24 (pD~ 10.64), exhibits 
the same amide I band at 1643cm -1, leading to the 
assignment of a random conformation for the PLLAA 
in its charged state. 

Figures 5 and 6 show the titration data of PLLAA 
reported in two different manners. The plots of ~ versus 
pH and the modified ones of Zimm and Rice 2 are drawn 
at some peculiar temperatures. From inspection of 
Figure 5 two features can be pointed out: the shift of 
pH transition towards a higher value by temperature 
increase; and the presence of a small plateau for the 
titration at 25°C between pH 6.2 and 6.6, the physical 
meaning of which is dubious. 

The pH transition shift can be related to the need of 
a larger amount of titrant, when temperature increases, 
to reach the necessary charge density on the macro- 
molecule for the transition to occur. A high degree of 
co-operativity in this process can be inferred from the 
experimental curves. 

AG o values of the reaction uncharged random coil to 
uncharged a-helix, for PLLAA, though large, are in 
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agreement with the data reported 4 for a leucine residue 
in random copolymers of  leucine and glutamic acid. 

The value of  the characteristic thermodynamic 
functions for repetitive units at 25°C are as follows: 
AG O = - 1575 cal/mol ; AH ° = 6173 cal/mol, and AS ° = 
26.0 cal/deg mol. These figures are completely in disagree- 
ment with the values expected for a process involving 
only hydrogen bond formation. The high positive value 
of AS 0, accounting for the presence of hydrophobic 
interactions due to the non-polar side-chains of  the 
leucine residues and mainly determined by changes in the 
water structure, should be noted. 

The final state of  the transition has an unfavourable 
enthalpy of formation, much higher than that found by 
application of the Lifson-Roig theory for leucine 
residues in block copolymers of  L-leucine and DL-lysine 
in water 21. As is known from the literature 22-24, hydro- 
phobic forces become stronger with increasing tempera- 
ture, in some cases up to about 60°C. This assertion is 
supported for PLLAA by the lowering of  AG o as the 
temperature increases. Curve C in Figure 6 clearly 
determines an upper limit of  55°C to the existence range 
of the hydrophobic state. On the other hand, at pH = 4.57 
the s-helix content of  PLLAA shows a maximum at 
60°C (see Figure 3). 

This behaviour may be ascribed to the presence of 
intra-helical hydrophobic interactions which further 
stabilize the a-helix. Similar evidence, indicating stabili- 
zation of the helical conformation upon heating over a 
limited temperature range, has been already reported 25 
for random copolymers of  glutamic acid and leucine, 
and explained in terms of hydrophobic interactions. 

The endothermic nature of  hydrophobic interactions 
may be related to the van der Waals forces by being 
temperature-dependent. In this respect it is noticeable 26, 27 
that in lipid-water systems the van der Waals forces 
increase with temperature by means of microwave and 
infra-red contribution, whereas the electromagnetic 
fluctuations at ultra-violet frequencies are negligible. 
Therefore, the low-frequency proton fluctuations 28 and 
the permanent dipole-dipole interactions may be 
important for some macromolecules in water, since the 
free energy of the lipid-water mixture resembles that 
available by hydrophobic systems. 

It is our opinion that the simple method developed by 
Parsegian and Ninham 26, 27 to calculate van der Waals 
forces in condensed media by applying the Lifshitz 29 
theory can be successfully extended to the study of 
biological systems. Moreover, these authors point out 
that the energy values, computed as a sum of pairwise 
interactions in solution, are wrong and this result must 
lead to further consideration of some of the data obtained 
in the literature. 

No relevant change in the c~-helix content is observed 
in the c.d. spectra recorded at pH = 6-96 (Figure 3). This 
equilibrium situation probably arises from a competitive 
effect between the attractive hydrophobic and the 
repulsive electrostatic forces. In fact, the intramolecular 

coulombic interactions, which are opposed to s-helix 
formation, are obviously stronger than at pH=4.57.  
The lack of a sufficient charge density prevents the 
breakdown of the helix in a large temperature range. 

In conclusion, the results obtained in the present work 
seem promising for the explanation of some physico- 
chemical properties of  proteins, and have prompted us to 
progress further in this direction. 

Further work is now contemplated on sequential 
polypeptides containing ionizable cationic groups in 
various ratios with non-polar amino acid residues. 
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N.m.r. and u.v. spectra of 2'-deoxyadenosine in 
water/dimethyl sulphoxide mixtures 

C.-G. dang*, P. Bartlt and T. Williams 
Chemical Research Department, Hoffmann-La Roche Inc., 
Nutley, New Jersey 07110, USA 
(Received 20 March 1972) 

Nuclear magnetic resonance spectra of 2'-deoxyadenosine (dA) were measured at several 
solute concentrations in binary solvent mixture (D20/dimethyl sulphoxide) varying in 
composition from 0~ to 100~ by vol. D20. One type of upfield shift of the C2 and Ca protons 
of the base moiety was found to be dA concentration dependent. In the range of dA con- 
centrations studied, this upfield shift, due to base stacking interactions, decreases with 
decreasing D20 proportion until it vanishes at about 40-50~ of D20; this is near the 
concentration found to induce RNA denaturation. On the other hand, the other type of 
upfield shift, in water concentration decreasing below 40%, was found to be dA concen- 
tration independent and is interpreted, with corroboration from ultra-violet spectral 
measurements, as due to the hydration of dA. 

INTRODUCTION 

Some organic solvents may serve as reaction media 
and/or denaturing agents for nucleic acids. Dimethyl 
sulphoxide (DMSO) particularly has been used in 
studies of nucleic acids denaturation t-a, base pair 
formation 4-6 and interaction of nucleoside bases with 
the solvent 7. In nuclear magnetic resonance (n.m.r.) 
studies on stacking interaction abnormal shifts of the 
nucleoside protons were detected s. 

In this paper an attempt is made to determine the 
reason for such abnormal chemical shifts (8 values) of 
aromatic proton signals in n.m.r, spectra of 2'-deoxy- 
adenosine (dA) in D20/DMSO mixtures as well as to 
elucidate the mechanism of denaturation of nucleic acid 
in the same system. Ultra-violet (u.v.) difference spectra 
of some of these solutions are also discussed. 

MATERIALS AND METHODS 

Crystalline 2'-deoxyadenosine monohydrate (P.L. Bio- 
chemicals, Inc.), D20 and DMSO with all six hydrogen 
atoms substituted with deuterium (DMSOo6) (Merck, 
Sharp and Dohme of Canada, Ltd) and DMSO spectro- 
photometric grade (Mann Research Laboratories) were 
commercial products and were used without further 
purification. DMSO, DMSOd6 and non-aqueous solu- 
tions in these solvents were stored over molecular sieve 
5A (W. R. Grace & Co.). 

In determinations of dA concentrations the molar 
extinction coefficient ~2601em-- 15"4 × 10 a was used a. 
Samples in pure DMSO were also kept over molecular 

* Present address: Department of Chemistry, Princeton Univer- 
sity, Princeton, N.J. 08540, USA. 

t To whom requests for reprints should be addressed. Present 
address: Roche Institute of Molecular Biology, Nutley, N.J. 
07110, USA. 

sieves and care was taken to prevent water absorption 
from the air during experiments. 

The n.m.r, spectra were measured at 100 MHz on a 
Varian HA-100 spectrometer in the frequency sweep 
mode. The probe ambient temperature was 31°C. A 
tetramethylsilane (TMS) capillary was used as an ex- 
ternal reference. For very dilute solutions, repeated 
scans were accumulated on a Varian C-1024 accessory 
in order to enhance the signal-to-noise ratio. 

Ultra-violet difference spectra of 10-3M dA in D20/ 
DMSO mixtures were recorded on a Cary 15 Spectro- 
photometer using 1 mm optical path cells in tandem 
arrangement against an aqueous solution of dA. 

RESULTS AND DISCUSSION 

Dependence on solute concentration of the upfield 
shift of the C2 and Ca protons of the base moiety of dA 
was measured in ten DzO/DMSO mixtures (0 to 100Yo 
by vol. of DzO). The dependence of the upfield shift 
on dA concentration decreases with decreasing D20 
content and finally vanishes at 30 to 40~ D20 (Figure 1). 

The increased upfield shift of signals of base protons 
with increasing solute concentration in aqueous solutions 
has been attributed to stacking interactions 10, zl. Our 
results indicate that stacking interactions decrease with 
increasing DMSO content. Actually the disappearance 
of concentration dependence of the upfield shift at 
50-60~ DMSO in DzO is near to conditions found to 
denature RNAL 

In Figure 2, chemical shifts of Cz', C2 and Ca proton 
signals at different dA concentrations were plotted as 
dependent on DzO in DMSO content. The magnitude 
of the chemical shift clearly increases with molar con- 
centrations of dA in solutions containing /> 40~o D20. 
The slope of the individual curves has a positive value 
and is much steeper for 0.I MdA than for 0.01MdA. 
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Figure I Dependence of chemical shift, 3, ef Ct' (z~), C2 (O), and C8 (Iq) proton signals on dA molarity and D20 content (% by vol.) 
in D20/DMSO mixtures; temperature=31°C. (a) 100 : 0; (b) 90: 10; (c) 80: 20; (d) 70: 30; (e) 60: 40; (f) 50 : 50; (g) 40: 60; (h) 30: 70; 
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Again, this can be interpreted as an indication of  stacking 
interactions. On the other hand, the dependence of 
3 values on dA concentration is negligible for solutions 
containing ~< 40% D20. The slope of the curves in this 
range is almost identical and negative with respect to 
increasing water proportion in D20 : DMSO mixtures. 
This can be attributed partly to bulk magnetic sus- 
ceptibility difference s and partly to hydrogen bonding 
of some (CsH) dA protons to water moleculeslL 
Results similar to ours were obtained previously by 
Hruska et al. 7 for a related system. 

In order to distinguish between magnetic susceptibility 
and other contributions to the observed chemical shift 
values, the n.m.r, spectra of 0.03 M dA were redetermined 
(Figure 3) in 0% to 50% DzO in DMSO with 2% of 
1-pentanol as internal standard (CH3 proton of  1-pent- 
anol). After correction for magnetic susceptibility the 
curves show an overall trend similar to those obtained 
in previous experiments with an external standard 
(Figure 2). This may be interpreted as an indication 
that the observed negative slope of  the upfield shift 
(shielding effect) curve, in the range of  0% to 40% 
DzO in DMSO, is mainly due to the solvent-solute 
interaction in terms of hydration of solute. 

I f  such an interpretation is correct, one should be 
able to observe changes in u.v. spectra of dA in solvents 
of various H20 content. It has been suggested la-15 that 
adenine may be expected to have n-~r* transition in 

the 280 nm region. Such transition could be suppressed by 
hydration. 

By measuring difference spectra of dA in DMSO/water 
against dA in water (Figure 4) we were able to detect a 
shoulder near 280 nm which gradually disappeared with 
increasing content of water in the solvent system. In 
agreement with the interpretation of changes in circular 
dichroism (c.d.) spectra of oligo-dA this indicates that 
n-~* transition is suppressed by hydration. The results 
of u.v. spectra measurements are in agreement with 
Bush and Scheraga's 16 interpretation of changes in 
c.d. spectra of  oligo-dA. 

From the results of our experiments we conclude that 
the experimental curve, exhibiting a minimum, results 
from two types of interaction of dA in D20/DMSO 
mixtures: (1) at higher D20 concentrations solute-solute 
or base stacking interactions predominate; whereas (2) 
at low D20 concentrations the experimental results may 
be attributed to solute-solvent interactions (hydration). 

At present, however, we are unable to determine the 
shielding mechanism of the protons in question due to 
hydration. Several possibilities may be considered 
(individually or together): 

1. Hydrogen bond formation between water protons 
and the lone pair of electrons of the base nitrogen 
atoms or oxygen atoms of the sugar moiety. Both 
types of hydrogen bonds would result in a decrease of 
electron density around the measured protons. 
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2. Hydrogen bond formation between water protons 
and the ~-electron system of the base. 

3. Hydrogen bonding between protons of the base 
and oxygens of water molecules v. 

Hydration detected on monomer level may play an 
important role in maintaining the native structure of 
nucleic acid molecules 17 since it has been suggested 
that a polynucleotide has various sites of hydration 
besides phosphate groups 18. 
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Equilibrium ring concentrations and the 
statistical conformations of polymer chains: 
Part 10. Cyclics in a polymeric 
paraffin-siloxane 

M. S. Beevers and J. A. Semlyen 
Department of Chemistry, University of York, Heslington, York Y01 5DD, UK 
(Received 22 May 1972) 

Cyclic oligomers [(CH3)zSi-(CH2)4-(CHs)zSi-O]x with x=2-10 were found to be present 
in poly(2,2,7,7-tetramethyl-l-oxa-2,7-disilacycloheptane) samples prepared by monomer- 
polymer equilibrations using concentrated sulphuric acid as catalyst. The molar cyclization 
equilibrium constants, Kx, for cyclics [(CH3)zSi-(CH2)4-(CHz)2Si-O]x with x=1-6 were 
measured for undiluted equilibrates at 298, 333, 383 and 423K. Apart from K1 for the mono- 
mer, the Kx values were found to be independent of the temperature of equilibration. 
Experimental molar cyclization equilibrium constants Kx for the cyclics with x~>3 were 
close to theoretical values calculated by the dacobson-Stockmayer theory, using a rota- 
tional isomeric state model to describe the statistical conformations of chains in the 
undiluted equilibrates and assuming that the chains obey Gaussian statistics. 

INTRODUCTION 

The conventional experimental methods for investigating 
the average dimensions of polymer chains in random-coil 
conformations (viz. light-scattering, viscometry and 
ultracentrifugation techniques) are applicable only to 
high molecular weight polymers in very dilute solution 1. 
At the present time, we are investigating a new method 
for studying the statistical conformations of linear 
molecules based on the precise measurement of the 
concentrations of cyclics in polymeric systems in which 
there is a chemical equilibrium between ring and chain 
molecules. Equilibrium cyclic concentrations are deter- 
mined by gas-liquid chromatography (g.l.c.) or gel 
permeation chromatography (g.p.c.), and the Jacobson 
and Stockmayer 2 theory is used to relate these concen- 
trations to the statistical conformations of the cor- 
responding acyclics. A wide range of linear molecules 
should be amenable to study by this method under a 
variety of experimental conditions. 

The equilibrium cyclic concentration method for 
investigating the statistical conformations of chain 
molecules differs from the well-established light-scattering 
and viscometric methods in that it may be applied to 
investigate the structures of polymeric melts and con- 
centrated polymer solutions. Furthermore, it can provide 
detailed information relating to the statistical conforma- 
tions of chain molecules containing only a few, to as 
many as fifty or more, skeletal bonds. The method is 
unique in providing an estimate of the lower limit of 
chain length above which an homologous series of 
chain molecules obeys the Gaussian relationship for 

the probability of intramolecular cyclization, and it can 
be used to measure the average dimensions of chain 
molecules that are too short to be amenable to investiga- 
tion by the conventional techniques of polymer 
science 3-7. 

Here, we report the results of an application of the 
equilibrium cyclic concentration method to the study 
of the statistical conformations of chain molecules in 
bulk equilibrates of a polymeric paraffin-siloxane. 
The paraffin-siloxanes contain methylene residues 
-(-CH2-)-n connected by siloxane linkages 

I [ 
-Si-O-Si-  

I I 
and polymers of this type containing two, three and four 
methylene groups respectively, can be prepared from 
cyclic monomers first synthesized by Picolli e t  al.  8 

(I, with either methyl or phenyl substituents), Kumada 
and Habuchi 9 (II) and Sommer and Ansul 1° (III): 

/CH~ 
CH'-- ICH' CH' ~'CH~ I , 

R1R ~ Si..o/SiR1R ,~ (CHa) 2 Si...O/Si (CH3)" 

(1) (H) 
C H ~ - C H 2  / ",, 

CH2 CH~ 
\ I 

(CH3),Si../Si(CH3)s 
O 

(lid 
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It is with the cyclic populations of polymeric equilibrates 
derived from III that this paper is concerned. 

Samples of poly(2,2,7,7-tetramethyl-l-oxa-2,7-disila- 
cycloheptane) were equilibrated at different temperatures 
using concentrated sulphuric acid to catalyse skeletal 
bond interchange between the siloxane linkages. The 
equilibrates were prepared on a smaller scale than in 
previous closely related studies 5-7, so that the total 
weight of cyclics [(CH3)2Si-(CH2)4-(CH3)2Si-O]z with 
x=2-6 in each equilibrate was only ~ 0.3 g. Nonetheless, 
it was still found possible to measure individual molar 
cyclization equilibrium constants Kx with an experi- 
mental uncertainty estimated as being less than + 10~, 
by adding suitable internal standards to the undiluted 
equilibrates prior to the separation and gas-liquid 
chromatographic analysis of the cyclic oligomers. 

In the latter part of this paper, experimental K1-K6 
values are compared with theoretical values calculated 
by the Jacobson-Stockmayer z theory, using a rotational 
isomeric state model to describe the statistical con- 
formations of the corresponding open chain molecules. 

EXPERIMENTAL 

Preparation of the monomer 
The seven-membered cyclic monomer (2,2,7,7-tetra- 

methyl-l-oxa-2,7-disilacycloheptane) was prepared from 
1,4-dibromobutane and trimethylchlorosilane by the 
synthetic route described by Sommer and Ansul 1°. 
The monomer was fractionally distilled and its purity 
was established by g.l.c. 

Equilibration reactions 
5g samples of cyclic monomer were equilibrated at 

temperatures in the range 298-423 K by the addition of 
small quantities of concentrated sulphuric acid (~0.01 
w/w). The samples were left to equilibrate for several 
days and g.l.c, and g.p.c, were used to establish that 
equilibrium conditions had been attained. The equilibria 
were quenched by rapid cooling, followed by the addition 
of small quantities of ammonia. The densities of the 
equilibrates were determined separately. The equilibrates 
at 298 K and 333 K were colourless but the equilibrates 
at 383 K and 423 K were light brown in colour. This 
colour is believed to result from traces of side-product 
formed during the equilibration reactions. 

Analysis of the equilibrates 
Each quenched equilibrate was analysed using g.l.c. 

and g.p.c, instruments described elsewhereS, 8. The 
following analytical procedure was adopted. Internal 
standards (n-hexadecane and 2,6,10,15,19,23-hexamethyl- 
tetracosane) were added to the equilibrate, which was 
then dissolved in diethyl ether at a concentration of less 
than 1 ~ w/w. The solution was washed with water and 
dried over anhydrous calcium chloride. Sufficient 
methanol was then added under reflux to produce a 
permanent turbidity. The solution was allowed to cool 
and left to stand at 278K for 12h. The supernatant 
liquid was decanted off and the residual polymer was 
extracted again in the same way. The extracts containing 
the cyclic oligomers were combined and most of the 
diethyl ether and methanol was removed by distillation. 
The concentrations of individual oligomers in the 

concentrated cyclic extract were determined by g.l.c. 
Response factors for the cyclics [(CH3)zSi-(CH2)4- 
(CH3)~Si-O]x with x = l - 6  were measured relative to 
the internal standards using either samples of individual 
cyclics or sharp fractions obtained by the molecular 
distillation of mixtures of cyclic oligomers. 

The average molecular weights of the linear polymers 
produced in the equilibration reactions were estimated 
from g.p.c, tracings using the universal calibration 
procedure recommended by Dawkins and his co- 
workersZl, 12 

Infra-red spectroscopy and proton nuclear magnetic 
resonance spectroscopy were used to confirm that all 
the cyclic oligomers and linear polymers contained the 
repeat unit (CHz)zSi-(CH2)4-(CHz)2Si-O. 

RESULTS AND DISCUSSION 

Experimental molar cyclization equilibrium constants 
In the presence of small amounts of concentrated 

sulphuric acid, equilibria between ring and chain mole- 
cules are established in undiluted samples of poly- 
(2,2,7,7-tetramethyl-l-oxa-2,7-disilacycloheptane) over a 
range of temperatures. Such equilibria may be repre- 
sented as follows: 

-[-(CH3)2 Si-(CH2)4-(CHa)2 Si-O-]- u ~ 

-[-(CH3)2Si-(CH~)4-(CHa)2Si-O-]- u- x + 

[(CH3)2Si-(CH2)4-(CH3)2Si-O] z (1) 

Cyclics [(CH3)2Si-(CH2)4-(CHa)2Si-O]x with x=2-10 
were identified in oligomeric extracts from quenched 
equilibrates by their g.l.c, retention times. They repre- 
sented approximately 6 ~ w/w of each equilibrate, and 
their molar concentrations were found to decrease 
monotonically with increase in x. 

Gas-liquid chromatographic response factors for 
individual cyclics were only obtained up to x=6,  so 
the molar cyclization equilibrium constants for the 
larger cyclics were not measured. Gel permeation 
chromatographic tracings showed that the linear poly- 
mers formed in the equilibrates were of high molecular 
weight, and that their molecular weight distributions 
corresponded to those expected for a most probable 
distribution of chain lengths. Hence, the molar cycliza- 
tion equilibrium constants Kx for the individual cyclic 
oligomers [formed by the forward step of equation (1)] 
were assumed to be equal to their molar concentrations. 
Experimental K~ values for x=  1-6 obtained at 298, 
333, 383 and 423 K are listed in Table 1. 

Table I Molar cyclization equilibrium constants Kx for cyclics 
[(CHa)2Si-(CH2)4-(CHa)2Si-Olx in undiluted equilibrates 

Molar cyclization equilibrium constants Kx 
(in mol/I) for cyclics in undiluted equilibrates 

at different temperatures, T. The density 
of each equilibrate is quoted below the 

Number of corresponding temperature 
monomeric 
units x in T=298K T=333K T=383K T=423K 

cyclic (0"87glml) (0-85g/ml) (0.81g/ml) (0.79g/ml) 

1 0.128 0-139 0"196 0.179 
2 0" 0419 0" 0396 0- 0356 0.0423 
3 0" 0240 0' 0231 O" 0210 0- 0239 
4 0.0101 0' 0104 0" 0097 0' 0106 
5 0.0063 0" 0064 0.0061 0.0067 
6 0" 0037 0" 0037 0.0038 0.0038 
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Theoretical molar eyclization equilibrium constants 
The Jacobson and Stockmayer 2 equilibrium theory 

of macrocyclization provides the following expression 
for the molar cyclization equilibrium constants Kx for 
large, unstrained cyclics formed by the forward reaction 
of equation (l): 

Kx = (3/2 ~r(r~)) 3/2(1/2 Nax) (2) 

where (r~) represents the mean-square end-to-end 
distance of x-meric chains and NA is the Avogadro 
constant. This expression is based on the assumptions 
that chains in undiluted equilibrates of poly(2,2,7,7- 
tetramethyl-l-oxa-2,7-disilacycloheptane) obey the Gaus- 
sian expression for the probability density Wx(r) of 
end-to-end vectors r in the region r=0 ,  and that the 
termini of chains undergoing intramolecular cyclization 
reactions are randomly oriented 13, 14 

Theoretical molar cyclization equilibrium constants 
for cyclics in the polymeric paraffin-siloxane equilibrates 
were calculated using equation (2). Mean-square end-to- 
end distances (r~) of chains in the undiluted equilibrates 
were identified with their unperturbed values (r~) 0 and 
computed by the exact mathematical methods of Flory 
and Jernigan 15, 16 using the following rotational isomeric 
state model to describe the statistical conformations of 
the polymeric chains. 

The model is based on an analysis of the molecular 
structure of the linear polymer, a section of which is 
shown in Figure 1 in the all-trans conformation. Struc- 
tural parameters of the chain are listed in the legend to 
this Figure. They were assigned using published molecular 
structural data for n-paraffins 17 and dimethylsiloxanes is. 
By analogy with the rotational isomeric state treatments 
of polyethylene 19, z0, polydimethylsiloxanelS and other 
linear polymers 14, each skeletal bond within the paraffin- 
siloxane chain is assigned to one of three rotational 
isomeric states in trans (¢=0°), gauche+ (¢= 120 °) and 
gauche- (¢=240 ° ) positions; and the mutual inter- 
dependence of adjacent pairs of bond rotational states 
is taken into account by means of seven statistical 
weight matrices Ui (/=1-7). The elements of each 
matrix Ui are indexed on the rows and columns by the 
trans (t), gauche+ (g+) and gauche- (g-) states of 
pairs of skeletal bonds i -  1 and i, as shown in Figure 1. 
Following the notation adopted by Flory 14, the elements 
of the matrices are defined as Boltzmann factors: 

u~; ~ = exp(-  E~; ~/RT) (3) 

where R is the gas constant, T is the temperature and 
~ may be tt, tg +, tg-, g+t, g+g+, g+g-, g-t, g-g+ or g-g-. 
The energy Ec~;~ is the difference between the con- 
formational energy of a section of the chain when bonds 

CH3 CH3 
CH3 ", / 

cH .. u,,/'s(.U.. % cH ,u  cH2 ju , o--s  ?,-o 'u: / 

t / ~ CH3 
CH3 CH3 

Figure I Section of poly(2,2,7,7-fetramethyl-l-oxa-2,7-disi lacyclo- 
heptane) in the all-trans conformation. Bond lengths and bond 
angles were assigned as fo l lows: d s i - o = l ' 6 4 ~ ,  d s i - c = l ' 9 0 ~ ,  
d c c  = 1.53~, dc-~ = 1.10~, S i -O-Si  = 143 ° , O-S i -C =110 ° , 
C-S i -C=110 °, C-C-C=112 °, C-C-S i=112 °. The statistical 
weight matrices I.I1-1.17 take account of the mutual interdepen- 
dence of rotational states about  the pairs of bonds shown. 

Cyclic paraffin-siloxanes : M. S. Beevers and J. A. Semlyen 

i -  1 and i are in rotational states ~ and ~ (and all other 
bonds are trans), and the conformational energy of the 
same section when all the skeletal bonds are in trans 
states. 

There are insufficient molecular structural data 
available in the literature to provide reliable values for 
all the conformational energy differences E¢~;~ (i= 1-7), 
and so a simple 'hard-sphere' model was adopted for 
the calculation of the unperturbed dimensions of poly- 
(2,2,7,7-tetramethyl- 1-oxa-2,7-disilacycloheptane) chains. 
Attractive forces between non-bonded atoms of the 
chain were neglected, and all the statistical weight 
parameters were set equal to unity except those that 
corresponded to bond rotations which resulted in a 
large steric overlap of non-bonded atoms. The latter 
were set equal to zero. This procedure yielded the 
following statistical weight matrices Ua-U7: 

1 1 1] 
Uj = 1 1 I (4) 

1 1 1 

[,,+] U2= 1 1 (5) 
1 0 

['°Z] Us= 1 0 (6) 
1 1 [,1+] 

U4= 1 1 (7) 
1 0 

It°i] Us= 1 0 (8) 
1 0 

1 1 I ]  
U6-- 1 0 1 (9) 

1 1 0 

1 1 l ]  
UT= 1 1 0 (10) 

I 0 1 
Using this model, the characteristic ratio (r~)o/7X~ 

of polymeric 2,2,7,7-tetramethyl-l-oxa-2,7-disilacyclo- 
heptane chains, containing 7x skeletal bonds of mean- 
square length ~ in the limit x ~  o% was calculated to be 
4.0 at all temperatures. This value may be compared 
with the ratio of 2.4 calculated by assuming that each 
rotational state is equally probable (so that all the 
elements of U1-U7 are set equal to unity). 

Comparison of experiment with theory 
Experimental molar cyclization equilibrium constants 

Kx for cyclics [(CH3)~Si-(CH2)4-(CHa)2Si-O]~ in an 
undiluted poly(2,2,7,7-tetramethyl- 1-oxa-2,7-disilacyclo- 
heptane) equilibrate at 298K are plotted as log Kx 
against log x in Figure 2. They are compared with 
theoretical values calculated by equation (2) using the 
rotational isomeric state model described above. 

The agreement between the experimental and theo- 
retical Kx values is close for cyclics with 21 or more 
skeletal bonds, and it is concluded that the densities 
Wx(r) of end-to-end vectors r in the region r = 0  of 
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0 

¢3n 
0 

I 

-2 

Monomer units (x} 
I 2 3 4 5 6 
i i i = i i 

O~ ~ 0 ~ ~  

\ -  
0 

I I I I } 

0"0 0"4 0 "8 
Log x 

Figure2 Experimental molar cyclization equilibrium constants Kx 
(in mol/I) for cyclics [(CHa)~Si-(CH2)4-(CHs)~Si-O]x in an 
undiluted equilibrate at 298K (©) are compared with theoretical 
values calculated by the Jacobson and Stockmayer theory (O) 
using the rotational isomeric state model described in the text. 

the corresponding open chain molecules -[-(CH3)2Si- 
(CH2)4-(CH3)2Si-O--]-x (with x/> 3) are closely approxi- 
mated by the Gaussian expression: 

Wz(0) = (3/2 zr(rx2)) 3/2 (11) 

I t  is noteworthy that the experimental and theoretical 
K2 values for the 14-membered cyclic dimer [(CHa)2Si- 
(CH2)4-(CH3)2Si-O]2 differ by a factor of  only two. 

By contrast, the experimental K2 value for the 14- 
membered cyclic dimer [NH(CH2)sCO]~, present in melt 
equilibrates of  nylon-6, is lower than the theoretical 
value (predicted by assuming Gaussian statistics) by a 
factor of  about six 4. 

Finally, it is noted that there are no detectable changes 
in the Kx values for the cyclic dimer and larger cyclics 
in poly(2,2,7,7-tetramethyl-l-oxa-2,7-disilacycloheptane) 
equilibrates over the temperature range of 125 K. The 
changes in the molar cyclization equilibrium constant K1 
for the monomer  [(CHs)2Si-(CH2)4-(CHs)2Si-O] suggest 
that this cyclic must be strained, although the results 
shown in Table 1 suggest that the strain energy is small 
(,,~ 4 kJ mol-1). 
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Dielectric relaxation in polymaleimide and 
N-substituted polymaleimides 
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We report a study on the dielectric relaxation of polymaleimide and selected N-alkyl and 
N-aryl polymaleimides covering the frequency range 10 -5 to 106Hz and the temperature 
range - 8 0  ° to +230°C. In most instances three relaxations are observable and these have 
been assigned to the glass to rubber transition, a local chain motion and an in-plane 
deformation of the maleimide ring. Activation energies for these processes are reported. 
Secondary factors such as crystallinity and, in polymaleimide and poly(N-methyl male- 
imide), thermal reactions are demonstrated to affect the individual relaxations. 

INTRODUCTION 

The measurement of dielectric loss (C) and relative 
permittivity (E') as functions of frequency and tem- 
perature is a well established method of detecting mole- 
cular motions in macromolecules, particularly in the 
solid state 1. The mode of movement may involve whole 
molecule rotation, motion in the backbone, or simple 
side-chain rearrangements, but must in all such cases 
involve a realignment of the dipole in order to be di- 
electrically active. Such a dielectrically active relaxation 
process will manifest itself by changes in the complex 
permittivity (E*= e'-i¢"), with variation of either the 
frequency, or temperature of measurement. In favourable 
circumstances the molecular movement causing the 
observed relaxation can be identified, and in this way 
dielectric (and other) relaxation techniques provide an 
insight into motional behaviour. 

It has become established practice in the polymer 
relaxation field, to label relaxations a, /3, 7 etc., in the 
sequence in which they occur from the lowest to highest 
frequency at constant temperature (frequency plane) or 
highest to lowest temperature at constant frequency 
(temperature plane). Assignment then requires deductive 
reasoning often based in part on ancillary evidence. 
For example, the a-relaxation usually corresponds to 
the glass-rubber process, occurring at the glass transition 
temperature (Tg), and a dielectric study provides a 
sensitive method for the detection of the glass-rubber 

-,/%_1 

(1) 
In the report presented R=H, CHa, C2Hs, n-CsHlx, 
n-CTHla, n-C12Hz8, cyclo-CfHli, C6H5, o-CfH4CI, 

m-CfH4CI and p-CsH4CI. 

transition. As illustrated below, environmental factors 
such as the presence of crystalline regions may also 
manifest themselves by influencing particular relaxation 
processes. 

Polymaleimides have not previously been studied 
dielectrically. They possess facets of interest since these 
materials (I) possess dipole moments at right angles to 
the chain direction, have considerable chain rigidity, 
(as evidenced by their high Tg and melting points), and 
have been reported z to possess regions of ordered 
structure. Variation in the side chain R (and thus in 
dipole moment and side chain bulk) is synthetically rela- 
tively simple. Further evidence as to the molecular 
modes involved in polymaleimides can be obtained by 
comparative studies into its copolymers with styrene ~ 
and by studying the monomers in isolation in a poly- 
styrene matrix 4. 

Below we report on the dielectric relaxation behaviour 
of solid samples of polymaleimide and various N-alkyl- 
and N-aryl-substituted polymaleimides in the tem- 
perature range -80  ° to +230°C and frequency range 
10 -5 to 106Hz. Three common relaxation processes 
(a, /3 and 7) are observed and assigned to polymer 
modes. 

EXPERIMENTAL 

Monomers 
Maleimide, supplied by Eastman-Kodak was twice 

crystallized from benzene. N-phenyl and N-ortho- 
chlorophenyl maleimides were supplied by courtesy 
of ICI Ltd. The former was recrystallized from ethanol 
prior to use. N-meta-chlorophenyl maleimide and N-para- 
chlorophenyl maleimide were prepared by the method 
of NieldS; both were recrystallized from benzene- 
petroleum ether (b.p. 60-80°C); m.p. 86°C and 112°C 
respectively. N-n-dodecyl maleimide was prepared from 
a sample of N-n-dodecyl maleamic acid. The latter 
(250 g), obtained by condensing 5 N-n-dodecylamine with 
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maleic anhydride, was cyclized by refluxing in toluene 
(500cm 3) using orthophosphoric acid (10cm a) as a 
catalyst. A Dean-Stark tube was incorporated and the 
reflux was discontinued after the extraction of water had 
ceased (several hours). After cooling and filtering, in 
vacuo removal of solvent yielded crude N-n-dodecyl 
maleimide. Purification was achieved by crystallization 
from aqueous ethanol; m.p. 51°C, lit. 6 56-57°C. 

N-methyl, N-ethyl, N-n-amyl, N-n-heptyl and N- 
cyclohexyl maleimides were prepared from malic acid 
and the appropriate amine by the method of Lukes and 
Pergal 7. This method resulted in larger yields (~40~o) 
than methods employing maleic anhydride such as that 
of Mehta et al. s (yields ~ l0 ~o)- N-methyl (m.p. 96°C) 
and N-ethyl (m.p. 44°C) maleimide were crystallized 
from benzene; N-n-amyl, N-n-heptyl (m.p. 35°C) and 
N-cyclohexyl (m.p. 81°C) maleimides were fractionated 
under reduced pressure. 

Preparation of polymers 
The polymers were prepared by free radical poly- 

merization of monomers in a suitable solvent (see 
Table 1) using either azodiisobutyronitrile or benzoyl 
peroxide as initiators. Respective initiators were purified 
by recrystallization from ethanol and chloroform. Poly- 
merizations were carried out under vacuum in sealed 
tubes (to exclude oxygen) essentially as described for 
polymaleimide by Touvay 9 and substituted poly- 
maleimides by CubbonL However, conditions were 
modified in the light of subsequent mechanistic informa- 
tion10, 11. Details of charge, temperature of polymeriza- 
tion and reaction time are shown in Table 1. After 
completion of the reaction, the polymers had generally 
precipitated and were isolated by filtration, washed 
with ethanol and vacuum dried. Poly(N-n-amyl male- 
imide), poly(N-n-heptyl maleimide) and poly(N-n-dodecyl 
maleimide) did not precipitate from the reaction mixture, 
and were isolated by precipitation into a ten-fold excess 
of methanol, following which they were filtered, washed 
and dried. 

Characterization of polymers 
Number-average molecular weights were determined 

for the toluene-soluble members: viz. poly(N-n-amyl 
maleimide) and poly(N-n-dodecyl maleimide), with a 
Hewlett Packard 502 High Speed Membrane Osmometer. 
For the remaining toluene-insoluble polymers, molecular 
weights were estimated viscometrically at 30°C, using 
N,N-formdimethylamide as solvent, and the relation: 

[7] =6.45 x 10-3pn °'7°1 (1) 

Relation (1) is based on the approximation that poly- 
maleimide 11 and substituted polymaleimides of equal 
number-average degree of polymerization (fin) exhibit 
identical intrinsic viscosities ([~7]) in N,N-formdimethyl- 
amide. Table 2 shows estimates of the molecular weight 
so obtained (since Mn =Pn x residue weight): that visco- 
metric studies provide only an order of magnitude result 
[owing to the approximations in relation (1)] can be 
seen by comparison of the results for poly(N-n-amyl 
maleimide), estimated viscometrically and measured 
osmometrically. Poly(N-n-heptyl maleimide) was in- 
soluble in all solvents examined; hence its molecular 
weight could not be determined. 

The thermal behaviour of polymaleimides was studied 
in the range 30 ° to 230°C using a Perkin-Elmer differen- 
tial scanning calorimeter (DSC-1B). A scan rate of 
16°Cmin -1 enabled T u to be established for most 
polymers. The values so obtained are shown in Table 2. 

Polymer crystallinity was investigated by a study of 
X-ray powder photographs. The equipment used for all 
polymers, except poly(N-meta-chlorophenyl maleimide), 
was a Phillips X-ray generator with a PW 1030 fiat plate 
camera, using X-rays from a chromium target (vanadium 
filtered) to give monochromatic radiation of wavelength 
2-291x10-1°m. The poly(N-meta-chlorophenyl male- 
imide) samples, were submitted to X-ray investigation 
by Yarsley Research Laboratories Ltd using a Metro- 
politan-Vickers Raymax 100 unit with a Unicam 9cm 
powder camera. Radiation from a copper target (K=) 
filtered with a nickel filter was used. Exposures of twelve 

Table 1 Conditions of polymer synthesis 

Sample Monomer Solvent* 
R No. charge (g) (cm 3) 

Polymerizing Polymerizing 
Init iatort temperature time 
charge (g) (°C) (h) 

H 1 30" 0 90M 
H 2 30- 0 90M 
H 3 43"6 10W+90A 
H 4 40.7 100M 
H 5 36.9 110M 
H 6 47.0 141M 
CH3 - -  25.3 200B 
C~H5 - -  32.1 200B 
n-CsHzz - -  44.8 200B 
n-CTHz3 - -  16-4 100B 
n-Cl~H23 - -  28.3 100B 
cyclo-CrHzl - -  28.5 150M 
C6H5 1 40-6 100M 
CrHs 2 31.0 200B 
o-CrH4CI 1 44.3 110M 
o-CrH4CI 2 32"3 100B 
o-C~H4CI 3 45"3 150B 
m-CeH4CI - -  30.0 100B 
p-CrH4CI - -  30"0 100B 

0.3B 60 6 
0.3B 60 6 
2.3B 75 6 
2.2B 90 21 
0.4B 60 6 
0-5B 70 6 
0.015A 70 18 
0.019A 70 18 
0.020A 70 10 
0.010A 70 10 
0"3B 70 8 
0.3B 70 8 
1.2B 90 22 
0.014A 85 15 
0.3B 90 6 
0.015A 100 15 
0.021A 70 10 
0.1A 80 6 
0 .1A 80 6 

* Solvent code: M=  methanol ; A=ace tone ;W=wate r ;  B=benzene 
t Initiator code: A=azodi isobutyronitr i le;  B=benzoyl peroxide 
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Table 2 Characteristic data for polymaleimides 

Sample 
R No. [r/] 10-4Mrl T o (°C) 

H 1 0.172 1 • 1 reaction 
H 2 0.245 1.7 reaction 
H 3 0.151 0 .9  reaction 
H 4 0' 138 0' 75 reaction 
H 5 0.238 1.7 reaction 
H 6 0.209 1.4 reaction 
CHa - -  0.250 2.0 reaction 
C~H5 - -  0-128 0 .9  180 
n-C5H11 - -  0-288 3.8 ( 8 . 6 _ 0 . 3 a )  160 
n-CTHza - -  - -  b 130 
n-Cz2H23 - -  - -  1.7_+0.1a 110 
cyclo-C~Hzz - -  0.078 0.6 not observed 
C6H5 1 0.104 0.9 - -  
C6H5 2 0.258 2.8 145 
o-C6H4CI 1 0.194 2.7 - -  
o-C~H4CI 2 0'211 3 .0  - -  
o-C8H4CI 3 0-155 1-9 170 
m-C6H4CI - -  0.166 1.3 170 
p-C6H4CI - -  0.134 1 '6 170 

a 0smometr ic  value in toluene 
b No estimate because of polymer insolubility 

hours were required for the Phillips system; the Metro- 
politan-Vickers assembly required exposure times in the 
region of 10-25 min. 

Dielectric measurements 

For all dielectric measurements polymers were formed 
into discs (5.08 cm diameter, 0.1 cm nominal thickness) 
by pressing powdered polymer in a dye. Pressures of 
around 3×106Nm -2 were applied by an Ajax 4454 
hydraulic press, fitted with thermostatically controlled 
heating plates to allow forming temperatures in the 
range, ambient to 250°C. 

The a.c. bridge method was used for determining 
resistances and capacitances as a function of frequency 
(range 105 to 106Hz) in the temperature range -80  ° 
to +90°C. The faces of specimens were first coated 
with a thin layer of petroleum jelly (purified by passage 
in the melt through an alumina column at 100°C) and 
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then covered with tinfoil to provide good electrical 
contact 12. The specimens were then placed in a General 
Radio 1690--A two-terminal micrometer electrode capaci- 
tor contained in a small dry-box. Temperature control 
was effected by a stream of preheated (or cooled) dry 
air passing through the dry-box and acting as a thermo- 
stating medium. A thermocouple attached to the electrode 
at ground potential monitored the temperature and 
indicated a stability of + 0.5°C over the range -80  ° to 
90°C. Two bridge assemblies were used to cover the 
frequency range 105-106 Hz. From 105 Hz to 20kHz a 
Wayne-Kerr B221 transformer ratio-arm bridge, ener- 
gized externally by a Venner 635/2 wide range oscillator 
and matching transformer, was used, null detection being 
achieved with a Tinsley 5710 frequency sensitive detector 
amplifier. In the frequency range 100kHz to 1MHz 
recourse was made to a Wayne-Kerr B601 bridge and 
SR 268 combined source-detector unit. 

For low frequency measurements (10 -5 to 10-1Hz) 
the transient step-response technique was employed. 
Specimen discs were placed in a three-terminal capacit- 
ance cell (the guard ring of which carried a thermo- 
couple). Since electrode contact through tinfoil would 
cause shorting of the guard ring to one electrode, 
contact between sample and electrodes was made 
directly. The cell had an externally wound electric 
element for temperature variation, the heater being 
powered and regulated by an Advance TCN4 tem- 
perature controller. Temperatures in the range 25-300°C, 
controlled to + 0.1 °C were achieved. 

After an initial charging time (> 103 s) from batteries 
to a voltage in the range 6-500V, current-time data for 
discharge were obtained by measuring the voltage drop 
across a standard resistance (order 108f2), by means 
of a Wayne-Kerr M141 electrometer (equivalent time 
constant 0.2 s). 

The electrometer and capacitance cell were shielded 
by enclosing them in a grounded metal box. Voltage 
data were automatically sampled every 1.095s by 
externally pulsing a LM1620 Solartron Digital Volt- 
meter at this rate. Numerical Fourier inversion of 
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Figure I Loss curves for poly(N-alkylmaleimides). A., R=H (sample No. 6); I I ,  R=CHa; A, R=C2Hs; ©, R=n-CsHxz; [ ] ,  R=n-CrH13; 
O,  R =  n-C12H23. (a) At 103Hz showing the ./process; (b) at 10-2Hz showing the/3 process; (c) at 7x 10-SHz showing the ~ process 
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current-time data was undertaken by the computer- 
based procedure described elsewhere t3, using the Uni- 
versity of Liverpool KDF 9 computer. This analysis 
makes no a priori assumption of the functionality of the 
current-decay curve. 

The accuracies of E' and E" measurements were 
estimated to be within + 1.5% and + 5% respectively, 
when bridge techniques were used, and such estimates 
of error were confirmed by comparison with literature 
values t4 for test discs of polystyrene and poly(methyl 
methacrylate). The accuracy of ~" in the frequency range 
10 -5 to 10-1Hz depends on the frequency chosent3; 
over most of the range the error is + 5 %, but near the 
high frequency limit this increases to + 20 %. For this 
reason the temperature, rather than frequency plane 
was generally chosen to locate the positions of the loss 
maxima. 

RESULTS AND DISCUSSION 

Figures 1 to 4 illustrate the dependence of ¢" and ¢' on 
temperature for representative samples of polymaleimide 
and substituted polymaleimides. With the exception of 
poly(N-cyclohexyl maleimide) (two relaxations) three 
distinct dielectric relaxation regions were generally 
observed. Following the established convention, these 
will be referred to as the ~, /3 and ~, relaxations. As a 
group, poly(N-aryl maleimides) show variations in 
relaxation behaviour, particularly in changes of the ~, 
loss peak (Figure 4), which are dependent on the thermal 
history of the sample. The magnitudes of the loss peaks 
due to these processes were all in the order a>~,>fl 
and the proximity of the small loss peak of the/3 process 
to the a-peak renders the detection of the former difficult 
in many cases, particularly with poly(N-aryl maleimides). 
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Figure 2 Relative permittivity of the o~-process in some poly- 
(N-alkyl maleimides) and poly(N-aryl maleimides). Frequency 
7xlO-SHz. 0 ,  R=C2Hs; ©, R=n-CsH11; A, R=n-Cz2H~3; A, 
R=CBHs; am R=o-CBH4Cl; Iq, R=m-CBH4Cl 
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Figure 3 Loss curves for the ~ and fl processes in poly(N-aryl 
maleimides). (a) 10-2Hz; (b) 7x10-SHz. A, R=CeH5 (sample 
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Three polymers, viz. unsubstituted polymaleimide, 
poly(N-methyl maleimide) and poly(N-cyclohexyl male- 
imide) all showed aspects of complex behaviour, which 
was absent in other N-alkyl and N-aryl polymaleimides. 
For clarity, discussion of the behaviour of polymale- 
imide, its N-methyl and N-cyclohexyl derivatives, will 
be deferred until the end of this section. 

N-ethyl, N-n-amyl, N-n-heptyl and N-n-dodecyl poly- 
maleimides all exhibited resolved % fl and 7 processes 
(Figures 1 and 2). The temperature (K) dependence of 
the critical frequencies (obtained from ~" against T 
data) for these processes are shown in Figures 5 to 8 
in the form of Arrhenius plots; the corresponding 
activation energies are shown in Table 3. The onset of 
the c~-process is closely related to the appropriate Tg 
(indicated in Table 2 and Figures 5 to 8). This cor- 
respondence, together with the magnitudes of the 
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activation energies involved, strongly support the assign- 
ment of the a-process to the second-order glass-rubber 
transition. The loss peaks for the a-process are generally 
sharp, show good symmetry in the Cole-Cole 15 plots 
(for the amyl substituted polymer see Figure 9) and 
have fl values ~ 0.9. It follows that the a-process does 
not have a wide distribution of relaxation times (thus 
of processes) and that the various molecular chain 
movements which occur at the glass transition are, by 
and large, equally facile. The effect of substitution is to 
lower the relaxation time for the a-process with increasing 
substituent chain length. Such easing of chain movement 
by a substituent, acting as self-plasticizer 16, is a well 
established phenomenon. 

Activation energies (Table 3) for the a-process also 
reflect the greater ease of relaxation with increasing 
chain length of aliphatic substituents. 

Excluding the cyclohexyl derivative all the N-alkyl 
and N-aryl polymaleimides (including polymaleimide 
itself) exhibit a fl relaxation which appears as a sub- 
stantially resolved shoulder on the low temperature 
side of the a-peak (e.g. Figures 1 and 3). In all cases 
its intensity is considerably less than that of the a-peak. 
The dependence of critical frequency on reciprocal 
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Table 3 Act i va t ion  energies (kJ) 

Code 
R No. f l  y (amorphous )  y(crystalline)a 

H 1 - -  - -  - -  100 
H 2 - -  - -  - -  95 
H 3 - -  - -  - -  55 
H 4 - -  - -  - -  70 
H 5 - -  - -  - -  100 
H 6 - -  170 - -  80 
CHa - -  - -  150 55 
C~ H 5 - -  710 go 56 
n-CsHzz - -  530 80 53 
n-CTHza - -  400 80 70 
n-Cz,~H23 - -  400 110 73 
Ce H 5 1 - -  - -  55 110 
C8H5 2 240 (260q) - -  57 (48q) 95 
o-CeH4CI 1 - -  - -  - -  110 
o-C6H4CI 2 - -  - -  - -  100 
o-C6H4CI 3 400 (350q) 100 53 (53q) 75 
rn-C6H4CI 370 (380q) - -  80 120 (120q) 
p-C6H4CI 320 (350q) 100 50 (45q) 80 

a Part ly crystalline as evidenced by the presence of X-ray reflections from the powder 
q Samples  t reated by heat ing above Tg and rapid quenching below Tg 

temperature for the representative poly(N-alkyl male- 
imides) is shown in Figures 5 to 8, and the corresponding 
activation energies are given in Table 3. It will be seen 
that the process involved for these polymers, has an 
activation energy which is generally little influenced by 
the nature of the substituent. The exceptions consist 
of the two anomalous polymers: R = H  and CHz. 
Losses (~") for the /3 processes are of relatively low 
magnitude indicating that the processes involve either a 
mode with small dipole change, or that only a small 
fraction of the responsible dipoles are able to relax by 
the/3-mode, or that both factors are involved. Since any 
dielectrically active relaxation requires significant polar- 
ization changes (such as the movement or change of 
magnitude of a dipole), the/3 process cannot involve a 
side-chain mode. There remain the possibilities of 
either a local chain motion involving the inclination of 
one amide ring relative to its neighbours, or a con- 
formational change of the amide ring itself. Evidence 
for assigning the latter mode to the y-process is given 
below, so that the assignment of the former mode to 
the fl-process is proposed. Some confirmatory evidence 
has been adduced from studies of substituted maleimide- 
styrene copolymers z and a styrene-maleic anhydride co- 
polymer 4 where more facile (higher frequency-lower 
temperature) /3 processes occur. The spatial reorganiza- 
tion proposed for the/3 process is shown in Figure 10, 
which also reproduces a computer-based estimation of 
activation energy for local chain rotations (based on 
selected atomic interaction potentials after the method 
of Gotlib et ai.17). The value of 97kJmo1-1 for the 
lowest rotational energy barrier agrees well with the 
activation energies (Table 3) found for the/3 processes. 

The y process, which has been detected in the majority 
of the polymaleimides investigated (the exception being 
the N-cyclohexyl substituted polymer), occurs as a 
simple structureless relaxation with the N-alkyl sub- 
stituted members. Loss curves for these processes are 
shown in Figure 1. It is noticeable that the intensity 
of the E" peak decreases with the length of chain sub- 
stituent. Further, the temperatures (at 10 a Hz) for peak 
maxima lie fairly close together, a situation which is a 
reflection of the relatively minor changes in activation 
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energy between the different members (Table 3). The 
y-process has been assigned by us to an out-of-plane 
deformation of the substituted succinimide ring. This 
implies non-planarity of this system with the nitrogen 
atom lying above or below the carbon framework plane. 
Such a hypothesis is consistent with the presence of a 
y relaxation in the styrene-N-substituted maleimide 
copolymers a, styrene-maleic anhydride copolymer is and 
a very similar (in activation energy and peak position) 
relaxation process in the monomer dispersed in a poly- 
styrene matrix 4. 

This conclusion is supported by some structural 
evidence as to the non-planarity of N-para-bromophenyl 
succinimide 19. It also agrees well with a small but 
definite change in activation energy for the y-process 
with substituent chain length; the longer chain members 
reducing the ease of nitrogen inversion. 

The reproducible, very simple, relaxation behaviour of 
the typical N-alkyl substituted polymaleimides described 
above, becomes more involved in the N-aryl substituted 
members. Both the ~ (Figure 3) and 7' (Figure 4) relaxa- 
tions have, to a greater or lesser extent, more structure 
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than is shown by the N-alkyl members; in some cases 
such structure in the 7' peaks being partly resolved into 
two relaxations. The relative magnitudes of the two 
components (occasionally reflected only in the width 
of the relaxation peak) was found to depend on the 
thermal history of the sample. Thus, the low frequency- 
high temperature component of both the ~ and 7' relaxa- 
tions could generally be removed, or considerably re- 
duced, by heating the sample above the appropriate 
glass transition temperature and then quenching it. 
The implication that the doublet character of the c~ and 
7' absorptions are a reflection of crystallinity is clear; 
(a high frequency-low temperature amorphous peak, 
plus a low frequency-high temperature crystalline peak). 
Confirmation of this view was obtained by comparing 
X-ray powder photographs of polymers with their 
dielectric behaviour. The poly(N-aryl maleimides), when 
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partly crystalline all exhibit the reflection first reported 
by Cubbon 2 and ascribed by him to a helical chain 
structure. We have found qualitative agreement between 
the intensity of this X-ray band and the intensity of 
the crystalline loss peak. Resolution of the doublet 
character of both the ~ and 7' relaxations can in some 
cases be achieved by working over a suitable temperature 
range and this fact is a reflection of small differences 
in the activation energies for these processes, which 
depend on the environment. This situation is illustrated 
in Figures 11 to 14 which show Arrhenius plots for the 
~, /3 and 7' processes: the corresponding activation 
energies are given in Table 3. 

In conclusion we discuss the anomalous behaviour 
of polymaleimide, poly(N-methyl maleimide) and poly- 
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(N-cyclohexyl maleimide). Although the first two 
materials exhibited c~, /3 and ~, relaxations, the thermal 
conditions necessary to observe the s-relaxation caused 
a continuous upward shift of this absorption in the 
temperature plane. After such heat treatment the 
polymer samples were found to have become insoluble 
(polymaleimide) or difficultly soluble [poly(N-methyl 
maleimide)] in N,N-formdimethylamide, and it is pre- 
sumed that, particularly in the former, crosslinking had 
occurred. Some confirmatory evidence of a thermal 
decomposition was evidenced by the infra-red observa- 
tion of the appearance of water in heated polymaleimide. 
In polymaleimide it is probable that the crosslinking 
process involves the N-H group in a dehydrating reac- 
tion. The nature of the crosslinking or other thermal 
changes in poly(N-methyl maleimide) remains unknown, 
as is the factor which distinguishes these polymers from 
other homologous members which are free of this 
effect. The presence of crosslinks also affects the/3 and y 
relaxations in that much higher activation energies 
(Figure 15 and Table 3) are observed for both processes 
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Figure 16 Temperature dependencies ot relaxation processes in 
poly(N-methyl maleimide) ((3) and poly(N-cyclohexyl maleimide) 
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should not be taken to imply similar molecular interpretations 

in poly(N-methyl maleimide) and the y process in 
polymaleimide. The latter also shows a variation of 
critical frequency with thermal history (even with 
differing polymerization temperatures). Similar, but not 
so extensive effects of thermal history, were found with 
poly(N-methyl maleimide) (Figure 16). 

Poly(N-cyclohexyl maleimide) differs from all the 
other polymaleimides studied in that only two relaxa- 
tions are observed. Further, the low temperature relaxa- 
tion is anomalous in that log fmax-1/T dependence 
shows considerable curvature (Figure 16). This intro- 
duces uncertainty into estimates of the activation energy 
for the process but the average value of 200 kJ suggests 
a hindered relaxation. The high temperature process 
shows no such anomaly but is also accompanied by a 
high activation energy (270k J). The nature of these 
processes or the reason why further relaxations are 
absent, is not at hand. One possibility is that this polymer 
has an inherently different structure. A suggestion is 
that chain growth in polymerization proceeds to give a 
different back-bone structure by a polymerization 
mechanism involving transfer of the tertiary cyclohexyl 
hydrogen atom to the normal radical site; a similar 
transfer is known in the polymerization of male- 
imideZ0, zz 

ACKNOWLEDGEMENTS 

We wish to thank the Science Research Council for a 
grant in support of this research and for a studentship 
for one of us (R.G.). Thanks are due to ICI Ltd, for the 
gift of certain monomers; to Yarsley Research Labora- 
tories Ltd, and the Department of Materials Science, 
University of Liverpool for X-ray facilities, and to 
colleagues in the Polymer Characterization Unit of this 
Department for molecular weight measurements. We 
would like to thank Professor C. E. H. Bawn for his 
continued interest and encouragement. 

534 POLYMER, 1972, Vol 13, N o v e m b e r  



REFERENCES 

1 McCrum, N. G ,  Read, B. E. and Williams, G. 'Anelastic and 
dielectric effects in polymeric solids', Wiley, London, 1967 

2 Cubbon, R. C. P. Polymer 1965, 6, 419 
3 Block, H., Lord, P. W. and Walker, S. M. in preparation 
4 Block, H., Groves, R. and Walker, S. M. in preparation 
5 Br. Pat. 1 041 027 (1966) 
6 U.S. Pat. 2 444 536 (1948) 
7 Lukes, R. and Pergal, M. Coll. Czech. Chem. Commun. 1962, 

27, 1387 
8 Mehta, N. G., Phillips, A. P., Lui, F. F. and Brooks, R. E. 

J. Org. Chem. 1960, 25, 1012 
9 Fr. Pat. 1 248 700 (1960) 

10 Nakayama, Y. and Smets, G. J. Polym. Sci. (A) 1967, 5, 1619 

Relaxation in polymaleimides : H. Block et al. 

11 Bamford, C. H., Bingham, J. F. and Block, H. Trans. Faraday 
Soc. 1970, 66, 2612 

12 ASTM Designation D150--65T, 1965 
13 Block, H., Groves, R., Lord, P. W. and Walker, S. M. J. 

Chem. Soc., Faraday Trans. 11 in the press 
14 Mikhailov, G. P. and Borisova, T. I. Soviet Phys. Tech. Phys. 

1958, 3, 120; Saito, S. and Nakajima, T. J. Appl. Polym. Sci. 
1959, 2, 93 

15 Cole, R. H. and Cole, K. S. J. Chem. Phys. 1941, 9, 341 
16 Immergut, E. H. and Mark, H. F. Adv. Chem. Ser. 1965, 48, 1 
17 Gotlib, Yu. Ya. and Darinskii, A. A. Polym. Sci. USSR 1965, 

7, 1914 
18 Block, H., Collinson, M. A. and Walker, S. M. in preparation 
19 Hargreaves, M. K., Pritchard, J. G. and Dare, H. R. Chem. 

Rev. 1970, 70, 439 

POLYMER, 1972, Vol 13, November 535 



Effects of long-chain branching on distribution 
of degree of polymerization 

P. A. Small 
Imperial Chemical Industries Limited, Plastics Division, Welwyn Garden City, Herts, UK 
(Received 6 April 1971) 

The method of generating functions is used to calculate the number fraction of molecules 
having any specified degree of polymerization and number of long branches for polymers 
produced under conditions in which the probabilities of chain propagation and of branching 
on a monomer unit incorporated in the polymer are both constant; termination by combina- 
tion is assumed absent. Expressions are given for the moments of degree of polymerization 
and the first two moments of branch number. It is shown that all moments of degree of 
polymerization are finite, for this model. An asymptotic expression for the number distri- 
bution at very high degrees of polymerization is obtained. The way in which the average 
number of branches per monomer unit varies with degree of polymerization is studied. 

INTRODUCTION 

The effects of long-chain branching on the distribution 
on degree of polymerization (DP) of free-radical polymers 
have been considered by a number of authors, amongst 
whom Beasley 1, Nicolas ~, and Mullikin and Mortimer 3 
(MM) must be particularly mentioned. The last named 
have recently presented some calculations relating to a 
model definable by several conditions : (1) the probability 
of chain propagation, i.e. the probability that a polymer 
radical adds at least one more monomer unit, is constant, 
p ;  (2) a monomer unit incorporated in a polymer chain 
has a number of sites, ~, for radical attack leading to 
long-chain branching; the probability that a branch is 
formed at the rth such site is constant, br, and depends 
neither upon the occurrence of branches at other sites 
nor on the history of the polymer molecule; (3) the 
initiator radicals are univalent and termination by 
combination is excluded. 

In this paper, the method of generating functions 4, 5 
will be used to study this model, which will be called the 
MuUikin and Mortimer model, in more detail. Their 
results plus many new ones will be obtained by this 
method. It is likely that it is possible to extend this model 
so as to include the effects of termination by combination 
by means of this method, but this has not yet been done. 

As the aim of this paper is to present general results for 
the MM model, i.e. to give analytical expressions for the 
various quantities calculated as functions of the para- 
meters of the model, numerical methods will not be used. 

No particular kinetic scheme will be assumed here. 
The calculations presented below apply to any kinetic 
scheme consistent with the conditions stated above; 
the probabilities in question can then be expressed in 
terms of the rate constants and reactant concentrations, 
for the kinetic scheme concerned. 

MM do not formulate very clearly the kinetic scheme 
assumed in their treatment. The reaction is said to take 
place in a well-stirred continuous reactor; under such 
conditions, the mean residence time in the reactor, as 

polymer, of the later-added branches of a polymer 
molecule must be shorter than that of the earlier-added 
branches, and the probabilty o f  radical attack on any 
monomer unit in them must be lower. The assumption of 
constant branching probabilities for these conditions, 
therefore, involves an approximation, the validity of 
which will not be examined here. It is, however, an 
assumption that makes the problem of calculating the 
distribution on DP and branching, and various statistical 
parameters, a fairly tractable one. It is thus of interest to 
consider the MM model in some detail. 

Short-chain branching, due to a unimolecular 'back- 
biting' reaction, as in ethylene polymerization, does not 
affect the distribution on DP except insofar as, by 
introducing tertiary C-H groups, it affects the probability 
of long-chain branching. It will therefore not be con- 
sidered here. 

The case of unequal branching probabilities at the 
various potential branching sites on a monomer unit was 
considered by MM, but will not be dealt with here in 
detail; the method given can be applied to it without 
difficulty but leads to rather complicated expressions. 
A few results relating to this case will be stated. Normally 
the ~ branching probabilities br will be taken as equal, 
and the symbol b will be used for any of them. This 
symbol, and p, have the same significance here as in 
Mullikin and Mortimer's paper, but (m ~) is used for the 
moments of DP in place of their M~. For any quantity x, 
(x)  is the average of x over the number distribution 
N(m,q).  

In cases of practical interest 1 - p  and b (or br) are 
small, and 1 - p -  ab (or 1 - p - ~ b r )  is small but positive. 

r 

GENERATING FUNCTIONS 

The use of generating functions (GF) facilitates calcu- 
lations of the effects of branching and crosslinking 
distribution of DP 4, 5. The Laplace transform method a, 6 
is equivalent, and is advantageous when the DP is 
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regarded as a continuous rather than a discrete variable. 
Generating functions owe their use in probability 

theory 7 to the fact that the GF for the sum of n inde- 
pendent random variables is the product of their n GF; 
if they have the same probability distribution it is the 
nth power of the GF of any of  them. 

For the number distribution function N(m, q) : 

~ N ( m ,  q) = 1 (1) 
m q 

The two complex variables u and z are introduced to 
carry respectively the DP, m, and the number of branches 
in the polymer molecule, q; when the latter is not of 
interest z may be set equal to unity. The GF G(u, z)  is 
defined by the double series: 

m 1 

G(u, z ) =  E u rn ~ zqN(m,q)  (2) 
m = l  q--O 

The summation over q does not go beyond q = m -  1 as 
a molecule with q branches must have at least q+  1 
monomer units, since the first monomer unit can never 
constitute a branch, though any later-added unit may 
do so. 

Comparison of the series (2) with that of equation (1) 
shows that (2) converges at least over the region, 
I u l < 1, I zl < 1 of the two variables. It is also obvious 
that G(1, 1)=1. 

The function defined by the series (2) is one branch, 
which will be called the main branch, of a multi-valued 
function. The symbol G or G (u, z) will be used for any 
branch of  this function; the context will show which is 
intended. Any of  the three quantities G, u and z may be 
regarded as a function of the other two. Partial differenti- 
ation of one of these with respect to a second implies the 
constancy of the third; however, lnu and lnz may be 
used in place of u or z. 

If  moments <m~qi> exist, defined by: 
o ~  

(m~qJ>= ~ m e Y, qJN(m,q) (3) 
m = 1 q = 1 

they are given by: 

<m~qJ> = {~+IG (u, z)/~(lnu)~(lnz)J}u=l, z=l (4) 

Conversely, if all these moments exist, so do all the 
derivatives of  G with respect to u and z at u = z = 1 and 
G is analytic with respect to both variables there, as well 
as within the region [u[ < 1 and I zl  < 1. 

The moments of DP can be written: 

<m~>={diG(u, 1)/dOnu)~}u=l (5) 

DERIVATION OF THE GF AND NUMBER 
DISTRIBUTION FUNCTION 

A polymer molecule having q branches has q + l monomer 
units (one at the end of the primary chain and one at the 
end of each branch) that have not added any further 
units by the propagation reaction, though they may be 
branched. Thus, as stated above, it must contain q +  1 
monomer units at least and in general contains more. 
Because of the conditions stated above, it has also a 
unique end consisting of a radical (here called the starting 
radical) derived from the initiator, or from transfer 
with monomer or chain transfer agent, or produced by 
scission of the growing radical; it thus has q + 2 ends in 
all. The starting radical will not here be counted as a 
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monomer unit, and it will be assumed that it does not 
form branches; this assumption is not essential but is 
made for simplicity. MM assumed that the starting 
radical is equivalent to a monomer unit and that it has 
the same branching probability as a monomer unit; this 
assumption gives the same results as that made here and 
is equivalent to it. 

Any polymer molecule may be divided into two 
portions between the starting radical and the first 
monomer unit, or between any two monomer units. 
One portion will contain the starting radical, the other 
will not; the former may be regarded as a generalized 
starting radical for the latter. The distribution N(m,  q) 
is assumed independent of the nature of the starting 
radical; any reasonable kinetic scheme will give this 
result. N(m,  q) is therefore the distribution for the latter 
part of the molecule not containing the starting radical, 
no matter where the cut is made; that is, the probability 
that any growing radical that adds at least one monomer 
unit will add m more units containing q branches is 
N(m,  q) irrespective of its size or nature. In particular, 
this is the distribution and G(u, z) is the GF for any 
branch together with all its sub-branches. 

Consider primary chains having n monomer units 
that grow exactly r branches, which may branch further. 
The GF for such molecules will be: 

unzr[G (u, z)] r (6) 

The probability that a primary chain of n units grows 
r branches is: 

(an) !(1 - b)~'n-rbr/(an - r)!r! (7) 

so that the GF for all molecules derived from primary 
chains of n units is: 

This is: 

ctn 

Z (an)!(1 - b)~'n-rbrunzrGr/(an - r)!r! 
r - - O  

(8) 

un(1 - b  + bzG) "n (9) 

The probability that a primary chain has n monomer 
units is: 

(1 _p)pn-1 (10) 

so that the GF for molecules derived from primary 
chains of any size is: 

G= ~ ( 1 - p ) p n - l u n ( 1 - b + b z G )  n~' (11) 
n = l  

This summation converges for [pu(1-b+bzG)~'[ < 1, to 
give: 

G = (1 -p)u(1 - b + bzG)~/[1 -pu(1 - b + bzG) ~] (12) 

Since, for lul<l and t z l < l ,  G~<I by equations (1) 
and (2), and p < 1, the series (11) will converge over at 
least these regions of  u and z. Since G(1, 1)=1, this 
series converges at u =  1, z = 1, to unity, as it should. A 
further check on equation (12) can be obtained by 
setting b=0 ,  when equation (12) reduces to the GF for 
the distribution (10), which is: 

(1 -p)u/(1 - p u )  (13) 

If  the branching probabilities are unequal, the expression 
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( 1 - b + b z G )  ~ in equation (12) must be replaced by: 

[I (1 -br+brzG)  (14) 
r = l  

Equation (12) is rearranged to give: 

u=G/(1 -p+pG) (1  - b + b z G )  ~' (15) 

Thus u is a single-valued function of G and z but G is a 
many-valued function of u and z. For a-- 1, equation (15) 
gives an easily soluble quadratic equation for G; for 
a = 2  or 3 the resulting equations are too complex to be 
useful, and for a/> 4 no algebraic solutions exist. 

There can be only one expansion of the main branch 
of G as a series of positive powers of u, and this is given 
by the Lagrange inversion formula o applied to equation 
(15) as: 

oO 

~ u m l ( d ~ m - 1  
G = ~ . ~ . ~ ]  (1 -p +p x )m( l -b +b zx )=m~= o (16) 

m = l  

Picking out the coefficient of zq in equation (16) and 
performing the indicated differentiation gives: 

N : m  " (0¢n)!(m- l)!pm-e-l(1-p)q+lbq(1-b)~m-q (17) 
t ,q)= ~ - q ) r ~ l ) ~ ( q + l ) V .  

Summing equation (17) over q or setting z =  1 in equation 
(16) before differentiating leads to: 

N ( m ) = ~ N ( m , q ) = ( a r n ) ! ( m -  1)t × 
q 

m - 1  

~ -Pro-q-l(1-P)q+lbq(1-b)=m-¢ (18) 
( a m - q ) ! q ! ( m - q -  1)!(q+ 1)! 

q = 0  

Values of N(m,q)  calculated from equation (17) for 
some low values of m and q, and of N(m,o) ,  agree with 
values that can be calculated directly. 

ASYMPTOTIC RELATIONS 

In considering branched polymers, the amount and 
degree of branching of the high DP tail of the distribution 
are of particular interest. Asymptotically valid relations 
can be obtained by expressing the quantities of interest 
as complex contour integrals and approximating these 
by the method of steepest descents s, a 

It can be shown that the general function G(u, l) given 
by equations (12) or (15) with z = l  has two branch 
points on the positive real axis of u, at Ul and u2 say, 
with u l<  u2. If  a>  1, there is also a branch-point at 
u = 0 except on the main branch of G. The branch-points 
are located by solving the equation: 

du/dG(u, 1)=0 (19) 

If  G(Ul, 1) be denoted by G1, the condition (19) gives: 

G1 ={(1 - a)(1 - p ) b  + [(1 - a)2(1 -p)2b2 + 

4apb(1 -p)(1 - b)ll/2}/2apb (20) 

The negative sign of the root gives G(uz, 1). Insertion of 
G1 into equation (15), with z-- 1, gives Ul. In the special 
case a =  1 the expression for ul is simple: 

ux = {(p + b - 2pb) - 2[p b(1 -p)(1 - b)]l/2}/(p - b) 2 (21) 

the positive sign of the root giving u2. Otherwise, the 

expression for uz is rather complicated. It is important 
to note that since the series (2) converges at u = 1 for 
z =  1, uz must exceed 1 by some finite amount so that 
u2~0 as n~oo.  As the branch-point at Ul is of order 2, 
the main branch of G(u, 1) may be written in the vicinity 
of u=uz in the form: 

G(u, 1 ) = G 1 - 8 ( u l - u ) l / z + O ( u l - u )  (22) 

If  the positive sign is taken for the root, this gives another 
branch of G. It is found on evaluation that: 

/ _2(1-p +pGl)(1 - b + bGl) z .II/2 
8= ~bul[2p(1 -b+bG1)+(a- 1)b(1 -p+pG1)]] (23) 

The value of 

N (m)=-Y~N (m,q) 
q 

is the coefficient of u m in the series expansion of the 
main branch of G(u, I) about the origin of u. This is 
given by a complex~contour integral: 

N(m)= 1 ~  e2~riJ G(U,u m+zl)du (24) 

along a contour C enclosing the point u = 0 in the positive 
sense but no other singularity of the integrand; in 
particular not enclosing the points ul or u2. 

The integrand of equation (24) has a saddle-point on 
the real axis of u, at which its first derivative is zero and 
its second derivative positive, at a point u = m ;  and as 
m~oo ,  us--,Ul. The integrand may be expanded in the 
vicinity of this saddle-point using equation (22) and the 
contour of integration may be replaced by the line 
u = us+ it, - oo < t < oo. Details will be omitted here for 
brevity; the standard method of approximation of such 
integrals gives: 

N (m).,, (Ul/0r) l/2(8/2)u;mm -3/2 (25) 

This can be written in the form: 

N (m) ~ const, exp( -  mlnul)m-3/2 (26) 

An asymptotic expression of the same form was found 4 
for the weight distribution (rather than the number 
distribution) of crosslinked polymers. 

MOMENTS OF DP 

These are obtainable in principle from N(m),  as given by 
equation (18), but more readily by applying equation (5). 
It is, however, preferable to express the derivatives of G 
with respect to lnu in terms of the derivatives of lnu 
with respect to G, which are readily obtainable. Equation 
(15) gives: 

lnu = l n G -  In(1 - p  +pG) + sin(1 - b + bzG) (27) 

It is convenient to use the notation: 

( -  1)r~rlnu/~G r = fir(u, z) (28) 

Then: 

Ar = (r-- 1)[[1/G r-pr/(1 - p  +pG) r -  
o&rzr/(1 - b + b z G )  r] (29) 

so that: 

M1, 1)= ( r -  1)!(1 _ p r _  ab r) (30) 
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Then it is found that: 

~G/~clnu= l/A1 
~eG/5(lnu)2 = A~/A~ 
53G/~(lnu)3 = - A3/A~ + 3A~/A~ (31) 
 'G/:(lnu,4 = lOAe 3/A  + 

and generally: 

2i--2 

5'G/~(lnu)'=//, ()~{+, '~____.~_ 1Pk'~k'] (32, 
ff = i k , P k  

The second summation is taken over all sets of values of 
k and Pe such that: 

k~>2; P ~ > I ;  Y, P e = j + l - i ;  Y, kP k=j  (33) 

Equations (5), (31), and the values (30) for a~(1, 1) give: 

(m} = 1/(1 - p -  ~b) 

(m 2) = (1 _p2 _ c~b2)/(1 _ p  _ ~b)3 

(m 3) = - 2(1 _p3 _ aba)/(l _ p  _ c~b)4 + 

3(1 _ p 2 _  ab~)3/(l _ p _  ~b)~ (34) 

(m a) = 6(1 - p a -  ~b4)/(1 - p -  ab) ~ -  

20(1 _pe  _ c~be)(1 _p3 _ ab3)/(1 _ p  _ orb)6 + 

15(1 _pZ _ abe)3/(1 _ p _ ab) 7 

Higher moments can be obtained from equations (5), 
(30) and (32), but the expressions obtained are compli- 
cated. 

In the case where branching probabilities are different, 
~b ~ in equations (30) and (34) must be replaced by 

'~, b r 

The expressions (34) agree with those given by MM for 
the first and second moments of DP in their Table 1, 
and with their conjectured generalizations, which are 
thus confirmed. 

It is easily seen from the general expression (32) that 
not only the first and second moments, but all the mom- 
ents, must be finite. The numerators of  all the terms in 
expression given involve the At, which are necessarily 
finite at u = z = 1, from (30). The denominators are powers 
of A1, which at u = z = l  is 1 - p - o ~ b = l / ( m ) .  Now (m) 
cannot become infinite, because it is the ratio of  the 
finite number of  molecules of monomer consumed to the 
number of  molecules of dead polymer produced, both 
these numbers relating to the same volume and time. The 
latter can never be zero as long as a mutual termination 
reaction occurs. Though attack on dead polymer by 
growing radicals may start any given polymer molecule 
growing again, it does not change the total rate of 
formation of  dead polymer molecules. Hence 1 - p - o d ~  
must be positive. MM give a more detailed kinetic 
argument to demonstrate this. Equation (5) shows that 
there exists an expansion of G(u, 1) in the vicinity of 
u =  1 in the form: 

oo 
6(u, 1)= ~ (mr)(lnu)r 

r = O  

(35) 

Effects of branching on distribution : P. A. Small 

whence: 

r! f G(u, 1)dlnu (36) 
(mr)=2-Tri c (l~nu) r+l 

The contour is about the origin of lnu. The method of 
steepest descents applied to this yields the asymptotic 
expression for (m r) as r--.oe : 

(m r) ..~ r !(ullnul/~r)~/e(3/2)(lnul)-rr z/e (37) 

so that though (m r) increases with r without limit, it 
remains finite. 

The fact that all moments are finite implies that all 
the usual averages of the DP, which are the ratios of 
pairs of successive moments, also remain finite for the 
MM model. This contrasts with the results ofBeasley 1, 
who implicitly assumed termination by combination to 
be absent, as in the MM model, but nevertheless found 
that (me), and even (m) became infinite under certain 
conditions. His calculation tacitly assumes that the time 
for the growth of a branch is negligible in comparison 
with the time required for the initiation of a new branch, 
but this cannot be true in the limit of very high degree 
of polymerization. 

MOMENTS OF BRANCHING DISTRIBUTION 

The (qJ) are more difficult to obtain, as differentiation 
with respect to z yields complicated expressions. Thus: 

~G/51nz = c~bzG / hl( l - b +bzG) (38) 

and hence from equation (4): 

(q) = ~b/( l - p -  c~b)= ~b(m) (39) 

This is the expected result, since ~b is the mean number 
of branches per monomer unit. Evaluation of 5eG/~(lnz)2 
gives: 

(qe) = c~ebe(m 2) + 2aeb2(1 _ b)(m)e + c~b(1 - b)(m) (40) 

A quantity of interest is the degree of branching, p = q/m; 
this is the ratio of  the number of branches to the number 
of monomer units in the polymer molecule. It is to be 
expected that p will vary with molecular size, since those 
molecules that happen to have a high degree of branching 
will grow larger than the others: it is easy to see that for 
m = 1, p=0.  The dependence of p on m is difficult to 
investigate directly, but it is possible to average p over the 
distribution in various ways which weight the contri- 
bution from the higher DP differently. These give the 
same kind of information as the different average of DP. 
The number, weight, z, and z + l  averages of p are 
respectively (p),  (pm) / (m) ,  (pme)/(me),  (pm3)/(m3). 
Since p =q/m, these are also (m-lq) ,  (q) / (m) ,  (mq) / (m z) 
and (m2q)/(ma), respectively. If p increases with molecu- 
lar size, these averages will increase in this order. 

The number-average value of p, (m lq), is obtained as 
follows : 

= fX dUF~G( . ,Z)  ] (41) 
(m-lq)  Jo u [ ~z J z=l 

= f l  oo~bGdG/(1 - b + bG) (42) 

= ~[1 + (1 - b)ln(1 - b)/b] (43) 

= cd~ [1/2 + ,~lbr/(r+l)(r+2)]  (44) 

The weight-average value of p, (q) / (m} is: 

(q)/(rn) = c~b (45) 
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The weight-average is the average that weights each 
monomer unit equally. Since, as pointed out above, a 
molecule having q branches must contain at least q +  1 
monomer units, there is an upper limit to the value of  
ab. The most highly branched polymer permitted by the 
MM model is one for which p = 0 and every monomer 
unit added beyond the first constitutes a branch. In this 
case (q>, the number-average value of  q, which is the 
weight-average value of  p, is (m> - 1, and the maximum 
value of  ~b is o~b=(q)/(m>=l-1/(m>. This is also 
obtained by setting p = 0 in the expression (34) for <m>. 
Thus ab can certainly not exceed 1 and b cannot exceed 
1/a, in the MM model, because of the topological 
implications of  the defining conditions. This limitation 
does not significantly affect the generality of  this model. 

Using equation (4), one obtains for the z and z +  1 
averages of  p: 

(mq>/(m2> = ab[1 + (1 - b)(rn>Z/(m2>] (46) 

(m2q>/<ma> = ab[1 + 3(1 - b)(m>(m2>/(mS> - 

2b(l-b)<m>8/<ma>l (47) 

These may be written in terms of number, weight, and 
z average DP, which are: 

/3iv = <m> } 

Pw = (m2>/(m> (48) 

Pz = (ma>/(m2> 

and the z and z +  1 averages of p become: 

(mq)/(m2> = ab[1 + (1 -- b)PMPw] (49) 

(rn2q>/(mZ> = ab [1 + 3(1 - b)P~v/Pz- 2b(1 - b)P~/PwPz] 
(50)  

Thus, though the weight-average p is approximately 
twice the number-average value, the next few averages 
are not very much greater, as Pz>~Pw>~PN when there 
is much branching. 

ASYMPTOTIC DEGREE OF BRANCHING 

It is of  interest to investigate the degree of branching 
p(m) for very high DP. It is possible to show that: 

gl(m)N(m)=~bmN(m)+b(1-b)~N(m)/Ob (51) 

the derivative with respect to b referring to constant m, 
p and a. That is: 

p(m) = c~b + [b(1 - b)/m]~lnN (m)/~b (52) 

From equation (26): 

(1/m)~lnN (m)/~b ~ - ~lnUl/~b (53) 

and it is found that: 

~lnul/Ob = - ~(G1 - 1)/(1 - b + bG1) (54) 

Thus the degree of  branching is asymptotically given by: 

fi(m).., ab[1 +(1 - b)(G1-1)/(1 -b+bG~)] (55) 

which can be rearranged to give: 

p(m) ~ abGz/(1 - b + bG1) (56) 

The degree of branching does not, therefore, increase 
indefinitely with m, but levels out. From equation (20), 
for small b: 

G1 ~ [(1 -p)(1  - b)/apb] 1/2 (57) 

and the asymptotic value of p(m) is then approximately: 

p(m) ~ [oub(1 -p)/p(1 - b)] ~/2 (58) 

which for small b exceeds the weight-average value of p, 
i.e. ab (45). Saito et al. 1° have recently shown (for a 

rather different model however) that the average number 
of branch points, q(m) in the present notation, increases 
at first as the square of  the DP and ultimately linearly 
with DP. This behaviour is similar to that found here. 

CONCLUSIONS 

When the conditions stated in the Introduction hold, or 
can be regarded as a reasonable approximation, calcula- 
tion of the number distribution and the moments of DP 
by the generating function method is fairly straightfor- 
ward. The moments are all finite and so are all the usual 
averages of  DP for the model used. The degree of branch- 
ing, defined as the ratio of  the number of branches to the 
number of monomer units, increases at first with DP but 
eventually levels out. 

MM have compared the results obtained with their 
model with those obtained by Beasley 1 and Nicolas 2, 
and have presented curves showing the relation between 
Pw/P2v and b for various values of P2v; it is not necessary 
therefore to do this here. 

NOMENCLATURE 

Number of  potential branching sites 
per monomer unit 

br, b Probability of branching at one site 
G -  G(u, z) Generating function for N (m, q) 
G1 - G(Ul, 1 ) 
hr = ( -  1)r- l ~rlnu/ ~G r 
m 
(mJ>, (rnJqlc), 
(ql¢> 

N(m,q) 

N (m)= Z N  (rn, q) 
p q 

IN,  Pw, Pz 

q 

q(m) 
p =q/m 

~(m) 
U 

111, U2 
Z 

Degree of polymerization (DP) 
Averages of  mt, mJq~, qk over the 
distribution N(rn, q); i.e. moments 
Number fraction of  polymer mole- 
cules with rn monomer units and q 
branches 
Number fraction of  m-mer 
Probability that a polymer radical 
adds at least one monomer unit 
Number, weight, and z averages of 
DP 
Number of (long) branches in a 
polymer molecule 
Average value of q for m-mers 
Degree of  branching; average num- 
ber of branches per monomer unit 
Average value of p for m-mers 
Variable of transformation for m 
Branch-points of G(u, 1) 
Variable of transformation for q 
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Correlation between molecular parameters 
and some bulk properties of a plasticized 
highly crosslinked unsaturated polyester- 
styrene polymer system: 
2. Some general rheological properties 
of the plasticized system 

D. Katz and I. Steg 

Scientific Department, Israel Ministry of Defence, PO Box 7063, Tel Aviv, Israel 
(Received 6 September 1971, revised 30 March 1972) 

A highly crosslinked polyester-styrene system, preswollen and plasticized with different 
amounts of dioctyl phthalate was investigated. Transition temperatures Tc, which seem to 
be very close to the glass transition To of the polymers, were measured in compression, 
and a numerical relation between the lowering of Tcwith the increasing amount of plasticizer 
up to 12% by weight was found. A new type of master curve, expressing the stress relaxation 
of the polymers in the system at a certain temperature as a function of their plasticizer 
weight fraction content, was suggested. 

INTRODUCTION 

Much work has been carried out in the field of plasticized 
polymers 1-8, but only a little of it has been reported on 
highly crosslinked preswollen systems 9. This investigation 
was undertaken in order to find the correlation between 
some molecular parameters of a highly crosslinked un- 
saturated polyester-styrene system polymerized in the 
presence of different amounts of plasticizer (preswollen) 
and a few bulk properties of the final polymer. 

EXPERIMENTAL 

Materials 
The materials used in this work were: Laminac 4116 

(American Cyanamid Co.), an unsaturated polyester of 
the maleic type dissolved in about 30% by wt. of styrene; 
dioctyl phthalate (DOP) (Fluka A.-G.); Lupersol DDM 
(Wallace and Tiernan Inc.), a solution of 60~ of methyl 
ethyl ketone peroxide in dimethyl phthalate. 

Polymer preparation 
Proper amounts of Laminac 4116 and DOP were mixed 

in a closed vessel and degassed for 30 rain under decreased 
pressure (15mmHg); afterwards, the corresponding 
amount of Lupersol was added and mixing continued for 
an additional 5 min. The mixed prepolymeric system was 
cast into aluminium moulds with Teflon-coated internal 
walls and cured for 3 h at 60°C and for 3 more hours at 
100°C. At the end of the curing period the moulds with 
the polymer were cooled slowly (5 °C/h) to room tempera- 
ture, opened and polymer blocks of 15 × 8 × 8 cm were 
obtained for preparation of testing samples. 

Determination of the degree of crosslinking 
In order to determine the degree of crosslinking of the 

polymers with different amounts of plasticizer the method 
suggested by Cluffet al. 1°, and based on the measurement 
of equilibrium compression moduli at very small deforma- 
tions of swollen samples was used. 

Cylindrical samples of diameter 10mm and length 
4mm, made by machining from polymer blocks, were 
swollen in toluene at 35°C to equilibrium during one 
week. The samples were placed in a Haake consistometer 
equipped with an adjustment that made possible com- 
pression of the swollen samples between parallel plates, 
and with a linear variable differential transformer showing 
deformations with an accuracy of 0.01 ram. Different 
stresses were applied to the swollen samples and the 
equilibrium strains were recorded; the stresses applied 
were small enough to ensure only very small deformations 
of the swollen samples (up to a few %). The degree of 
crosslinking for the average network chain length was 
found by the use of the equation10: 

3 AoRq V, i vo 
M~= ~oS L~;-+ v,,k 1 ~,+ v,,+ v,73 (1) 

where p is the polymer density, A0 the unswollen cross- 
sectional area, ho the height of the unswollen sample, R 
the gas constant, T the absolute temperature, S the slope 
of the line expressing the correlation between the force 
applied and deflection of the swollen sample, and Vr, Va and 
V8 are respectively the volumes of polymer, additives and 
solvent in the sample. 
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Determination of the transition temperature Tc 
Cylindrical samples of diameter 10ram and length 

8 mm, made by machining from polymer blocks, were 
compression tested in a Haake consistometer under a 
load of 10kg. The 10sec modulus of the samples was 
determined as a function of temperature, while a steady 
increase of the sample temperature 2°C/min + 0.2 ° was 
obtained by use of a heating system containing a precise 
programming and controlling unit. A plot of the compres- 
sion modulus as a function of temperature showed the 
characteristic S-shaped curve with the glassy, transition 
and rubbery regions. The point obtained from the inter- 
section of the straight tangental lines to the glassy and 
transition region was defined as the transition temperature 
Te of the investigated polymers, a temperature which 
seems to be very close to their glass transition temperatures 
Tv. 

Stress-relaxation experiments 
The stress-relaxation experiments were carried out by 

compression of cylindrical samples of diameter 6 mm and 
length 20mm machined from polymer blocks. Strain 
gauges of the type K-A1-3 made by Kiowa (Japan) were 
glued on each sample and on a second dummy sample (in 
order to compensate for temperature changes) and the 
terminal leads of the two strain gauges were connected to 
a Bruel and Kjear strain indicator. The stress relaxation 
was measured by use of a UG type load cell made by 
BLH (USA), and connected to a 860 Hewlett-Packard 
recorder. Thermostatic conditions of the experiment were 
ensured by immersion of the sample in silicone oil in a 
glass heat-exchanger connected to a Haake thermostat and 
equipped with automatic controllers; the accuracy of the 

temperature control achieved by this arrangement was 
about 0.2°C. 

The preset strain was applied to the sample by use of a 
Hegentogler apparatus to which all the other elements 
were attached and which consists basically of a table that 
can be moved up automatically at a controlled speed. The 
samples were prestrained to a value of 0.1 ~ in all experi- 
ments. The assembly for stress-relaxation experiments is 
shown in Figure 1. 

RESULTS AND DISCUSSION 

Degree of crosslinking 
The results of calculation of the degree of crosslinking 

of the investigated polymers based on the Cluff-Gladding- 
Pariser method are expressed as the average network 
chain length between two consecutive points of cross- 
linking (Me) in Table 1. 

It is to be expected that with the increase of crosslink 
density of the polymer, Me should decrease, but the results 
obtained show, that in spite of the increase of the plasti- 
cizer content in the investigated polymers there is no 
significant change in their degree of crosslinking. It can 
even be observed, that with the addition of small per- 
centages of DOP the degree of crosslinking slightly 
increased. Such behaviour can be probably attributed to 
the decrease of steric hinderance in the system during 
polymerization due to plasticization, this effect compensat- 
ing the decrease of the degree of crosslinking occurring as 
a result of dilution of the system because of the plasticizer 
addition. A similar behaviour, an increase of the degree of 
crosslinking, was reported also by Shen 11 in his work on 

Figure 1 Assembly for stress-relaxation experiments: 1, load cell; 2, conditioning chamber; 3, moving table; 4, gear; 5, thermostat; 
6, strain indicator apparatus; 7, recorder 
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Table 1 Degree of crosslinking of Laminac 
4116 plasticized with dioctyl phthalate 

Mc 
DOP 

(wt.%) At 7O°C At 80°C 

O 807 770 
3 647 657 
6 708 730 
9 820 850 

% wt. of plasticizer 
o 

O 3 6 9 12 65 W 

55 E 

45 
E 

35 E 

, i , = 

, . a  

t . .  

F- 

40 ¢ 
I I I I I [ 

25 35 45 55 65 75 85 

Temperature (oc)  

Figure 2 Transition temperatures Tc of DOP plasticized L-4116 
polymers. (a) Determination of Tc; (b) Tc as a function of the 
plasticizer content. 1, 0% DBP; 2, 3% DBP; 3, 6% DBP; 4, 9% 
DBP; 5, 12% DBP 

slightly crosslinked polymeric systems containing small 
additions of plasticizers. 

Lowering of glass transition temperature due to diluent 
addition 

It is well known 11-15 that plasticizer addition depresses 
the glass transition temperature of thermoplastic polymers 
linearly at small weight percentages of the additive 
according to the relation: 

Tg=Tg(o)-kw (2) 

where T~ and Tg (0) are glass transition temperatures of the 
plasticized and unplasticized polymers, respectively, w is 
the weight fraction of the diluent and k is a coefficient 
which varies for different diluents (e.g. for polystyrene 
from - 220 to - 560 K4). 

When data for the transition temperatures of the 
polymers investigated in our work, were plotted against 
percentage of plasticizer, a linear relation was obtained for 
compositions with diluent content up to 10-12% by wt. 
(Figure 2b). The following numerical expression can be 
written for this relation 

Te=335-2.7P (3) 

where Te and 335 are the transition temperatures in K of 
the plasticized and unplasticized polymers, respectively, 
2.7 is the average value of the coefficient and P is the 
weight fraction of the diluent. An interesting observation 
can be made, that the same general relation that was 
found for corresponding weight fractions of diluents in 
thermoplastic systems described by other investigators, is 
valid also in the case of the crosslinked polyester polymers. 

The transition temperatures for our plasticized systems 

(To) were also calculated by use of the relation based on 
the iso free volume theory and suggested by Bueche 16 for 
calculation of Tg: 

~pV~Tkp+aaVaTga 
Tc= ~pV~+~(1- V~) (4) 

where ~ is the difference between the coefficient of thermal 
expansion above and below the glass transition, V is the 
volume fraction and the indices p and d refer to the 
polymer and diluent respectively. The agreement between 
the calculated and measured values of Tc for the different 
polymers was good as can be seen in Table 2. 

Time-temperature superposition in plasticized systems 
Plots obtained in stress-relaxation experiments for the 

investigated systems at different temperatures, were 
reduced to 55°C, shifted along the log time coordinate 
and master curves were obtained for the systems with 
different amounts of plasticizer (Figure 3). The possibility 
of applications of the Williams-Landel-Ferry (WLF) 
equation17: 

- -  E l ( T -  To) 
log aT = C2 + ( T -  To) (5) 

was investigated, and as reference temperatures To the 
measured transition temperatures (Te) for the different 
systems were used. The coefficients C1 and C2 were 
obtained from the graphic representation of the relation 
( T -  Tc)/log aT against T -  Te. The results obtained for Ct 
and C2 are tabulated in Table 3, and as they are reasonably 
close it seems to us that average values for C1 and C2 can 
be used, and the WLF equation can be applied in its 
general form. 

Although the determination of transition temperatures, 
Tc, was done in a rather arbitrary way, the agreement 
between experimental values and the ones calculated by 
application of relations characteristic for the glass transi- 
tion temperature was good. It seems to us reasonable 
therefore to assume, that the data obtained by the 
method used for determination of the transition tem- 
peratures of the investigated polymers were close to the 
true glass transition temperatures, Tg, of the polymers. 

Table2 Calculated and measured values of 
Tc for the investigated polymer system 

Plasticizer Tc measured T¢ calculated 
(wt.%) (°C) (°c) 

0 62 62.0 
3 53 51.5 
6 45 44-8 
9 38 35.5 

12 29 28-5 

Table 3 Coefficients Cz and C2 in the general form of the WLF 
equation for plasticized polyester systems 

C1 C2 

Plasticizer Tc Experi- Experi- 
(wt.~o) (°C) mental Average mental Average 

0 62 --4'45 14"5 
3 53 --5.4 11 -9 
6 45 --5.72 --5-82 11 '2 
9 38 --7-15 14-3 

12 29 --5"6 
15 24 --6-6 16-5 

13.7 
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Figure 4 Stress relaxation of the system at 55°C as a function of the DOP weight fraction. (a) General stress relaxation master curve built 
from master curves each representing the stress relaxation of the same basic system with a different degree of plasticization: A, 0% DOP 
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As in many other cases mentioned in the literature, 
when C1 and (72 were obtained for T o = T  g, the experi- 
mental values of  C1 and C2 in our system differ from C1 
and C2 in the original WLF equation (C1=17.44, 
C2--51.6) and the t ime-temperature relation charac- 
teristics can be represented by: 

- 5 .82 (  T -  To) 
log aT= 13"68+ T- -Te  (6) 

By use of  equation (3) the above relation can be presented 
in a form that takes into consideration the plasticizer 
weight fraction in the polymer P, and: 

log aT = -- 5"82[T-  ( 3 3 5 -  2"7P)] 
13"68 + T -  (335 - 2"7P) (7) 

Time-diluent fraction superposition 

When the master curves, obtained from stress-relaxation 
measurements at different temperatures and reduced to 
the same arbitrary temperature, T0=55°C, were shifted 
horizontally along the log (time) axis, they super- 
imposed and a new kind of master curve was obtained. 
This curve represents the stress relaxation of the investi- 
gated system at a certain temperature as a function of the 
plasticizer (diluent) weight fraction (Figure 4). The new 
correlation can be explained by assuming that the activa- 
tion energies of flow of chain segments in the polymers are 
very close, as it has been also found in Part 1 of  our 
work 12, and by the experimental evidence that crosslink 
density of  the systems is practically unaffected by the 
amount  of  plasticizer addition in the investigated range. 
The shift factor, log ae, expressing the shift of  the iso- 
thermal master curves for different percentages of  plasti- 
cizer along the log t axis in order to obtain a single curve, 
can be plotted against the percentage of plasticizer and a 
hyperbolic curve, very similar to the one representing the 
relation between log aT and T, is obtained. The relation 
between log ae and P can be expressed by an equation of 
the WLF type: 

C(~o) (P-Po)  
log ap= C(Po ) + P -  Po (8) 

where log ap is the shift factor due to the diluent content, 
Po is the percentage reference plasticizer and C(Po) and 
C(~o) are coefficients. The two coefficients C¢~o) and 
C(~o) can be found from the graphic representation of the 

relation ( P -  P0)/log ae against P -  P0 as explained earlier, 
and in this work they are 6.39 and 14.18, respectively. 

According to Tobolsky, the t ime-temperature super- 
position can be defined by the general equation: 

(') T°Et T(t) = Et, T (9) 
' aT 

where Et is the modulus of  relaxation, aT is the shift 
factor, To is the reference temperature and t is the time of 
the experiment. Based on our observations, that the 
diluent (plasticizer) addition has a similar effect on stress 
relaxation of the polymer as an increase in temperature, 
we suggest a slightly different form for the previous 
equation, that takes also into consideration the effect of  
the diluent (plasticizer): 

TOEt ( t ) (10) , T, p ( t )=Et ,  To, Po a T + a p  

where aT is the shift factor due to temperature changes 
and ap is the shift factor connected with the diluent 
concentration. 
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Correlation between molecular parameters 
and some bulk properties of a plasticized 
highly crosslinked unsaturated polyester- 
styrene polymer system: 
3. Some mechanical properties of the 
plasticized system 

I. Steg and D. Katz 
Scientific Department, Israel Ministry of Defence, PO Box 7063, Tel Aviv, Israel 
(Received 6 September 1971 ; revised 30 March 1972) 

Some additional rheological properties of a highly crosslinked polyester-styrene (Laminac 
4116) polymer preswollen and plasticized with dioctyl phthalate were investigated. The 
breaking stress and time to break under tensile load at a constant rate of strain were 
determined as a function of temperature and plasticizer content for the investigated system, 
and a numerical relation between the different parameters was found. 

INTRODUCTION 

In Part 2 of this work a few general rheological properties 
of a highly crosslinked unsaturated polyester-styrene 
system polymerized in the presence of different amounts 
of plasticizer (preswollen) were described 1. The lowering 
of the transition temperature measured in compression 
which is close to the glass transition temperature of the 
different polymers due to the addition of diluent, the 
influence of the plasticizer addition on the degree of 
crosslinking of the system, and the time-temperature 
superposition principle, were studied. A new type of 
master curve was suggested expressing the stress relaxa- 
tion of the polymer system at a certain temperature as a 
function of the plasticizer (diluent) weight fraction. 

More work, reported herewith, was done in a further 
attempt to correlate some bulk properties of the investi- 
gated system with its microstructure. The breaking stress 
and time to break under tensile load were determined as a 
function of the temperature and plasticizer content. 

The creep and creep recovery behaviour of the system 
was described earlierL 

EXPERIMENTAL 

Materials 
The materials used in this work were: Laminac 4116 

(American Cyanamid Co.), an unsaturated polyester of 
the maleic type dissolved in about 30~ by wt of styrene; 
dioctyl phthalate (DOP) (Fluka A.-G.); Lupersol DDM 
(Wallace and Tiernan Inc.), a solution of 60~o of methyl 
ethyl ketone peroxide in dimethyl phthalate. 

Polymer preparation 
Polymer preparation was described in Part 2 of this 

work 1. 

Tensile strength measurements 
Specimens for tensile strength measurements were 

prepared in the form of 'dumbells', with a circular cross- 
section diameter of 4 mm and length 20 mm, by machin- 
ing from polymer blocks. The heads of the specimen were 
held in the grips of a modified Haake consistometer and 
mechanical arrangements were made in the apparatus in 
order to assure good alignment during the tensile experi- 
ment. The test sample was closed in a conditioning cham- 
ber, and strain and time to failure under constant stress at 
constant temperature were measured by use of linear 
variable differential transformer connected to a Mosley 
860 recorder. 

RESULTS AND DISCUSSION 

Time to break under tensile load 
The relation between the log (time to break) or dura- 

bility of the polymeric samples and the following para- 
meters was studied: stress imposed on the sample, 
temperature of the experiment and percentage of plasti- 
cizer in the polymer. 

Durability-stress correlation 
The durability (T) of the unplasticized and plasticized 

samples stressed at different temperatures to break is 
shown in Figure 1. Each set of curves shows the results of 
experiments carried out with samples of the same com- 
position at different temperatures, and as it can be seen 
that each family of lines, when extrapolated, intersects in 
a single point. The equation for each family of lines as 
suggested by Bartenyev and Zuev 3 is: 

- a0 = S Iog(~-- r0) (1) 

where ~0 and r0 are the coordinates of the point inter- 
section, and S is the slope of the line. When the right side 
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of equation (1) is substituted by (3, the equation can be 
presented in the simple form: 

0 = ~ -  ~0 (2) 

and linear master curves based on data from isothermic 
experiments are built representing the relation between 
the durability and the tensile breaking strength of a given 
composition (Figure 2). 

In order to construct a master curve, that makes pos- 
sible the prediction of time to break of a polymer at a 
temperature T2 as a function of any stress, the knowledge 
of durability behaviour of the polymer at one temperature 
T1 and one experiment at T2 are necessary. By some more 
elaboration and shifting, the master curves representing 
the durability of the investigated plasticized polyester 
systems at different temperatures could be shown in the 
form of one generalized curve with some additional data 

for the new shift factor, but from the practical point of 
view the picture will become too complicated. 

Durabifity-plasticizer content correlation in &othermal 
experiments 

When log (time to break) of the investigated polymers 
in isothermal experiments was platted against breaking 
stress, a family of straight lines intersecting in one point 
was obtained for each temperature (Figure 3) and the 
value of To characteristic for the point of intersection 
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decreased with the rise of the temperature of the experi- 
ments. A similar general picture was obtained as a result 
of durability investigation of plasticized viscose fibres 4. 
Based on the experimental results an equation for each 
series of isothermal experiments with different degrees of 
plastification can be written as follows: 

log r0-1og r = B ~  (3) 

where B~ expresses the inclination of log ~. As a result of 
further analysis of the experimental results, equation (3) 
can be presented in a more general form that takes into 
consideration the percentage of plasticizer P in each 
polymeric system: 

log r0-1og r=(mP+q)~ (4) 

and in which 

B=0.00215P+0.0134 (5) 

The plot of log r0-1og r against Bg is shown in Figure 4. 
Because the value of ~-0 of the polymer changes with 
temperature, and the experimental relation between log r0 
and temperature can be expressed as: 

log r0 = 11"65-0"0864 T (6) 

equations (1), (2) and (3) can be presented in a combined 
form: 

l l . 6 5 - 0 . 0 8 6 4 T - l o g  rb=(0"00215P+0"0134)o (7) 

and consequently, 

log rb=O'O864T--(O'OO215P+O'O134)~--11"65 (8) 

This empirical treatment, which takes into considera- 
tion the relation between temperature, percentage of 
plasticizer and durability, seems to be applicable for the 
investigated polyester system mainly in its transition 
region and for plasticizer content up to 10~o. Deviations 
from linear relations are growing with the departure from 
the transition region in both directions either to the glassy 
or to the rubbery region. 
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Copolymerization of phenylethyne with 
maleic anhydride 

H. Block, M. A. Cowd and S. M. Walker 
Department of Inorganic, Physical and Industrial Chemistry, 
University of Liverpool, PO Box 147, Liverpool L69 3BX, UK 
(Received 22 May 1972) 

We report the successful free radical copolymerization of phenylethyne with maleic an- 
hydride to give a high molecular weight (up to ~105), alternating copolymer. Some of the 
chemical and physical properties of this material are described. The possibility of con- 
verting this and allied copolymers to conjugated polymers is discussed. 

INTRODUCTION 

There have been a number of reports 1-1a on the poly- 
merization of phenyl and allied ethynes. It is the general 
experience of workers that such homopolymerizations 
produce polyethynes of low molecular weight, in com- 
parison to the molecular weights frequently realized in 
vinyl polymerization. Variation in the initiating system 
has not been really fruitful in improving this situation, 
although thermal 1, 2,6, free radical 3, 4, radiation 5 and 
Ziegler-Natta type catalysts 7-1a have been tried. 

As materials, polyethynes are of interest owing to the 
possibilities of semi-conduction. Indeed, polyphenyl- 
ethyne and its homologues have been shown to possess 
semi-conducting character 4, 13, even in those members 
of limited chain-length. Semi-conduction, as a property, 
is likely to be enhanced by an increase in the conjugation 
of the system. It is with this motivation that the described 
investigation was undertaken. 

The cause of the low molecular weights attained in 
the free radical homopolymerization of phenylethyne 
has been clarified by the kinetic studies of Berlin and 
coworkers 3. Two factors, the decreasing reactivity of 
the propagating radical with chain length due to con- 
jugation, and the ease of hydrogen atom transfer from 
phenylethyne, combine to produce short chains in 
polymerization. To overcome these conflicting factors it 
would seem that radical activity must be increased, and 
polymerizing conditions chosen so as to minimize chain 
transfer. One method of increasing radical activity is to 
remove the conjugation in the growing polymer chain, 
by introducing an ethene as comonomer. This would 
cause breaks in the conjugation of the radical by intro- 
ducing fully saturated units. There have been reports on 
the copolymerization of phenylethyne with vinyl co- 
monomers. However, because of the high reactivity of 
vinyl monomers vis-gt-vis ethynes, the resulting co- 
polymers have only a low phenylethyne content, and 
would, in general, not be likely precursors to highly 
conjugated systems. The choice of comonomer for the 
present purpose should be one in which its homopoly- 
merization does not override the insertion of the un- 
reactive phenylethyne. Maleic anhydride is an obvious 
choice, particularly in view of its propensity for forming 

alternating copolymers with vinyl monomers 14. Alterna- 
tion of phenylethyne and maleic anhydride along the 
chain would probably confer an increased facility for 
subsequent conjugation. The situation is shown in 
Figure 1. Case (a) refers to a simple vinyl polymer [for 
example, poly(vinyl chloride), poly(vinylidene chloride) 
or polyacrylonitrile] which may be partly conjugated by 
removal of HX. As illustrated, removal of HX out of 
sequence along the chain can (and does) lead to retention 
of tetragonal carbon atoms which break the conjugation. 
Case (b) schematically illustrates the possible advantages 
in an ethyne-ethene alternating copolymer (such as 
phenylethyne-maleic anhydride copolymer). Unsatura- 
tion of units, whether by dehydrogenation as shown or 
by other means, would not lead to an out-of-sequence 
formation of double bonds. 

We report below the synthesis and characterization 
of a high molecular weight (up to ~ l0 5) alternating 
copolymer of phenylethyne and maleic anhydride. Pre- 
liminary reports on some of the chemistry of this 
polymer are also given. Work on conjugative reactions 
of this and similar copolymers is in progress. 

EXPERIMENTAL 

Materials 
Phenylethyne (Fluka, technical grade) was fractionated, 

the middle cut (60°C at ~ 1 torr) being collected. 
Maleic anhydride was crystallized from chloroform 

and stored in a desiccator over silica-gel. 
The initiator, azodiisobutyronitrile, was crystallized 

from ethanol. 
Only dried solvents and precipitating media were used 

(acetone, ethyl acetate and but-2-one: molecular sieve; 
diethyl ether, tetrahydrofuran and petroleum ether: 
sodium wire). Acetophenone was fractionated under 
reduced pressure, the middle cut (70°C at ~ 1 torr) being 
collected. 

Instrumentation 
Thermal analysis was undertaken using a Perkin-Elmer 

DSC/1B differential scanning calorimeter at a heating 
rate of 16°Cmin -1. Viscosities were measured with 
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U-tube dilution viscometers at a temperature of 
29.6°+0.1°C. Osmometry and gel permeation chro- 
matography were carried out by the courtesy of the 
Rubber and Plastics Research Association. 

Spectroscopic information was obtained using the 
following instruments: i.r.--Unicam SP200 spectro- 
photometer, e.s.r.--Varian E4 spectrometer, n.m.r.-- 
Varian A60 spectrometer. 

COPOLYMERIZATIONS 

Mixtures of phenylethyne and maleic anhydride, in 
equimolar proportions, were subject to free radical in 
vacuo polymerization. This was achieved by initiation 
with azodiisobutyronitrile, either thermally, or photo- 
chemically by irradiation with the 365nm line of a 
mercury arc. Details of charge, mode of initiation, 
solvent, temperature, time of reaction and yield are 
shown in Table 1. Some thermal initiations were carried 
out in the absence of solvent. Under such conditions the 
reaction mixture was heterogeneous, but polymer 
formation, by consuming maleic anhydride, decreased 
the bulk of the solid phase as the reaction proceeded. 
Because elevated temperatures increased the solubility 
of maleic anhydride, and thermal polymerization in a 
diluent at 60°C produced very little polymer, 98°C was 
selected for thermal initiation. Polymer was isolated in 
all experiments by precipitating the reaction mixture 
into a large excess of dry light petroleum ether (b.p. 
100-120°C) and subsequently well washed with an- 
hydrous ether. All polymer samples were vacuum dried 
and stored over anhydrous silica gel. 

Yields with thermal initiator were largest in the 
absence of a diluent; absence of initiator resulted in no 
polymer production at 60°C but some polymer was 
produced at 98°C. Photochemical initiation produced 
polymer in both the absence and presence of azodi- 
isobutyronitrile; however, lower yields were obtained in 
the former case. 

Intrinsic viscosities ([~/]) in acetophenone indicated 
that photoinitiation produced polymer of higher mole- 
cular weight than thermal initiation. Further, a reduced 
reaction temperature during photoinitiation generally 
favoured the production of high molecular weight 
material. These observations are consistent with the 
view that radical transfer (probably to phenylethyne) 
occurs a. This reaction which produces low molecular 
weight material, would be expected to have a higher 
activation energy than propagation; reduction of 
reaction temperature would then favour propagation 
rather than transfer. Thus photoinitiation is the pre- 
ferable synthetic method of initiation. 

COPOLYMER PROPERTIES 

Table 2 shows the intrinsic viscosities obtained for a 
series of copolymers and estimates of number average 
molecular weight (3~tn) obtained osmometrically in 

Table I Condit ions for copolymerization of phenylethyne with maleic anhydride 

Maleic Init iator Polymerizing Reaction 
Sample anhydride Phenylethyne (g azodi- Solvent temperature t ime Yield 

No. (g) (cm~) isobutyronitr i le) (cm 8) (°C) (h) (%) 

1 4"50 5"0 0"0262 (T) 23 (A) 98 6.5 8 
2 4-50 5-0 0.0262 (T) - -  98 6.5 23 
3 4.50 5. O O. 0262 (T) - -  98 3 4 
4 22-50 25 0.131 (T) - -  98 6-5 30 
5 8-83 10"0 0"0163 (T) - -  98 10 20 
6 8"93 10"0 0"0295 (T) - -  98 10 22 
7 6"24 7'0 0"0109 (P) 11 '2 (B) ambient 9 17 
8 6.24 7-0 0-0123 (P) 11 "5 (B) 4-6 5 13 
9 6.25 7"0 0.0110 (P) 11-5 (B) ambient 14.5 20 

10 6.25 7.0 0.0106 (P) 11 '5 (B) ambient 5 12 
11 1.79 2.0 - -  (T) - -  98 10 21 
12 0'37 0 '5 - -  (P) 1 .2(B)  ambient 5 11 

T= the rma l  ini t iat ion; P= photochemical  ini t iat ion; A=ace tophenone  as solvent; B=but -2 -one as solvent 
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tetrahydrofuran as solvent. For  thermally initiated 
polymer, reliable _~tn values were unobtainable because 
of the diffusion of  low molecular weight material across 
the osmometer membrane. On the basis of photo- 
initiated polymer the relation: 

[7/] = 6" 15 x 10 -a a71 °'s° (cm a g-i)  

was established for acetophenone at 29.6°C. Polymers 
were also investigated by gel permeation chromato- 
graphy with the results indicated in Figure  2. Thermally 
initiated polymer was found to possess two distinct 
molecular weight fractions, the lower of which has an 
estimated 37rn ,,,700; undoubtedly this material is the 
cause of  the diffusion problems in osmometry. The 
differing nature in thermal polymer of the low molecular 
weight material from the high molecular weight portion 
of any) has not been established. However, we discount 
the possibility that it is a homopolymer of phenylethyne 

Table 2 Some properties of a series of copolymers of phenyl- 
ethyne with maleic anhydride 

Analysisb (%) 
Sample Intrinsic v i s c o s i t y  

No. (cm 3 g-l) 104Mn C H 

1 - -  0" 9 6 a  6 9 '  7 4 '  9 

3 - -  - -  7 0 ' 4  4 - 7  

4 - -  - -  7 2 ' 0  4 " 5  

5 1 9 " 0  ~ 0 . 0 7 + 5 - 0 c  - -  - -  

6 1 7 " 0  ~ 0 - 0 7 + 5 . 0 c  - -  - -  

7 4 2 " 0  6 " 5  - -  - -  

8 5 3 ' 0  9 " 1  - -  - -  

9 3 3 " 0  5 - 0  - -  - -  

1 0  - -  - -  6 9 " 7  4 " 9  

a Determined osmometrically in acetophenone at 65°C 
b C12H803 requires C: 72"0~/o; H: 4-0~/o. c Estimates from gel 
permeation data which showed a double peaked distribution 

a 

b 

3'6 14 3'2 io 2'8 d4 do ,'8 
Counts from injection 

Figure 2 Gel-permeation chromatograms for (a) polymer No. 9 
(photoinitiated) and (b) polymer No. 6 (thermally initiated) 

of phenylethyne with maleic anhydride : H. Block et al. 

on the grounds that no e.s.r, signal or u.v. spectrum 
due to a polyene 1, z, 4, s could be observed in the bulk 
polymer sample, nor could the material be extracted 
from the bulk polymer by benzene or chloroform, 
both solvents for polyphenylethyne (Farmer, D. B., 
personal communication). The high molecular weight 
component peak in the thermal polymer, and the single 
peak obtained from photoinitiated polymer, show the 
characteristic, rather broad distribution of a polymer 
obtained from free radical polymerization taken to 
significant conversion. 

The composition of the copolymers corresponds in 
both thermal and photochemically initiated systems, to 
a 1 : 1 phenylethyne-maleic anhydride uptake (Tab le  2). 

This ratio strongly suggests alternation of monomers in 
the copolymer. The chemical analysis (Table  2) is con- 
firmed by infra-red spectra which has anhydride absorp- 
tion at 1860(m), 1775(s) and 1220(s)cm 1, aromatic 
bands at 1075(w) and 1010(w)cm 1, a CH band at 
930(s)cm -1, and a - - C = C - -  band at 1620(w)cm -a. 
N.m.r. of a photoinitiated copolymer in d6-acetone 
provided a broad band spectrum with a multiplet at 
2"95r (hH, phenolic) and absorptions at 4 '6 r  (IH, 
=CH ) ,  6"6 r and 7-7 r (both 1H, - -CH).  

All the polymer samples were found to dissolve 
unchanged in tetrahydrofuran, acetone, but-2-one, 
acetophenone, ethyl acetate and N,N-formdimethyl- 
amide, provided these were pure and dry. Toluene, 
benzene, aliphatic hydrocarbons, chlorinated alkanes and 
diethyl ether, were non-solvents for the polymer. The 
copolymers react with ethanol and rapidly with water 
to give the half ester and di-acid respectively. (For the 
di-acid C, 65.6~;  H, 4"6°/'/o. C12H1004 requires C, 
66.1 ~ ;  H, 4.6~.)  The latter reaction occurs readily, 
even in moist air. 

Differential scanning calorimetry indicated that the 
copolymers had a glass-rubber transition at 220°+_ 5°C 
and melted at 260-266°C with decomposition. 
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Notes to the Editor 

Flocculation property of the hydrolysis products 
of carbamoylated polyethylenimine 
Norio Ise and T s u n e o  O k u b o  

Department of Polymer Chemistry, Kyoto University, Kyoto, Japan 
(Received 15 August 1972) 

In previous papers z, 2, the preparation of carbamoylated 
polyethylenimine (carb.PEI) and its flocculation ability 
on inorganic suspension have been recorded. In a 
continuation of our work on polymer flocculants, we 
describe here briefly the results of exploratory work on 
the flocculating ability of the hydrolysis products of 
carb.PEI (HCPEI). From the analogy with the hydrolysis 
products of polyacrylamide, which is reported to have 
excellent floceulation properties 3, it was thought interest- 
ing to test the HCPEI. 

Polyethylenimine (Separane C-120 of Dow Chemicals, 
molecular weight about 105 ) was mixed with dilute 
aqueous hydrochloric acid solution and with sodium 
cyanate to obtain carb.PEI. The degrees of carbamoyla- 
tion were 50~o and 100~o on the basis of the secondary 
and primary amine groups. 13~ aqueous solutions of 
these carb.PEI were made alkaline with NaOH, the 
final concentration being about 4 N. These solutions 
were heated at 80°C for 8 hours. The hydrolysed polymer 
salted out and was dried at 50°C under reduced pressure. 
The degree of hydrolysis, determined by the conducto- 
metric titration, was found to be practically unity. 
The hydrolysis products (hygroscopic white powder), 
designated as HCPEI (50 : 100) and HCPEI (100 : 100), 
were obtained at yields of 90 and 830, respectively. 
The infra-red (i.r.) spectra showed absorptions at 
1610 ~ 1550 cm- land 1400 era- z due to carboxylate groups. 

Table 1 gives flocculation properties of HCPEI, 
carb.PEI and PEI. For experimental details of the 
determination of the floeeulation velocity, the trans- 
parency of the supernatant liquid and the precipitate 
volume, the paper by Ise et aL 1 should be consulted. 

It is seen that the flocculation velocity by HCPEI is 
larger than that by earb.PEI, and HCPEI is much more 
effective than PEI and Sumifloc FC, which are quite 
inefficient for the system studied. Furthermore, HCPEI 
(50:100) gives a slightly larger velocity than HCPEI 
(100 : 100). 

In most eases, HCPEI gives higher transparency than 
carb.PEI and especially more so than PEI. At small 
quantities, HCPEI (50 : 100) gives higher transparency 
than HCPEI (100 : 100). 

The precipitate volume is larger with HCPEI than 
with earb.PEI and PEI. 

Similar experiments were carried out with kaolin and 
bentonite suspensions. Usually, the hydrolysis increased 
the flocculation velocity and increased or did not affect 
the transparency. With these suspensions, also, the 
floeculation velocity was increased in comparison with 
PEI. Furthermore, the precipitate volume was smaller 
with carb.PEI than with PEI. 

Table I 
Sumifloc FC a at 23°C 
[Suspension: diatomaceous earth (1%)/H20] 

i i 

Quantity Floccula- Precipi- 
of tion Trans- tare 

flocculant velocity parency b volume c 
pH Flocculant (ppm) (cm rain -1) (%) (ml) 

Flocculation properties of HCPEI, carb.PEI, PEI and 

5.5 

9.0 

10.2 

HCPEI 0.25 19 70 11.8 
(100 : 100) 0-5 16 78 14-0 

1.5 14 82 13-8 
3.5 14 76 13.0 

HCPEI 0.25 12 80 11 "5 
(50 : 100) 0.5 19 86 11 '2 

1.5 16 73 12.7 
carb.PEI 1.5 12 77 12.2 
(100) 
PEI 1.5 7 70 10"0 
Sumifloc 1.5 No floc- 
FC a culation 

HCPEI 2.5 12 60 12"7 
(100 : 100) 5 13 72 12.0 

15 14 68 12.0 
25 12 64 12.0 

HCPEI 1 19 81 13'1 
(50 : 100) 2.5 16 82 12" 1 

5 12 71 11.2 
carb.PEI 5 9 61 9.8 
(100) 
PEI 5 Very slow 22 8"0 
Sumifloc 5-40 No floc- 
FC = culation 

HCPEI 2.5 9 50 9"0 
(100: 100) 10 9 74 12"0 

25 9 53 10" 7 
HCPEI 1 "5 14 58 10"5 
(50 : 100) 2-5 14 70 10"7 

10 10 67 11 '1 
carb.PEI 5 Very slow 31 5.5 
(100) 
PEI 10 Very slow 31 6.7 
Sumifloc 100 No floc- 
FC ~ culation 

a A cationic derivative of polyacrylamide. 
b Measured at 660nm after 8min of mixing. 
c Measured after 8min of mixing. 

A detailed account of this work will be published 
shortly. 
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Gel permeation chromatography: column packing 
method for polystyrene gels 
J. V. Dawkins and M. Hemming 

Imperial Chemical Industries Limited, Corporate Laboratory, PO Box 11, 
The Heath, Runcorn, Cheshire WA7 4QE, UK 
(Received 21 July 1972) 

Since their introduction by Moore 1, crosslinked poly- 
styrene gels have been widely used for polymer fractiona- 
tion by gel permeation chromatography. Techniques for 
packing these gels into columns have not been reported 
extensively in the literature. A brief summary of the 
principles involved can be found in the review article 
by Altgelt and Moore 2. A packing technique has been 
described in detail by Peaker and Tweedale 3, who 
obtained columns having plate counts in the range 
700-1300 plates per foot (ppf) for polystyrene gels 
covering the porosity range 2x 108 to 5x 106A. Their 
technique involves balancing the gel in a mixture of 
acetone and perchloroethylene and then pumping the 
gel slurry into a column at pressures up to 5501bf/in 2 
with tetrahydrofuran. Acetone, a non-solvent for poly- 
styrene, is used because it opposes the swelling effect of 
perchloroethylene. Nevertheless, the gel is partly 
swollen to an extent depending on the crosslink density. 
In this communication, we describe a packing technique 
employing a balancing mixture in which both com- 
ponents are non-solvents for linear polystyrene. The 
crosslinked polystyrene gel is then not swollen by the 
balancing mixture. 

The column packing apparatus is basically similar to 
that described by Peaker and Tweedale 8 (we thank 
Dr Peaker for providing details of his technique). Four 
grades of polystyrene gel, Styragel 108, 104, 105 and 
106A, were obtained from Waters Associates. Coarse 
and fine gel particles were removed according to the 
recommendations of Peaker and Tweedale a. For method 
A, their balancing and pumping technique was followed 
except for the use of toluene as pumping fluid instead 
of tetrahydrofuran. In method B, non-swelling agents 
were used during balancing and pumping. The sized 
gel (100 ml), after washing with acetone and drying, was 
added to 2-chloroethanol (80ml). (Caution: this liquid 
is extremely toxic and should always be handled in a 
fume cupboard.) Separate additions of acetone and 
2-chloroethanol were made until the gel neither floated 
nor sank on centrifuging for 2min at 1500rev/min. 
Degassed cyclohexane was placed in the solvent store. 
After first pumping at 1 ml/min, the rate was gradually 
raised until the pressure gauge registered at least 1000 
lbf/in 2. Columns obtained by methods A and B were 
placed in a Waters model 200gel permeation chromato- 
graph using chloroform as solvent at 35°C. Plate counts 
were determined by injecting 1 ~ solutions of toluene in 
chloroform for 15 sec at a flow rate of 1 ml/min. Chro- 
matograms of narrow molecular weight distribution 
polystyrene standards (Pressure Chemical Co., Pitts- 
burgh) were obtained by injecting 0-25 ~ solutions for 
2 min at the same flow rate 

The plate count measurements in Table 1 indicate a 
pronounced increase in plate count for 103 and 104A 
gels with method B. These low porosity gels are not as 

Table 1 Dependence of plate count 
on packing method 

Plate count (ppf) 
Styragel 

(A) Method A Method B 

103 680 1100 
104 700 1150 
105 1050 1230 
106 1100 1180 

IO 7 

I- 
"1- 10 6 

111 

rv io  5 
._1 
D 
u 
LU 
._1 
0 10 4 

I O 3 ~  
5 7 9 6 8 IO 

E L U T I O N  VOLUME 

Figure 1 Molecular weight versus elution volume (counts) 
calibration for polystyrene. (3, 10~,~ Styragel; C], 104A Styragel; 
open symbols, method A; solid symbols, method B 

densely crosslinked as those of higher porosity, and 
are swollen by good solvents for linear polystyrene. 
The weight of gel (measured dry) forced into a column 
by method B is greater than that by method A (about 
50~ more for 103A Styragel). The increase in weight 
of gel packed and plate count are not accompanied by 
an increase in pressure drop across a column. Since 
plate count alone is not sufficient for assessing the 
column resolution of polymers 4, 5, we show, in Figure 1, 
polystyrene calibration curves for columns packed by 
both methods. These curves indicate that separation 
power is not greatly changed when method B is employed. 
Chromatograms for polystyrene samples, representative 
of the three sections of the 104A calibration curve, are 
illustrated in Figure 2 and indicate that peak-spreading 
is less for columns packed by method B. Similar observa- 
tions have been made on columns packed with the 
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/ /' 7 

6 5 4 

3 7 0 0  5 I 0 0 0  8 6 0  0 0 0  

Figure 2 Chromatograms obtained on 104.~ Styragel of poly- 
styrenes having peak molecular weights of 3700, 51 000 and 
860 000. - - - - ,  method A ; ~ . ,  method B 

103, 105 and 106A gels, but the improvement is most 
marked for the 103 and 104A gels. 

In conclusion, method B with non-swelling liquids 
gives plate counts of 1000ppf. This technique will be 
useful when elutions with non-solvents for linear poly- 
styrene are required, e.g. trifluoroethanol6, 7 and ace- 
tone s. Low porosity polystyrene gel packed by method A 
will deswell when placed in contact with such non- 
solvents. Results of gel permeation chromatograph 

fractionations with cyclohexane and decalin as theta 
solvents for linear polystyrene will be reported shortly. 
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Book Reviews 

Fillers for plastics 
Edited by W. C. Wake 
Iliffe Books, London, 1971, 152 pp. £3.75 

Many of the characteristic properties of rubbers and plastics are 
achieved by the incorporation of fillers, either in particulate or fibre 
form. This book brings together much valuable information on 
these materials and includes many useful tables on their properties. 
Essentially, the book may be regarded as a short work of reference 
and from this point of view will be of considerable value to tech- 
nologists in the rubber, plastics, paint and allied chemical in- 
dustries. A student of polymer technology will also find it a very 
useful source of information. 

The book, after an introductory chapter on interfacial pheno- 
mena, comprises some eight chapters authoritatively written by 
authors from industry, universities and the Rubber and Plastics 
Research Association. The subject matter is devoted to the sources 
and preparation of particulate and fibrous materials as well as their 
chemical and physical structure. Of particular interest perhaps, are 
the chapters on fibres (cellulose, glass and asbestos); included in 
these is one on paper, felts and non-woven fabrics. No attempt has 
been made to discuss in detail the effects produced by fillers or their 
mode of action, except in the case of carbon black when some 
differentiation of the properties of these fillers is made. 

The book is well written, well presented and well documented. It 
certainly succeeds in its objective, namely that of a source of refer- 
ence. The price is moderate. 

R. H. Peters 

Polyimide manufacture 
M. W. Ranney 
Noyes Data Corporation, Park Ridge, New Jersey, 
1971, 243 pp. $35 

This paper-bound volume, No. 54 of the Chemical Process 
Reviews series issued by the publishers during the past four years, 
provides information on polyimides by way of a review of relevant 
US patents which have appeared since 1962. In all, detailed 
synopses are given of 103 patents relating to: amide acids, imide 
esters and imide-amide condensates through which polyimides 
are prepared; intermediates, condensing and crosslinking agents; 
processing techniques; special modifications including the intro- 
duction of fluorocarbon, silicone and sulphone groupings; fabrica- 
tion methods; and the use of the products in films, cellular 
mouldings, electrical insulation, adhesives, and photosensitive 
compositions. 

Over the past decade there has been considerable research and 
development activity in polyimides and related condensates, 
particularly in the USA, resulting in the commercial exploitation 
of a number of heat-resistant polymers for mouldings, coatings 
and unsupported films, but the actual products used and processes 
adopted commercially are difficult to relate directly to the examples 
and methods set out. The title would suggest that industrially 
established processes are discussed and readers may find the book 
disappointing in this respect. 'Polyimide Preparation'  rather than 
'Manufacture'  would have been more appropriate. 

Dr  Ranney deals only with patent specifications and does not 
attempt to relate any particular disclosures with known com- 
mercial practice nor does he include any critical discussion of 
the processes claimed or of the many patent examples extensively 
detailed. As an extended summary of US patents on polyimides, 
the volume will be acceptable but there are limitations to what 
it offers. No references are made to the non-patent literature 
(where there are many papers which have a direct bearing on the 
subject) nor to recent text books dealing with heat-resisting 
polymers. 

The book is essentially of a specialist nature for, while throwing 
considerable light on the chemistry and processes involved in 
forming heat-stable polymers of this nature, it can but appeal to 

a limited number of people. To those working in the field it pro 
vides a convenient method for recourse to this particular facet of 
the technical literature and may be worth the price of $35. To 
others it provides interesting and useful reading on findings arising 
out of preparative and process research and on some polymer 
properties and applications although only so far as these relate to 
results which are presented in US patent specifications. 

R. J. W. Reynolds 

Polymer networks 
Edited by A. J. Chompff and S. Newman 
Plenum Press, New York, 1971, 493 pp. $30.80 

This volume is a collection of independent papers, based on the 
proceedings of an American Chemical Society symposium held in 
1970. As would be expected from the title, most of the contribu- 
tions are connected with the properties of elastomers, though 
glassy polymers receive some consideration. 

While it is difficult to summarize the contents, the general 
emphasis is on a more detailed theoretical and experimental 
examination of the mechanical properties of network-type polymers, 
going beyond the simple statistical theory. The methods brought 
to bear on these topics include thermoelasticity, swelling, light- 
scattering and birefringence, as well as the analysis of the form 
of the stress-strain relations. The processes of network breakdown 
and rupture also receive attention. 

As is usual in collections of this kind the connection between 
the various papers is rather loose, and the title is not intended to 
indicate a systematic--much less a comprehensive--treatment of 
the subject. The reproduction is direct from typescript, with wide 
variations in style. The collection will be useful for those who can 
afford the luxury, but one cannot help feeling that the general 
reader would have been better served by the publication of these 
papers in the regular journals. 

L. R. G. Treloar 

Advances in polymer science, Vol. 8 
Edited by H.-J. Cantow et al. 
Springer-Verlag, Berlin, 1971, 237 pp. $25.50 

'Advances in Polymer Science' has been a source of useful and 
timely reviews for the past eight years. The present volume, which 
contains four articles, is no exception. 

A lengthy review (90 pp) by R. B. Bird, H. R. Warner, Jr. and 
D. C. Evans of dumb-bell kinetic theory will be useful to a chemist 
who seeks a molecular interpretation of shear or elongational 
flow in polymer solutions. The model of polymers in dilute solution 
which has proved most useful in the interpretation of flow pheno- 
mena is the 'string of beads' model. The simplest possible such 
model is the rigid dumb-bell, which occupies a place polymer 
solution theory similar to the hard sphere model in the theory of 
low molecular weight fluids, in that it permits of analytical solutions 
to problems while retaining a degree of realism which makes 
these solutions useful in interpretation and prediction. This review 
is comprehensive and is illustrated by comparison of theory with 
experimental data or with the corresponding phenomenological 
theory. 

Equally comprehensive in its way is a review (83 pp) by G. Kraus 
of reinforcement of elastomers by carbon black. Here the problem 
is not so much the explanation of the elastomeric, rheological and 
ultimate properties of carbon black filled elastomers in terms of 
adequate models as the establishment of suitable models in the 
first place. Appropriately then the earlier sections of this review 
are devoted to characterization of the systems: the structure and 
morphology of carbon blacks, the interactions between carbon 
blacks and elastomers, and the effect of carbon black upon chain 
stiffness. The rest of the review is concerned with a description 
and discussion of the properties of carbon black filled elastomers. 
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The predominance of phenomenological interpretation over 
molecular explanation in this part  of the review is a measure of the 
scope for further study in this area. 

More specialized in approach, but of interest to a wide reader- 
ship, is the review (46 pp) by G. L. Wilkes of the measurement of 
molecular orientation in solid polymers. Wide-angle X-ray diffrac- 
tion, birefringence, linear dichroism, sonic behaviour and polarized 
fluorescence are discussed. These methods are somewhat compli- 
mentary and the application of more than one technique to orienta- 
tion problems is recommended. Costs are given. 

The remaining article is a brief (18 pp) critique by P. H. Plesch 
of cationic polymerization, with particular emphasis on the deter- 
mination of propagation rate constants (k~). This is a field of 
study fraught with dangers for the novice because of the com- 
plexities of the systems. Criteria by which determinations (past 
and future) of kp may be judged are discussed. It is regrettable, 
though not surprising, that the list of values of kp which survive 
scrutiny is so short. 

C. Booth 

Physicochemical characteristics of oligonucleo- 
tides and polynucleotides 
Borek Janik 
Plenum Press, New York, 1971, 213 pp. $16.24 

This is not a book on the physical chemistry of nucleic acids; 
it is, instead, a list of acid/base dissociation constants, absorptivities 
and 'melting temperatures' of synthetic oligo- and poly-nucleotides. 
These have been culled from 289 papers published over the last 
decade or so up to the end of 1970. The preface makes it clear that 
the collection is only representative and that the author has not 
attempted to include every published and relevant measurement. 
To fill certain gaps, attention is drawn to other similar com- 
pilations that are readily available. 

Relevant experimental conditions of solvent composition, 
temperature etc. have been recorded in the tables, for without 

these, the properties and parameters listed for these polyelectrolytes 
would be virtually meaningless. On the other hand, there has been 
little attempt to critically assess the data listed; in many cases 
several discordant values of the same parameter, measured under 
similar conditions are given and it is anybody's guess as to which 
is the better. It is striking that in but very few cases, there is no 
listed estimation of the uncertainty of the various parameters 
though random checks suggest that this is the fault of the original 
authors rather than the compiler of this volume. For  these reasons 
it is possible that research workers in the field of physical bio- 
chemistry to whom this book appears to be addressed will find it 
more useful as a guide to the literature than as a source of precise 
and useful data. 

The introductions to the three sections which explain the tables 
are terse, not always clear and sometimes ambiguous. For instance 
it may be satisfactory to define the pK of a simple monovalent 
acid as the negative logarithm of the dissociation constant (thermo- 
dynamic or practical .9) but what exactly is the apparent pK~ of a 
polyelectrolyte? The reader's attention is brought to bear on the 
distinction between thermal, residual and total hypochromicity but 
it is not always clear which of these is listed in the tables; moreover 
it should be noted that the magnitude of thermal hypochromicity 
is rarely adequately defined since a completely denatured state 
can rarely be attained in aqueous solution below 100°C. The 
values of mean residue absorptivities quoted are sometimes based 
on analysis for phosphate and sometimes on concentration 
measurements obtained from the absorbance of a hydrolysate; 
the latter values, of course, depend on the values assumed for the 
standard absorptivities on the hydrolysis products; there are three 
currently used sets of standard absorptivities which are not fully 
concordant; this is glossed over in these tables. 

The book is well bound in hard covers and the text is reproduced 
from a typescript. Random sampling detected no errors except 
a few numbers that had obviously crept into the wrong column. 
Individual purchasers may however feel that $16.24 is a lot to 
pay for a collection of literature references; no doubt libraries 
will wish to acquire it. 

E. G. Richards 

Conference Announcement 

10- 14 September 1973 

The Chemical Society 

IUPAC International Symposium on 
Macromolecules 

University of Aberdeen, Scotland 
The programme will be arranged in the following two main sections, running in parallel 
t h ro u g h o ut the M eeti n g: Synthesis and Manufacture a n d Physical and Technological Aspects. 
Emphasis will be given to the relationship between the science and technology of poly- 
mers. Each section will consist of a limited number of invited lectures and contributed 
papers. 
The Programme Committee will consider contributed papers of special interest and novelty 
in relation to the following topics with major emphasis on Thermoplastic Polymers and 
Elastomers, and in particular the relationship between any of these topics: (1) The Manu- 
facture of Polymers; (2) Synthesis of Polymers; (3) Science and Technology of Fluid 
Polymers; and (4) Science and Technology of Solid Polymers. Those wishing to present 
a paper should apply to Dr John F. Gibson, The Chemical Society, Bu rlington House, London 
WlV 0BN for the form of a submission of a communication, which should be returned 
together with the abstract not later than 1 January 1973. 
Further details about registration, accommodation, travel, social and ladies' programme will 
be available in February 1973. 
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Fillers for plastics 
Edited by W. C. Wake 
Iliffe Books, London, 1971, 152 pp. £3.75 

Many of the characteristic properties of rubbers and plastics are 
achieved by the incorporation of fillers, either in particulate or fibre 
form. This book brings together much valuable information on 
these materials and includes many useful tables on their properties. 
Essentially, the book may be regarded as a short work of reference 
and from this point of view will be of considerable value to tech- 
nologists in the rubber, plastics, paint and allied chemical in- 
dustries. A student of polymer technology will also find it a very 
useful source of information. 

The book, after an introductory chapter on interfacial pheno- 
mena, comprises some eight chapters authoritatively written by 
authors from industry, universities and the Rubber and Plastics 
Research Association. The subject matter is devoted to the sources 
and preparation of particulate and fibrous materials as well as their 
chemical and physical structure. Of particular interest perhaps, are 
the chapters on fibres (cellulose, glass and asbestos); included in 
these is one on paper, felts and non-woven fabrics. No attempt has 
been made to discuss in detail the effects produced by fillers or their 
mode of action, except in the case of carbon black when some 
differentiation of the properties of these fillers is made. 

The book is well written, well presented and well documented. It 
certainly succeeds in its objective, namely that of a source of refer- 
ence. The price is moderate. 

R. H. Peters 

Polyimide manufacture 
M. W. Ranney 
Noyes Data Corporation, Park Ridge, New Jersey, 
1971, 243 pp. $35 

This paper-bound volume, No. 54 of the Chemical Process 
Reviews series issued by the publishers during the past four years, 
provides information on polyimides by way of a review of relevant 
US patents which have appeared since 1962. In all, detailed 
synopses are given of 103 patents relating to: amide acids, imide 
esters and imide-amide condensates through which polyimides 
are prepared; intermediates, condensing and crosslinking agents; 
processing techniques; special modifications including the intro- 
duction of fluorocarbon, silicone and sulphone groupings; fabrica- 
tion methods; and the use of the products in films, cellular 
mouldings, electrical insulation, adhesives, and photosensitive 
compositions. 

Over the past decade there has been considerable research and 
development activity in polyimides and related condensates, 
particularly in the USA, resulting in the commercial exploitation 
of a number of heat-resistant polymers for mouldings, coatings 
and unsupported films, but the actual products used and processes 
adopted commercially are difficult to relate directly to the examples 
and methods set out. The title would suggest that industrially 
established processes are discussed and readers may find the book 
disappointing in this respect. 'Polyimide Preparation'  rather than 
'Manufacture'  would have been more appropriate. 

Dr  Ranney deals only with patent specifications and does not 
attempt to relate any particular disclosures with known com- 
mercial practice nor does he include any critical discussion of 
the processes claimed or of the many patent examples extensively 
detailed. As an extended summary of US patents on polyimides, 
the volume will be acceptable but there are limitations to what 
it offers. No references are made to the non-patent literature 
(where there are many papers which have a direct bearing on the 
subject) nor to recent text books dealing with heat-resisting 
polymers. 

The book is essentially of a specialist nature for, while throwing 
considerable light on the chemistry and processes involved in 
forming heat-stable polymers of this nature, it can but appeal to 

a limited number of people. To those working in the field it pro 
vides a convenient method for recourse to this particular facet of 
the technical literature and may be worth the price of $35. To 
others it provides interesting and useful reading on findings arising 
out of preparative and process research and on some polymer 
properties and applications although only so far as these relate to 
results which are presented in US patent specifications. 

R. J. W. Reynolds 

Polymer networks 
Edited by A. J. Chompff and S. Newman 
Plenum Press, New York, 1971, 493 pp. $30.80 

This volume is a collection of independent papers, based on the 
proceedings of an American Chemical Society symposium held in 
1970. As would be expected from the title, most of the contribu- 
tions are connected with the properties of elastomers, though 
glassy polymers receive some consideration. 

While it is difficult to summarize the contents, the general 
emphasis is on a more detailed theoretical and experimental 
examination of the mechanical properties of network-type polymers, 
going beyond the simple statistical theory. The methods brought 
to bear on these topics include thermoelasticity, swelling, light- 
scattering and birefringence, as well as the analysis of the form 
of the stress-strain relations. The processes of network breakdown 
and rupture also receive attention. 

As is usual in collections of this kind the connection between 
the various papers is rather loose, and the title is not intended to 
indicate a systematic--much less a comprehensive--treatment of 
the subject. The reproduction is direct from typescript, with wide 
variations in style. The collection will be useful for those who can 
afford the luxury, but one cannot help feeling that the general 
reader would have been better served by the publication of these 
papers in the regular journals. 

L. R. G. Treloar 

Advances in polymer science, Vol. 8 
Edited by H.-J. Cantow et al. 
Springer-Verlag, Berlin, 1971, 237 pp. $25.50 

'Advances in Polymer Science' has been a source of useful and 
timely reviews for the past eight years. The present volume, which 
contains four articles, is no exception. 

A lengthy review (90 pp) by R. B. Bird, H. R. Warner, Jr. and 
D. C. Evans of dumb-bell kinetic theory will be useful to a chemist 
who seeks a molecular interpretation of shear or elongational 
flow in polymer solutions. The model of polymers in dilute solution 
which has proved most useful in the interpretation of flow pheno- 
mena is the 'string of beads' model. The simplest possible such 
model is the rigid dumb-bell, which occupies a place polymer 
solution theory similar to the hard sphere model in the theory of 
low molecular weight fluids, in that it permits of analytical solutions 
to problems while retaining a degree of realism which makes 
these solutions useful in interpretation and prediction. This review 
is comprehensive and is illustrated by comparison of theory with 
experimental data or with the corresponding phenomenological 
theory. 

Equally comprehensive in its way is a review (83 pp) by G. Kraus 
of reinforcement of elastomers by carbon black. Here the problem 
is not so much the explanation of the elastomeric, rheological and 
ultimate properties of carbon black filled elastomers in terms of 
adequate models as the establishment of suitable models in the 
first place. Appropriately then the earlier sections of this review 
are devoted to characterization of the systems: the structure and 
morphology of carbon blacks, the interactions between carbon 
blacks and elastomers, and the effect of carbon black upon chain 
stiffness. The rest of the review is concerned with a description 
and discussion of the properties of carbon black filled elastomers. 
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The predominance of phenomenological interpretation over 
molecular explanation in this part  of the review is a measure of the 
scope for further study in this area. 

More specialized in approach, but of interest to a wide reader- 
ship, is the review (46 pp) by G. L. Wilkes of the measurement of 
molecular orientation in solid polymers. Wide-angle X-ray diffrac- 
tion, birefringence, linear dichroism, sonic behaviour and polarized 
fluorescence are discussed. These methods are somewhat compli- 
mentary and the application of more than one technique to orienta- 
tion problems is recommended. Costs are given. 

The remaining article is a brief (18 pp) critique by P. H. Plesch 
of cationic polymerization, with particular emphasis on the deter- 
mination of propagation rate constants (k~). This is a field of 
study fraught with dangers for the novice because of the com- 
plexities of the systems. Criteria by which determinations (past 
and future) of kp may be judged are discussed. It is regrettable, 
though not surprising, that the list of values of kp which survive 
scrutiny is so short. 

C. Booth 

Physicochemical characteristics of oligonucleo- 
tides and polynucleotides 
Borek Janik 
Plenum Press, New York, 1971, 213 pp. $16.24 

This is not a book on the physical chemistry of nucleic acids; 
it is, instead, a list of acid/base dissociation constants, absorptivities 
and 'melting temperatures' of synthetic oligo- and poly-nucleotides. 
These have been culled from 289 papers published over the last 
decade or so up to the end of 1970. The preface makes it clear that 
the collection is only representative and that the author has not 
attempted to include every published and relevant measurement. 
To fill certain gaps, attention is drawn to other similar com- 
pilations that are readily available. 

Relevant experimental conditions of solvent composition, 
temperature etc. have been recorded in the tables, for without 

these, the properties and parameters listed for these polyelectrolytes 
would be virtually meaningless. On the other hand, there has been 
little attempt to critically assess the data listed; in many cases 
several discordant values of the same parameter, measured under 
similar conditions are given and it is anybody's guess as to which 
is the better. It is striking that in but very few cases, there is no 
listed estimation of the uncertainty of the various parameters 
though random checks suggest that this is the fault of the original 
authors rather than the compiler of this volume. For  these reasons 
it is possible that research workers in the field of physical bio- 
chemistry to whom this book appears to be addressed will find it 
more useful as a guide to the literature than as a source of precise 
and useful data. 

The introductions to the three sections which explain the tables 
are terse, not always clear and sometimes ambiguous. For instance 
it may be satisfactory to define the pK of a simple monovalent 
acid as the negative logarithm of the dissociation constant (thermo- 
dynamic or practical .9) but what exactly is the apparent pK~ of a 
polyelectrolyte? The reader's attention is brought to bear on the 
distinction between thermal, residual and total hypochromicity but 
it is not always clear which of these is listed in the tables; moreover 
it should be noted that the magnitude of thermal hypochromicity 
is rarely adequately defined since a completely denatured state 
can rarely be attained in aqueous solution below 100°C. The 
values of mean residue absorptivities quoted are sometimes based 
on analysis for phosphate and sometimes on concentration 
measurements obtained from the absorbance of a hydrolysate; 
the latter values, of course, depend on the values assumed for the 
standard absorptivities on the hydrolysis products; there are three 
currently used sets of standard absorptivities which are not fully 
concordant; this is glossed over in these tables. 

The book is well bound in hard covers and the text is reproduced 
from a typescript. Random sampling detected no errors except 
a few numbers that had obviously crept into the wrong column. 
Individual purchasers may however feel that $16.24 is a lot to 
pay for a collection of literature references; no doubt libraries 
will wish to acquire it. 

E. G. Richards 

Conference Announcement 

10- 14 September 1973 

The Chemical Society 

IUPAC International Symposium on 
Macromolecules 

University of Aberdeen, Scotland 
The programme will be arranged in the following two main sections, running in parallel 
t h ro u g h o ut the M eeti n g: Synthesis and Manufacture a n d Physical and Technological Aspects. 
Emphasis will be given to the relationship between the science and technology of poly- 
mers. Each section will consist of a limited number of invited lectures and contributed 
papers. 
The Programme Committee will consider contributed papers of special interest and novelty 
in relation to the following topics with major emphasis on Thermoplastic Polymers and 
Elastomers, and in particular the relationship between any of these topics: (1) The Manu- 
facture of Polymers; (2) Synthesis of Polymers; (3) Science and Technology of Fluid 
Polymers; and (4) Science and Technology of Solid Polymers. Those wishing to present 
a paper should apply to Dr John F. Gibson, The Chemical Society, Bu rlington House, London 
WlV 0BN for the form of a submission of a communication, which should be returned 
together with the abstract not later than 1 January 1973. 
Further details about registration, accommodation, travel, social and ladies' programme will 
be available in February 1973. 
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A correlation between critical tensile 
strength and polymer cross-sectional area 

P. I. V incent  

Imperial Chemical Industries Limited, Plastics Division, Welwyn Garden City, Herts, UK 
(Received 26 July 1972) 

The brittle point of un-notched specimens occurs when the tensile yield stress is equal to a 
critical value of the tensile breaking stress. This critical tensile strength correlates well 
with the molecular cross-sectional area as calculated from crystallographic data or models. 
This finding accounts for some apparent anomalies found when trying to relate impact 
behaviour with dynamic mechanical data. 

INTRODUCTION 

Heijboer 1 has reviewed the possibility that there is a useful 
correlation between the positions of mechanical damping 
peaks and the tough-brittle transitions of un-notched 
specimens in impact for a range of thermoplastics. He 
concluded that 'a dynamic mechanical damping peak is 
not always accompanied by a transition in the impact 
strength' and conversely that 'a large increase in the 
impact strength can occur without the presence of a 
pronounced damping peak'. 

The author has pointed out previously 2 that the brittle 
point of un-notched specimens can be defined as the 
temperature at which the tensile yield stress equals the 
tensile brittle strength. The brittle point therefore depends 
partly on the temperature-dependence of the yield stress 
and it is possible to argue 2 that this accounts for many of 
the apparent relations between dynamic mechanical 
properties and impact behaviour. However, the tempera- 
ture of the tough-brittle transition also depends on the 
brittle strength, which is not related to dynamic mechani- 
cal loss processes. The object of this paper is to show that 
the brittle strength of thermoplastics is dependent on the 
effective cross-sectional area of the molecule and that this 
dependence can explain some of the apparent anomalies 
reported by Heijboer 1. A note on the results of this work 
has been published previously 3. 

CRITICAL TENSILE STRENGTH 

Figure 1 shows the results of some tensile tests performed 
by a method described elsewher~ 4. The tensile yield stress 
is plotted above the brittle point and the tensile brittle 
strength is plotted below the brittle point. These brittle- 
ness temperatures were +50°C for poly(methyl meth- 
acrylate) (PMMA) and -100°C for the oxymethylene 
copolymer (POM). This difference between the brittle 
points of un-notched specimens of these two polymers can 
be partly explained by their different trends of tensile yield 
stress with temperature. However, it is also important to 
note that the critical stress at which ductile fracture 
changes to brittle fracture is about three times higher for 
POM than for PMMA. If POM became brittle at the 
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Figure 1 Yield stress and brittle strength in tension for samples 
of polyoxymethylene ( ) and poly(methyl methacrylate) (-  - - - )  
as functions of test temperature 

same stress as PMMA, its brittle point would be about 
+ 15°C instead of - 100°C. It is therefore essential, when 
trying to relate the brittle point of polymers to their 
chemical constitution, to take account of the factors 
affecting the critical tensile brittle strength. 

It is known 2, 4 that the brittle strength is affected by 
changes in molecular weight, molecular orientation and 
the presence of defects. Therefore, when measuring the 
critical tensile strength, it is necessary to take certain 
precautions: 

(1). The average molecular weight of the sample should 
be sufficiently high so that further increase does not 
significantly increase the brittle strength. 

(2). The sample should be sufficiently nearly isotropic 
so that tests in different directions give essentially the same 
results. Particular care is needed with injection moulded 
tensile specimens, when the melt flow is along the 
extension direction, since the resulting anisotropy can 
give a false measure of the brittle strength of isotropic 
specimens. 
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Critical tensile 

Table I Estimated critical tensile brittle strengths 

Critical 
stress Temperature 

Polymer Abbreviation (MN/m 2) (°C) 

Poly(4-methyl pentene-1) P4MP 53 - 3 0  
Poly(methyl methacrylate) PMMA 68 +60 
Poly(pentene-1) PPe 58 - 60 
Poly(butene-1 ) PB 81 - 100 
Polypropylene PP 98 -120 
Poly(vinyl chloride) PVC 142 - 8 0  
Polytetrafluoroethylene PTFE 117 -196 
Polycarbonate of PC 145 - 140 

Bisphenol A 
Polyethersulphone PES 148 - 180 
Poly(ethylene PET 155 - 100 

terephthalate) ~ 
Polyethylene PE 160 - 196 
Poly(hexamethylene Ny 179 - 100 

adipamide) 
Polyoxymethylene POM 216 - 100 

(3). The specimens should be free of any obvious defects 
such as poorly machined surfaces, contamination, holes 
or cracks, which might tend to reduce the brittle strength. 

During the last eight years, tensile tests over wide tem- 
perature ranges have been performed on samples of many 
thermoplastics for a variety of reasons. The records of the 
results of these tests have been re-examined and the 
highest yield stress obtained for each polymer has been 
taken as a lower limiting estimate of the critical tensile 
strength. For polyethylene and polytetrafluoroethylene it 
is probable that the estimates are too low because good, 
high molecular weight, isotropic specimens were ductile at 
- 196°C  which was the lowest test temperature used. 
With this reservation, the estimated critical tensile strength 
and the relevant test temperature are given in Table 1 for 
thirteen polymers. Stearne and Ward 5 have carried out a 
detailed study of  the tensile behaviour of poly(ethylene 
terephthalate) and their value of the critical stress has been 
included in Table 1. 

MOLECULAR CROSS-SECTIONAL AREA 

It has been pointed out previously 2 that polymers with 
bulky inflexible side groups, such as polystyrene, poly- 
(cyclohexyl methacrylate) and poly(N-vinyl carbazole) 
have lower brittle strengths than polymers without such 
side groups. These polymers are not included in Table 1 
because it has not been found possible to obtain a tensile 
yield stress of isotropic specimens. For example, a sample 
of polystyrene was brittle at +95°C and very soft at 
+ 100°C. 

In order to discover whether this principle can be 
applied more generally, it is necessary to estimate the 
average cross-sectional area of a molecule, perpendicular 
to the chain axis. The formula used for this purpose was: 

Molecular cross-sectional area = 

Weight of repeat unit 
Sample density × length of repeat unit 

Where possible, the length of the repeat unit was obtained 
from the crystallographic data tabulated by Miller 6. The 
value for polycarbonate of Bisphenol A (PC) was taken 
from the work of Prietzschk 7. The value for polyether- 
sulphone was measured on a molecular model in the most 
extended conformation. Table 2 gives the relevant data for 
polystyrene (PS) and the thirteen polymers of Table 1. The 

strength and polymer cross-sectional area: P. I. Vincent 

reciprocal of the molecular cross-sectional area is listed 
under the heading bonds/nm 2 in the last column of 
Table 2. 

CORRELATION 

Figure 2 shows graphically the dependence of critical 
tensile strength on bonds/nm 2 for the thirteen polymers 

Table 2 Molecular cross-sectional area 

Repeat Repeat Molecular 
unit unit area 

molecular Density length × 10 -2o Bonds/ 
Polymer weight (g/cm 3) (10-1°m) (m 2) nm 2 

PS 104 1- 06 2.21 74.1 1 • 35 
P4MP 84 0-83 1-98 85-4 1.17 
PMMA 100 1.19 2.11 66-5 1.50 
PPe 70 0-90 2.16 60-2 1-66 
PB 56 0.90 2-17 47.9 2.09 
PP 42 0.91 2-17 35.5 2.82 
PVC 62-5 1 "39 2.55 29.4 3.40 
PTFE 100 2.17 2.60 29-6 3.38 
PC 254 1 "20 10-75 32.9 3.04 
PES 232 1-37 10.4 27.2 3.68 
PET 192 1.37 10.77 21-8 4.60 
PE 28 0"96 2.53 19-3 5'19 
Ny 226 1.14 17.3 19-2 5.22 
POM 30 1-41 1.92 18-5 5.41 
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for which both quantities are known. It  is clear that there 
is a good correlation and this is confirmed by statistical 
analysis. The correlation coefficient is 0.949 and for 
thirteen results this corresponds to an extremely high level 
of  significance. The best straight line was fitted to the 
results but the intercept was not statistically significant. 
Accordingly, the best straight line through the origin was 
fitted and is shown in Figure 2. The regression equation 
is: 

Critical strength (MN/m z) = 

36.8 x number of  backbone bonds per nmL 

It may be taken as established that the critical tensile 
strength of  thermoplastics is dependent on the cross- 
sectional area of  the molecule. 

In the simplest calculation of  the theoretical tensile 
strength of polymers, the load to break a carbon-carbon 
bond (given by KellyS as 6.1 x 10-gN) is divided by the 
molecular cross-sectional area. This theory leads to a 
relation between critical strength and bonds/nm 2 of  the 
experimentally established form but with a coefficient of  
6100 instead of  36.8. This discrepancy may be a con- 
sequence of  the assumption in the theory that all the 
molecules are oriented in the direction of  the applied 
stress whereas the experimental results apply to isotropic 
specimens. 

DISCUSSION 

The establishment of  this correlation throws new light on 
the effect of  chemical constitution on brittle fracture. It is 
necessary to distinguish between two different ways in 
which changes in chemical constitution can affect the 
impact behaviour of  un-notched specimens: 

(1). An increase in the strength of  the intermolecular 
forces, whether through hydrogen bonding or polarity or 
for steric reasons, will tend to increase the moduli and 
yield stresses and therefore, other things being equal, to 
reduce the impact strengths. It is probably for this reason 
that PMMA is more brittle than polypentene-1 and that 
nylon has a higher brittleness temperature than poly- 
ethylene. 

(2). A decrease in the effective strength of  the backbone 
bonds, because of  increasing molecular cross-sectional 
area, will have an insignificant effect on the moduli and 
yield stresses. However, it decreases the brittle strength 
and the critical tensile strength and thereby reduces the 
impact strengths. It is probably for this reason that 
poly(4-methyl pentene-1) is more brittle than high density 
polyethylene and that PVC has a higher brittle point (un- 
notched) than polyoxymethylene. 

It  is conceivable that dynamic mechanical moduli and 
low loss processes could give useful information about the 
strength of intermolecular forces and therefore about the 
first type of  effect of  chemical constitution on brittle 
fracture. Indeed the partial correlations between dynamic 
mechanical properties and impact strength reported by 
Heijboer 1 and others are probably explicable in these 
terms. On the other hand, it would not be expected that 
dynamic mechanical properties could give information 
about the effective strength of  backbone bonds. Con- 
sequently, a trend in brittle point caused by a change in 
molecular cross-sectional area would not correlate with 

the loss processes. This line of  thought can explain some 
of the apparent anomalies noted by Heijboer 1: 

(1). A copolymer of  methyl methacrylate with cyclo- 
hexyl methacrylate had a much lower impact strength 
than PMMA in spite of the presence of  a damping peak at 
- 80°C and 1 Hz. This may now be seen as a consequence 
of  the increased average molecular cross-sectional area 
when the bulky cyclohexyl groups are included. 

(2). A copolymer of methyl methacrylate with acrylo- 
nitrile had higher impact strength than PMMA in spite of 
the absence of  an additional damping peak. This may now 
be seen as a consequence of reduced average molecular 
cross-sectional area. Polyacrylonitrile has 3.45 bonds/nm 2 
compared with 1.50 for PMMA. The impact strength of  
un-notched specimens of  random acrylonitrile-styrene 
copolymers increases as the molar ratio of  acrylonitrile to 
styrene increases from 0 to 49. Again, molecular cross- 
sectional area provides a reasonable explanation though 
the drop in toughness for molar ratios above 6 requires 
consideration of  the difficulty of fabricating good samples. 

(3). Poly(2,6-dimethyl-p-phenyleneoxide) (PPO) show- 
ed up well in Heijboer's 1 tests, in comparison with the 
polycarbonate of Bisphenol A, in spite of  the fact that the 
latter has a substantial low temperature loss process 
whereas the former does not. It seems significant that the 
molecular cross-sectional areas are not very different-- 
2.70 bonds/nm z for PPO, assuming that alternate ether 
oxygen atoms are on opposite sides of  the chain, com- 
pared with 3.04 bonds/nm 2 for PC. A fuller explanation 
of the impact behaviour of  un-notched specimens of these 
two polymers would have to take account of, and explain, 
the trends of  yield stress with temperature. 

So far this discussion has centred on the behaviour of  
un-notched specimens. For  the more brittle materials this 
is sufficient to provide reasonable understanding of  
behaviour in the practically important region around 
normal ambient temperatures. For  the tougher materials, 
it is necessary to consider the behaviour of notched 
specimens of  various notch tip radii 10. The impact 
strengths of  notched specimens are more difficult to relate 
to molecular parameters; although molecular cross- 
sectional area and the strength of  secondary bonds may 
both play a part, it seems likely that additional considera- 
tions will be necessary. 
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Broadline nuclear magnetic resonance studies have been carried out on a number of 
poly(N-substituted maleimides) and compared with existing dielectric relaxation informa- 
tion. In general, the results have confirmed the existence of a ring deformation relaxation 
mode in these polymers and, in addition, dielectrically inactive motion involving the non- 
polar nitrogen substituent has been detected. Apparent activation energies have been 
calculated for all the transitions and have been modified to include relaxation time distribu- 
tions where the necessary information exists. 

INTRODUCTION 

Low resolution or broadline nuclear magnetic resonance 
(n.m.r.) studies form a useful method for observing 
molecular motions in solid polymers 1-3. This technique 
has often been complemented 4, 5 by other relaxation 
methods--dielectric, mechanical and viscoelastic--which 
are also used in this type of investigation. In particular 
n.m.r, measurements may be sensitive to microscopic 
motions which do not involve rotation of  a dipole, or 
which are on too small a scale to produce any appreciable 
change in the mechanical properties of  the material. 

There is current interest in the development and study 
of  the physico-chemical properties of  thermally stable 
polymers. In this laboratory various methods are being 
used to study molecular motion in one such class of  
material, the poly(N-substituted maleimides): 

c \  / c %  I  zoj 
This paper reports the results of broadline n.m.r, experi- 
ments which have been carried out on several polymers of 
this type with both n-alkyl and aryl substituents at the 
nitrogen atom. Attempts have been made to correlate 
the n.m.r, results with some of the dielectric data which 
have been obtained in a concurrent investigation 6. 

EXPERIMENTAL 

Details of the methods of preparation and of the dielectric 
experiments are given in another paper 6. 

The samples consisted of  the powdered polymer con- 
tained in a 0.5 cm diameter glass tube which was pumped 
for several hours before sealing off. The single coil broad- 
line spectrometer was operated at around 22 MHz using a 
Newport Instruments 4in. electromagnet and type P 
magnetometer. Phase-sensitive detection was employed 

with a Brookdeal lock-in amplifier. A gas flow system was 
utilized for temperature variation. About seven spectra 
were recorded for each polymer sample at each tempera- 
ture in the range 140 to 500K. Below 140K the spectra 
became so broad that the signal to noise ratio was too 
small for accurate recordings. 

The second moment and line width of the spectra were 
derived using a computer programme which fits the best 
Gaussian curve to the spectrum. For a few of the poly- 
mers the transitions gave rise to pronounced double 
spectra (cf. Figure 1). Such behaviour is attributed by us 
to the onset of  molecular motion at different rates in the 
amorphous and crystalline regions of the polymer. In 
these cases it was sometimes possible to fit the spectra to 
two superimposed Gaussian curves, and to determine 
separate line widths and second moments for the amor- 
phous and crystalline processes. 

It should be pointed out that other types of curve fitting 
procedures were used in addition to the Gauss fit. These 
were semi-empirical, involving no a priori assumptions 
about the line shape. In few cases did these methods give 
rise to results which were significantly different from the 
Gaussian curve. At higher temperatures (>  370K), the 
several experimental spectra at each temperature were 
found to have line widths and second moments agreeing 

5G 

Figure 1 Spectrum of polymaleimide at 40°C, showing the broad 
(crystalline) and narrow (amorphous) components 
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to + 3 %. However, this spread of values increased 
markedly at the lower temperatures, when it was occa- 
sionally as high as + 15 %. 

The plots of line width versus temperature in the transi- 
tion region were fitted to a cubic curve, and the mean 
values of 8H at each temperature were calculated in this 
way. This technique gives an accurate and less arbitrary 
picture of  the line width and second moment variation as 
a function of the temperature in the region of a transition. 

R E S U L T S  A N D  D I S C U S S I O N  

The n.m.r, spectrum of a solid amorphous polymer usually 
consists of a single broad resonance peak ~, which is the 
result of  almost every proton existing in a magnetically 
different environment. The shape of  the peak may often 
be approximated to that of  a Gaussian or truncated 
Lorentzian curve. Two parameters associated with the 
spectrum are of some importance. The line width 8H is 
defined by 

8H=Ha-Hb 

where Ha, Ho are values of the field H such that 
d2~/dH ~ = 0, and ~(H) is a function which represents the 
shape of the resonance signal. 

8H is important because of its relation to T2, the 
transverse relaxation time. For a Gaussian line shape, 

23/2 
T2=ySH (1) 

and T~ is related to the correlation time re for molecular 
motion in the sample by the Kubo and Tomita expression 7. 

1 / 1 \22 1[21/2-ce~ 
~ = t ~ )  ~rtan- ~T~-z)  (2) 

where T~ is the rigid lattice relaxation time (with line 
width 3H"). 

The second moment of the spectrum AH2 is defined by: 

f n.o¢(H)(H- He) 2 d ( H -  He) 
AH2 i 

j']ine$(Y) d ( H -  Hc) 

where He is the centre of  the spectrum. In fact the second 
moment is a fundamental molecular quantity in that its 
magnitude derives from the interaction of all the magnetic 
nuclei in the sampleL 

In the region of a line width transition there is onset of  
molecular motion, and the line width falls from one 
constant value to another as the temperature increases. 
The behaviour can be shown more quantitatively by 
substituting a relation of the form: 

re = A exp(E*/RT) 

into equation (2). Values of ~-e may be obtained at any 
temperature where 8H is known, and the activation ener- 
gies E*  may be calculated. The second moment of the 
spectrum usually also falls in the transition temperature 
range, although there are some cases s where this quantity 
remains constant in accordance with strict theoretical 
requirementsL 

For  polymeric systems, the activation energies which 
are obtained by the above method are generally found to 
be very low when compared to the corresponding 
dielectric dataL These discrepancies are believed to be due 

to the neglect in equation (2) of the distribution of relaxa- 
tion times which is nearly always found for dielectric 
relaxation in polymers. The precise effect of the distribu- 
tion on equation (2) is complex, but the general conclusion 1 
is that one can obtain a single, fairly accurate value of rc 
where the 8H curve shows the point of inflection which is 
when 8H~SH"/2. It is not difficult to show that Vc is 
approximately 104-105 s -z in this region 9. Results obtain- 
ed from 8H values removed from the point of inflection, 
however, are markedly sensitive to the distribution effect. 

When the n.m.r, and dielectric relaxations arise from 
the same molecular motion, then it will be possible to 
observe the correlation between the two processes on an 
Arrhenius diagram. This is usually done by plotting all 
the dielectric relaxation frequencies on a lnfr versus 1/T 
graph. The single most accurate n.m.r, correlation 
frequency (obtained at the temperature of the point of  
inflection of the 8H graph) may then appear to lie on one 
of the dielectric lines. In general, of  course, polymers may 
exhibit more than one type of  relaxation process. 

If  a correlation of  this nature is obtained, then a more 
realistic estimate of  the activation energy for the nuclear 
spin process may be obtained by multiplying the apparent 
activation energy by fi-x where /3 is a parameter which 
describes the width of the distribution of dielectric 
relaxation times ~0. This procedure is subject to certain 
disadvantages, which are described elsewhere n.  

An approach of this kind should strictly only be 
applied when using T~ and not ]'2 data for the n.m.r. 
information. We adopt the view that the applicability of 
the method is justified by the good agreement obtained 
between the n.m.r, and dielectric activation energies. 

Polymaleimide 
Polymaleimide itself showed a single line-width 

transition extending over the temperature range 213 to 
333K and centred on 263K. The transition was accom- 
panied by a marked change in second moment, as indeed 
were all the transitions discussed in this paper. The 
measurements on this polymer were particularly interest- 
ing because it was found possible to separate the spectra 
into broad and narrow components over a wide range of 
temperature. Figure 2 shows the results of this analysis. 
At 263K, the correlation frequencies in the amorphous 
and crystalline regions are 8 ,0x l04  and 7 .5 x l0a s  -1 
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Figure 2 Second moment data for polymaleimide. A, Narrow 
component; O, broad component 
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respectively and the corresponding activation energies are 
25 and 9 kJ mo1-1. 

Figure 3 shows the results of  the dielectric investigation 
on this polymer. The single n.m.r, correlation frequency 
(vc=8.0× 104s -1 at 263K) in the amorphous region is 
seen to lie very close to the amorphous 7 (i.e. highest 
frequency) dielectric relaxation process. Now the Fuoss- 
Kirkwood distribution parameter for this process has 
been found by computation to be equal to 0.24, so that 
the true n.m.r, activation energy is 104kJmo1-1. This is 
excellent evidence that the n.m.r, and dielectric methods 
are observing the same kind of molecular motion, since 
the activation energy for the dielectric process is found to 
be 100 kJ tool -1. 

The dielectric process in all the maleimide polymers has 
been assigned 6 to an out-of-plane deformation of the 
substituted succinimide ring involving nitrogen inversion. 
It would really be expected that this mechanism would be 
more facile in the amorphous than in the crystalline 
regions of the polymer, but this does not appear to be the 
case. The activation energy of the narrow (amorphous) 
line appears to be higher than that of the broad (crystal- 
line) line. However, the close similarity of the n.m.r. 
correlation frequencies and transition temperatures in the 
two phases lends weight to the supposition that the same 
molecular mechanism is responsible for the relaxations. 

It is also noteworthy that the change in second moment 
observed for the polymaleimide transition ( ~  18 G 2) is the 
largest such change recorded in these measurements. This 
observation is again surprising when it is considered that a 
rather small degree of molecular motion is involved. 

N-ethyL N-amyl and N-dodecyl polymaleimides 
All of these polymers showed a single line width transi- 

tion, the correlation frequencies being 2.3, 1.8 and 
1-4 × 104 s -1 at 313,293 and 278K for the N-ethyl, N-amyl 
and N-dodecyl derivatives, respectively. Figure 4 shows 
the dielectric relaxation data for these polymers. It can be 
seen that the n.m.r, transition appears to coincide with the 
Arrhenius line for the dielectric ~, process in poly(N- 
dodecyl maleimide) but the corresponding points for the 
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Figure 4 Dielectric (open symbols) and n.m.r. (solid symbols) 
relaxation data for the poly(N-alkyl maleimides). (3, O, Poly(N- 
ethyl maleimide); •, &, poly(N-amyl maleimide); D, I ,  poly(N- 
dodecyl maleimide) 

N-amyl and N-ethyl polymaleimides appear several 
decades below the 7 line at the same temperatures. 

Considering the case of poly(N-dodecyl maleimide) in 
more detail, one can compare the activation energies for 
nuclear spin and dielectric relaxation using a knowledge 
of the Fuoss-Kirkwood fi value for the ~ relaxation. This 
parameter was found to be 0-30, which gives a true n.m.r. 
activation energy of 48 kJ tool -1, compared to 73 kJ mo1-1 
for the dielectric 7 process. Hence it would appear that in 
the N-dodecyl derivative also, these two processes do not 
appear to have the same molecular origin, in spite of the 
apparent frequency correlation. 

The molecular motion responsible for nuclear spin 
relaxation in the poly(N-alkyl maleimides) must therefore 
be one which does not involve re-orientation of a dipole. 
It seems obvious that some mechanism involving motion 
of the alkyl side chain (probably rotation about the 
carbon-carbon bonds) is occurring in these polymers. 
The transition temperature, and hence the activation 
energy, appears to decrease as the alkyl side chain 
becomes longer, but in the absence of distribution para- 
meters it is not possible to put a quantitative estimate on 
this effect. Presumably a longer side chain creates for 
itself a larger free volume in which it is able to move. This 
theory would seem reasonable if, for example, the kind of 
rotation were of  the 'crankshaft' type as suggested by 
Schatzki12,13 and Boyer 14. Furthermore the activation 
energy calculated by these authors, around 52 kJ mo1-1, is 
in very favourable agreement with the experimental 
values if a fl of  0.3 is assumed. 

It is interesting to note that these N-alkyl derivatives 
are the only polymers in the series which do not show a 
parallel between the nuclear spin relaxation process and 
the dielectric 7 process. It is obvious that the motion of 
many protons in the alkyl substituents is much more 
efficient in relaxing nuclear spin energy than the corn- 
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paratively small proton movement which results from the 
partial twist of the maleimide ring. 

Poly(N-cyclohexyl maleimide) 
It was hoped that this polymer would reveal some 

effects of the well known chair--chair interconversion of 
the cyclohexyl ring. The experimental measurements 
showed the existence of only one very sharp transition 
centred close to 273K, with an apparent activation energy 
of 40 kJ mo1-1. When compared with the dielectric relaxa- 
tion data for this polymer, the transition (vc=2"5 x 104 s -x 
at 273K) is seen to lie close to, but at a higher frequency 
than, the line corresponding to the dielectric y process 
(Figure 5). However, the dielectric 9' line is observed to be 
markedly curved, indicating that the activation energy 
varies by as much as a factor of two over the temperature 
range 280-310K. At the higher end of this temperature 
range, the activation energy for dielectric relaxation was 
found to be 106kJ mo1-1, with a Fuoss-Kirkwood distri- 
bution factor of 0.39. The true n.m.r, activation energy is 
therefore 40/0.39 = 102kJmo1-1, which is in remarkably 
good agreement with the dielectric value. Nevertheless, the 
uncertainty in the dielectric measurements, and the com- 
paratively poor frequency correlation, give grounds for 
considerable suspicion as to whether the dielectric and 
n.m.r, methods are observing the same molecular process. 
It could well be that a co-operative motion between the 
twisting of the maleimide ring and the chair-chair inter- 
conversion of the cyclohexyl ring make varying contribu- 
tions to the total observable behaviour depending on the 
type of relaxation study. 

Poly(N-phenyl maleimide) 
Three distinctly separate transitions were observed in 

this polymer sample. The transition temperatures, the 
corresponding correlation frequencies and the apparent 
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Figure 7 Dielectric and n.m.r, relaxation data for poly(N-phenyl 
maleimide). O, A, Dielectric relaxation frequencies; 0 ,  n.m.r. 
correlation frequencies; FI, dielectric behaviour of monomer 
trapped in a polystyrene matrix 

activation energies were (220K, 0.82x104s -1, 14.1kJ 
mo1-1) (270K, 0.86 x 104s -1, 27.8kJmo1-1) and (350K, 
1.1xl04s -1, 31.1kJmol-1). Approximately equal line 
width changes were associated with each transition 
(Figure 6). 

The transition at 220K is undoubtedly associated with 
the dielectric I, relaxation. Reference to Figure 7 shows 
that it lies close to the Arrhenius line for the 9' process. 
Furthermore the dielectric distribution parameter was 
found to be 0.15, which makes a more realistic n.m.r. 
activation energy to be 94kJmol - t  a value which com- 
pares very favourably with the 110 kJ tool -z found for the 
dielectric ~, process itself. 

Interestingly, the 270K n.m.r, transition in poly(N- 
phenyl maleimide) coincides almost exactly with the 
frequency and temperature found for dielectric relaxation 
of N-phenyl maleimide monomer which is trapped in a 
polystyrene matrix (of. Figure 7). Therefore the process 
involved here would appear to be localized to the N- 
phenyl maleimide monomer unit, and could be some co- 
operative motion of the maleimide and phenyl rings. 

The 350K transition has no parallel in the dielectric 
relaxation results, and it is concluded that this transition 
arises from motion of a non-polar group in the material. 
The most probable explanation is a restricted torsional 
rotation of the phenyl group itself. The apparent activa- 
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tion energy is 31 kJmo1-1. Since the distribution para- 
meter will be close to unity for this type of 'local' process, 
the activation energy is probably very similar to the 
38kJmo1-1 found by Yano and Wada 15 for torsional 
oscillations of the phenyl groups in polystyrene. 

Poly (N-monochlorophenyl maleimides ) 
All three monochlorophenyl maleimide derivatives 

were examined. In every case a transition corresponding 
to the dielectric y (crystalline) process was observed, the 
frequency correlations being indicated in Figure 8 and the 
activation energy comparisons in Table 1. Poly(N-para- 
chlorophenyl maleimide) was exceptional in that the 
measurements revealed the existence of two further 
transitions centred at 223 and 463K, the y (crystalline) 
process itself being centred on 313K (cf. Figure 8). Com- 
parison with the dielectric data shows that the 223K 
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Figure 8 Dielectric (open symbols) and n.m.r. (solid symbols) 
relaxation data for the poly(N-monochlorophenyl maleimides). 
A, A, Poly(N-ortho-chlorophenyl maleimide); D, I I ,  poly(N-meta- 
chlorophenyl maleimide); O, Q, poly(N-para-chlorophenyl 
maleimide) 

Table 1 Activation energy correlations for the ~, process in the 
poly(monochlorophenyl maleimides) 

Derivative Apparent Dielectric Absolute Dielectric 
n.m.r. /3 value n.m.r, activation 

activation activation energy for 
energy energy y process 

(kd mo1-1) (kJ mol -z) (kd mo1-1) 

o 17.6 0.21 84 75 
rn 25.1 0.22 114 117 
p* 22.6 0-41 55 49 

* Data given for y (amorphous). 
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Table 2 Second moment changes for those polymaleimides 
exhibiting the ~, process 

Derivative Second moment 
change (G 2) 

R---H 18"0 
cyclohexyl 10"0 
phenyl 8"5 
o-chlorophenyl 8.0 
m-chlorophenyl 8-0 
p-chlorophenyl 7.5 

transition corresponds to the dielectric v process also, but 
is associated with the maleimide ring twist in the amor- 
phous rather than the crystalline region of the polymer. 
Here it is noted that the rates of molecular motion are so 
different in the two phases that they give rise to two separ- 
ate line width transitions rather than to a separation of 
the line into broad and narrow components as occurred 
for polymaleimide. In addition, in the case of this 
polymer, the transition temperature in the amorphous 
region is lower than that in the crystalline region, indicat- 
ing the more normal situation of a lower activation energy 
where the material is more disordered. 

The transition in poly(N-para-chlorophenyl maleimide) 
observed at 463K would appear to correspond to the 
glass transition in the polymer, observed by differential 
scanning calorimetry to be at 450K, and as the dielectric 

process at 435K at 10 -4 Hz. This is the only case where 
the glass transition was observed by the n.m.r, technique 
in this series of polymers. 

No evidence for a transition corresponding to phenyl 
group rotation was seen in any of the chlorophenyl 
derivatives. It is recalled that this transition was seen at 
350K in poly(N-phenyl maleimide) itself. This could be 
because the polymers have been shown by X-ray studies 
to be rather more crystalline than other members of the 
series. 

CONCLUSIONS 

In most of the poly(N-substituted maleimides) nuclear 
spin relaxation has been shown to occur by a mechanism 
which is analogous to the dielectric y process, viz. a 
torsional twist of the maleimide ring. A comparison of 
the changes in second moment for each of the polymers 
where this type of relaxation is observed is shown in 
Table 2. With the exception of polymaleimide the second 
moment changes are rather similar, as would be expected. 
In polymaleimide this very large change in second moment 
over the transition region may reflect a large change in 
magnetic environment for the N-H proton. Molecular 
models of the known helical structure of polymaleimide 
reveal that the N-H protons point outwards from the 
axis of the helix, hence interchain interactions may be the 
most important contributor to the second moment. In 
longer alkyl chains, larger changes in environment may be 
masked by compensating changes in the configuration of 
the pendant alkyl chain. 
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Morphology of nascent polyethylene 
prepared with the catalyst VOCI3/(C2Hs)2AICI 
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The catalyst VOCI3/(C2Hs)2AICI was used to prepare polyethylene under various condi- 
tions of polymerization. The nascent polymer samples were examined by optical and 
electron microscopy, fuming nitric acid oxidation and differential scanning calorimetry. It 
was observed that the samples consisted of lamellar as well as fibrillar crystals. Examina- 
tion of catalyst preparations by light-scattering photometry revealed the presence of a 
colloidal dispersion besides the soluble catalyst complex. It is proposed that the lamellar 
and fibrillar crystals have different origins. The lamellar crystals are formed by intra- 
molecular crystallization of polymer chains generated from the soluble catalyst complex, 
whereas the fibrils are the product of intermolecular crystallization of polymer chains 
growing from adjacent active sites residing on the surface of the colloidal particles. The 
degree of chain extension in the fibrillar crystals is dependent on the conditions of poly- 
merization. 

INTRODUCTION 

In a recent paper we showed that the nascent crystalline 
polyethylene, prepared with the soluble Ziegler-Natta 
catalyst bis(cyclopentadienyl)titanium dichloride/dialkyl- 
aluminium chloride, has a lamellar morphology 1. The 
lamellar morphology was observed in samples prepared 
under both quiescent and stirred conditions, provided 
that the polymerization is carried out below the dis- 
solution temperature of the polymer. Similarly, it was 
reported several years ago TM that folded-chain lamellar 
crystals were formed when ethylene is polymerized using 
a soluble catalyst system based on vanadium salts 2. 

In contrast to the above polymers, the nascent poly- 
mers prepared with heterogeneous Ziegler-Natta cata- 
lysts have a characteristic fibrillar morphology. In the 
polymerization of ethylene, for example, depending on 
the experimental conditions, the nascent polymer is 
composed either of extended chain structureless fibrils 3, 
or of fibrils consisting of a central filament and folded- 
chain lamellae arranged transversely to the filament 
axis4, 5. Other polyolefins synthesized with hetero- 
geneous Ziegler-Natta catalysts are likewise fibrous 4. 
Although these nascent polymers morphologically re- 
semble the fibrillar crystals obtained in polymer crystal- 
lizations from solution under shear 6, the fact that the 
nascent polymer has a fibrillar habit even in polymeriza- 
tions conducted under quiescent conditions 4 suggests 
that external stress is not essential for fibril formation. 
It seems more probable that in heterogeneous Ziegler- 
Natta polymerizations the organization of the polymer 
molecules into fibrils is related to the catalyst itself. 
The formation of the extended chain filaments requires 
the intermolecular nucleation of many polymer chains 
which have a common orientation. The surface of a 

solid catalyst with many active sites in close proximity 
provides the conditions for the growth of such filaments. 
On the other hand, in a soluble catalyst system where 
each active site exists in isolation only intramolecular 
nucleation leading to lamellar structures is possible. 
Boor v has suggested that if the apparent relation between 
the physical state of the catalyst and the morphology 
of the nascent polymer proves to be of general applic- 
ability, then it would be possible to use the study of 
morphology as a means of differentiating between 
heterogeneous and homogeneous Ziegler-Natta catalysts. 
It has recently been reported, however, that certain 
soluble vanadium-based catalyst systems can also 
generate fibrillar nascent polyethylene s,9. To account 
for the formation of fibrils in this system it has been 
proposed that fibrous growth by intermolecular nuclea- 
tion may be possible at high catalyst concentrations by 
the lateral aggregation of many adjacent growing chains, 
whereas at low catalyst concentrations the active sites 
would be sufficiently separated to only allow the indi- 
vidual polymer chains to crystallize intramolecularly 
by chain folding 9. This suggestion is at variance with 
our own observations with the system bis(cyclopenta- 
dienyl)titanium dichloride/dialkylaluminium chloride 
which invariably yielded folded chain lamellar crystals 
over a wide range of catalyst concentrations. Because of 
this inconsistency in our knowledge of the morphology 
of nascent polyethylene prepared with soluble catalyst 
systems it was considered of interest to extend our 
investigation to the soluble vanadium-based catalysts. 

In the present paper we examine the morphology of 
nascent polyethylene prepared with the catalyst system 
vanadium oxytrichloride/diethylaluminium chloride, one 
of the reported soluble vanadium catalysts 8. Polymer 
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samples were prepared under various experimental 
conditions and studied by electron microscopy, nitric 
acid oxidation and thermal analysis. The state of dis- 
persion of the catalyst in the polymerization medium 
was examined by light-scattering photometry in the 
absence of monomer. 

Table 1 Experimental conditions of polymerizations with the 
catalyst system VOCI3/(C2Hs)2AICI 

Catalyst 
concen- Polymeriza- Mole- 
tration Molar tion cular 
VOCI3 ratio temperature weight, 

Sample (mmol/I) AI : V Solvent (°C) Mw 

EXPERIMENTAL 

Materials 
Vanadium oxytrichloride (Stauffer Chemical Co.) was 

used as a dilute solution in cyclohexane. The solution 
was stored in a sealed bottle under nitrogen and measured 
aliquots were transferred to the reaction vessel with a 
hypodermic syringe. Diethylaluminium chloride (Ethyl 
Corp.) was used as received, or as a molar solution in 
cyclohexane. Nitrogen and CP grade ethylene (Mathe- 
son Co.) were purified before use by passing through 
tubes containing calcium chloride and magnesium per- 
chlorate and then bubbling through a 50 ~o solution of 
triethylaluminium in kerosene. Reagent grade hydro- 
carbons were refluxed and distilled over sodium shortly 
before use. 

PE-1 0" 1 50 cyclohexane 25 750 000 
PE-2a 0" 1 50 cyclohexane 25 
PE-3 0.02 50 cyclohexane 95 
PE-4 0-2 50 cyclohexane 25 
PE-5 0-1 50 cyclohexane 35 
PE-6a 0-1 50 cyclohexane 35 
PE-7 0.1 50 cyclohexane 65 
PE-9 0.1 50 toluene 25 960 000 
PE-10a 0"1 50 toluene 25 
PE-11 0.2 50 toluene 25 
PE-12 0.1 50 toluene 55 
PE-13 0-1 50 toluene 65 

a Polymerization conducted under quiescent conditions 

hydrochloric acid in isopropanol and finally stored 
resuspended under toluene. The X-ray diffraction 
patterns of all nascent samples were identical to the 
diffraction pattern of crystalline polyethylene. 

Polymerizations 
All polymerizations were conducted in a conventional 

reactor 10 and strict precautions were taken to ensure 
anaerobic and anhydrous conditions. The reactor was 
first charged with about 500ml of solvent and the 
system was purged with nitrogen. The appropriate 
amount of diethylaluminium chloride was then added, 
nitrogen flow was stopped and ethylene was allowed 
to enter the system. When the catalyst vanadium oxytri- 
chloride was added, the colourless reaction mixture 
developed a characteristic pink colour in accordance 
with the expected behaviour of soluble vanadium 
catalysts 11-1a. Polymerization started immediately as 
evidenced from the appearance of solid polymer in 
the reaction mixture. The reactor was thermostated to 
within +0.5°C. To stop the reaction the catalyst was 
poisoned with a small amount of isopropanol. 

Gentle stirring (about 50 rev/min) with a Teflon paddle 
was generally used to ensure adequate mixing. However, 
in some cases the reaction was carried out under quiescent 
conditions; the ethylene was then introduced into the 
reactor through an orifice placed well above the surface 
of the solution. The ethylene dissolved in the reaction 
mixture by diffusion through the gas-liquid interface 
and the polymerization occurred without mechanical 
disturbance of the reaction mixture. 

Table 1 summarizes the experimental conditions under 
which the various samples were prepared. 

Polymer recovery and purification 
The precipitated polymer was separated from the 

reaction mixture by centrifugation or filtration. Samples 
prepared at high temperature were filtered at the poly- 
merization temperature in order to avoid contamination 
with dissolved polymer which would crystallize on 
cooling. After separation, the samples were first washed 
with aliquots of fresh solvent; they were then purified 
of catalyst residues by washing in a 10~o solution of 

Microscopy 
Preliminary observations of the morphology of the 

nascent polyethylene samples were made by optical 
microscopy. For more detailed information, the speci- 
mens were examined with a JEM 6A transmission 
electron microscope using the double condenser system 
and an accelerating voltage of 80 kV. The samples were 
observed by direct transmission or by the use of replicas 
using a method described earlier 1. 

Fuming nitric acid treatment 
Selected polyethylene samples were treated with 

fuming nitric acid. Weighed samples were placed in 
glass tubes containing 90~o fuming nitric acid (about 
0.4g of polyethylene in 100ml acid) and the tubes were 
suspended in an oil bath at 73 +0.5°C. After a specified 
time of treatment, the sample was left for one day or 
more in distilled water, filtered, washed with distilled 
water and acetone, and finally dried under vacuum. 

Differential scanning calorimetry 
The melting behaviour of the nascent samples was 

studied with a Perkin-Elmer differential scanning 
calorimeter, model DSC-1B. 

Measurements were performed in the manner described 
earlier 1. Each sample was melted, recrystallized from 
the melt by cooling in the instrument, and remelted. 
Thus the endotherms of the sample in its original and 
melt-recrystallized state were compared. 

The temperature scale of the calorimeter was calibrated 
with pure compounds of known melting points. 

Viscometry 
Viscosities of the samples were measured at 135°C in 

decalin containing 0.2 ~ N-phenyl-2-naphthylamine using 
a Cannon-Ubbelohde viscometer. Average molecular 
weights were calculated from the viscosity values using 
the relation z7: 

[n]=6"2 x 1 0 - 4 / ~  0.70 
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where AStw is the weight average molecular weight, and 
[7] is the intrinsic viscosity. 

Light scattering 
Light-scattering measurements were carried out on 

the catalyst system (vanadium oxytrichloride/diethyl- 
aluminium chloride dissolved in cyclohexane or toluene) 
using a Brice-Phoenix photometer operating at a wave- 
length of 5460 .~. The measurements were made in a 
cylindrical cell under nitrogen atmosphere. The cell 
was fitted with a Plexiglass cap provided with inlet and 
outlet tubes for nitrogen flow and a puncture seal 
rubber stopper through which the solvent and catalyst 
components were introduced using a hypodermic 
syringe. 

The scattering cell was first purged with nitrogen 
and the solvent (cyclohexane or toluene) was added. 
The nitrogen flow was continued for about 0-5h to 
completely remove traces of atmospheric oxygen. The 
catalyst components were then added in the same order 
as in the polymerization reaction. During the prepara- 
tion of the catalyst the solution was continuously 
agitated with a magnetic stirrer. The intensity of the 
light scattered by the pure solvent and the catalyst 
solutions were measured at 45, 90 and 135°C. 

RESULTS 

Microscopy 
Examination of the nascent polymer samples by 

optical and electron microscopy showed that the morph- 

Figure 1 'Shish-kebab' fibrils prepared in a quiescent poly- 
merization in cyclohexane at 25°C. Sample PE-2. Electron micro- 
graph, unshadowed 

Figure 2 Smooth fibrils prepared in a stirred polymerization in 
cyclohexane at 25°C. Sample PE-I. Electron micrograph (replica). 
Pt shadowed. The proportion of the smooth fibrils decreases 
with increasing polymerization temperature 

ology varies somewhat with the solvent used in the 
polymerization, but is independent of the catalyst 
concentration over the range 0.02-0.2mmol/l. 

Observations in the optical microscope showed that 
samples prepared in cyclohexane were predominantly 
composed of birefringent fibres admixed with a smaller 
amount of polymer having an apparently granular 
texture. Detailed examination in the electron microscope 
showed that most of the fibres have a 'shish-kebab' 
microscructure (Figure 1) and thus are similar to those 
formed during the polymerization of ~-olefins with 
heterogeneous Ziegler-Natta catalysts 4. 

A small fraction of the fibrous polymer consisted of 
fibrils whose texture is illustrated in the replica shown 
in Figure 2. The fibrils are devoid of lamellar overgrowth 
and thus appear to be smooth and featureless. Pre- 
sumably these fibrils have a structure similar to the 
central filament of the 'shish-kebab'. 

A representative electron micrograph of the non- 
fibrillar portion of the polymer is shown in Figure 3. 
Evidently this material consists of irregularly shaped 
particles which are probably compact aggregates of 
small lamellae. 

The morphology of the polymer samples prepared in 
toluene is illustrated in Figures 4 and 5. The samples 
were composed of aggregates of globular particles, 
fibrillar material and lamellar crystals. Because of 
excessive sample thickness a detailed examination of the 
globular particles by direct transmission electron micro- 
scopy was not possible. Therefore, in order to obtain 
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the number and length of the fibrils in comparison with 
the original unoxidized sample. Beyond approximately 
50 hours of treatment only lamellar debris remained in 
the oxidized samples. It is known that 'shish-kebab' 
fibrils prepared in stirred crystallizations have an ex- 
tended-chain central filament which withstands even 
prolonged treatment with fuming nitric acid 5, 18. The 
ease of disintegration of the nascent 'shish-kebabs' 
obviously indicates that the central filament of the 
fibrils is easily oxidized and cleaved under the action of 
the nitric acid. In this regard the behaviour of the nascent 
fibrils is very similar to that of fibrillar polyethylene 
crystals prepared with heterogeneous Ziegler-Natta 
catalysts 5. It is a reasonable inference that the suscepti- 
bility of the central filament of the nascent fibrils is 
due to crystal defects, probably chain folds, which are 
the sites of the nitric acid oxidation. 

As expected, the lamellar portion of the polymer 
was readily attacked by fuming nitric acid. After short 
times of treatment, aggregates as those shown in Figure 3 
were no longer present in the oxidized samples. Instead, 
the samples contained a fine debris of irregular lamellae 
which apparently originated from the disintegration of 
the aggregates. 

The samples prepared in toluene were not significantly 
affected even after 80hours of treatment with fuming 

Figure 3 Representative electron micrograph (replica) of non- 
fibrillar polyethylene prepared in a stirred polymerization in 
cyclohexane at 25°C; sample PE-1 

more information about the structure of the particles 
the samples were replicated. Figure 6 shows the surface 
replica of a sample composed chiefly of globular particles. 
From the general appearance of the replica it is evident 
that the constitution of the particles is not revealed in 
an unambiguous manner. However, on careful examina- 
tion, certain areas of the replica give the impression of 
being composed of fine, structureless fibrils. It is there- 
fore tempting to suggest that the globular particles are 
composed of fine filaments which are tightly wound 
together. 

The inference that seems to emerge from the fore- 
going observations is that the nascent polymer has a 
dual morphology being composed of fibrillar as well as 
lamellar crystals. The possible origin of these two 
morphological forms will be discussed later in terms 
of the state of dispersion of the catalyst in the poly- 
merization medium. 

Nitric acid oxidation 
In order to obtain further information on the structure 

of the nascent polymer, observations were made on 
samples digested with fuming nitric acid. Electron 
microscope observations showed that the extent of the 
oxidative effect on the fibrillar polymer depended on the 
duration of the treatment. Short oxidation times, in 
general up to 10 hours, had no perceptible effect on 
the fibrillar crystals. Samples oxidized for periods 
exceeding 10 hours showed a progressive decrease in 

Figure 4 Aggregates of globular particles obtained in a stirred 
polymerization in toluene at 25°C, Sample PE-9. Electron micro- 
graph, Pt shadowed. Sample PE-10 prepared at the same tem- 
perature under quiescent conditions has similar morphology 
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and that the endotherm has a rather sharp return to 
the base line. The low melting temperature of the sample 
indicates that the bulk of the polymer consists of folded- 
chain crystals. 

The melting behaviour of the polyethylene samples 
prepared in toluene is illustrated in Figure 8. The most 
notable characteristic of these samples is that a major 
fraction of the polymer melts at temperatures higher 
than expected for folded-chain polyethylene crystals. 
(Polyethylene crystals having a folded-chain structure 
usually melt at 136°C or lower temperatures19.) Such 
high melting points are usually associated with poly- 
ethylene crystals having an extended conformation of 
molecular chains 2°-23. Melting points of similar magni- 
tude have also been reported for certain nascent poly- 
ethylene samples for which an extended-chain structure 
was postulated 3, 24, 25 Accordingly, a predominantly 
extended-chain structure is also postulated for the 
present polyethylene samples in order to account for 
their high thermodynamic stability. On second melting, 
after recrystallization from the melt by cooling in the 
calorimeter, the melting peak of the polymer occurs at 
a position 7°C lower than that of the nascent sample. 
Obviously the polymer on recrystallization from the 
melt develops a spherulitic morphology and now melts 
at temperatures commensurate with a folded-chain 
structure 22-24. 

Light scattering 
The foregoing observations show that part of the 

nascent polymer has a fibrillar morphology. If the 

Figure 5 Electron micrograph showing lamellar crystals and 
fibrils connecting globular particles prepared in a stirred poly- 
merization in toluene at 55°C; sample PE-12 

nitric acid. The globular particles retained their original 
texture and were still aggregated in clusters, despite the 
fact that macroscopically the oxidized polymer became 
brittle. As already indicated, the electron microscope 
observations suggest that the globular particles are 
composed of fine structureless filaments. The observation 
that the globular particles retain their orignal constitu- 
tion even after prolonged exposure to fuming nitric 
acid suggests that these filaments are more resistant to 
nitric acid digestion and, therefore, have a greater 
crystal perfection than the central filaments of the 
'shish-kebabs'. This means that the filaments of the 
globular particles have a higher degree of chain extension 
than the central filaments of the 'shish-kebabs'. As 
will be shown below this interference is supported by 
the thermal behaviour of the polymer samples. 

Thermal analysis 
The following observations were made when the 

melting behaviour of the nascent polyethylene samples 
was examined with a differential scanning calorimeter 
in the manner described above. 

Figure 7 shows a typical melting curve of a sample 
prepared in cyclohexane together with the melting 
curve of the same sample recrystallized from the melt 
by cooling in the calorimeter. It can be seen from the 
position of the melting peak on the temperature scale 
that the samples melt at relatively low temperatures 
which are comparable to those of folded-chain crystals, 

Figure 6 Replica of the surface of globular particles obtained 
from the same preparation as those shown in Figure 4. Electron 
micrograph, Pt shadowed 
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Figure 7 D.s.c. melting curves for a sample prepared in cyclo- 
hexane at 25°C (PE-1). - - ,  Original sample ; . . . .  , recrystal- 
lized from the melt in the calorimeter. Heating rate, 5°C/min 
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Figure 8 D.s.e. melting curves for a sample prepared in toluene 
at 25°C (PE-g). ~ . ,  Original sample; . . . .  , recrystallized 
from the melt in the calorimeter. Heating rate, 5°C/rain 

catalyst is truly homogeneous, it is difficult to envisage 
the mechanism by which the fibrillar crystals grow. 
It was therefore of interest to investigate the state of 
catalyst dispersion in the polymerization medium. 

Catalyst preparations in toluene or cyclohexane 
containing 0.02, 0.1 and 0.2mmol/1 of VOCla were 
tested in the photometer. The molar ratio of (C2Hs)zA1C1 
to VOCla was 50 or 200. In all cases, even with the 
most dilute preparations, the scattering ratios of the 
catalyst solutions far exceeded that of the pure solvent. 
For the lowest catalyst concentration tested, 

[VOC13] =0-02 mmol/1, [AI]/[Ti] = 50, 

the scattered intensity of the catalyst solution was 6 
times higher than the intensity of the (C2Hs)2AIC1 
solution and 20 times higher than that of the VOCIa 
solution. The difference between the scattered intensities 
of the catalyst solutions, and solutions of each of the 
two catalyst components alone, became greater at higher 
catalyst concentrations. These observations clearly indi- 
cate that the catalyst solutions were not truly homo- 
geneous but instead contained some kind of hetero- 
geneity, probably in the form of colloidal particles. 

Furthermore, the observation that the scattering power 
of the catalyst solution is many times stronger than 
that of the individual catalyst components, shows that 
the heterogeneity is due to reaction products formed in 
the preparation of the catalyst. 

The dependence of scattering power on the age of 
catalyst was examined in agitated and quiescent systems. 
When the catalyst solution was agitated by stirring, the 
scattered intensity did not show any significant change 
over a 2 h period. On the other hand, when the solution 
was left undisturbed a gradual decrease of scattering 
with time was noticed. The decrease of scattering for a 
catalyst preparation in cyclohexane containing 0.1 
mmol/l VOCls and 5 mmol/1 (C2Hs)2A1CI is illustrated 
in Figure 9. Similar behaviour was observed with other 
catalyst preparations, although the rate of scattering 
decrease for the catalyst preparation containing 0.02 
mmol/1 VOCls was significantly slower. On the other 
hand, the scattered intensity of solutions containing 
one of the catalyst components alone remained constant 
with time both under quiescent and under stirred condi- 
tions. The decline of the scattering power of the undis- 
turbed catalyst solutions is probably due to a gradual 
sedimentation of the colloidal particles which serve as 
scattering centres. The rate of scattering decrease, and 
hence of particle sedimentation, implies that the size 
of the particles must be substantial. That this is the 
case is also indicated from the dissymmetry ratios of the 
catalyst solutions which were found to vary between 
3.5 and 4. 

In conclusion, the light-scattering measurements pro- 
vide strong evidence that besides the soluble active 
species associated with the pink colour of the solution, 
the catalyst preparations also contain colloidal particles 
which originate from the interaction of the catalyst 
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Figure 9 Percentage decrease of light-scattering intensity as a 
function of time for an undisturbed catalyst preparation in cyclo- 
hexane containing 0-1 mmol/I VOCI3 and 5mmol/I (C2H~)~AICI. 
t=0  is taken as the time of mixing of the catalyst components 
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components. The possible implications of these observa- 
tions as regards the morphology of the nascent polymer 
will now be discussed. 

DISCUSSION 

The optical and electron microscopic examination of 
the polymer revealed the presence both of fibrillar and 
of lamellar crystals. As mentioned earlier, it is believed 
that the morphology of the as-polymerized polyethylene 
prepared with Ziegler-Natta catalysts is determined by 
the state of the catalyst dispersion. Polyethylene prepared 
with a soluble catalyst has a folded-chain lamellar 
structure, whereas almost all cases of fibrillar crystal 
formation involved heterogeneous catalysts 3-5. The 
difference in crystal morphology results from the different 
nucleation mechanism of the crystalline polymer pre- 
pared with the two polymerization systems. Since in the 
soluble catalyst systems the active sites exist inde- 
pendently of one another, only intramolecular nucleation 
is possible and folded-chain lamellar crystals are formed. 
On the other hand, with heterogeneous systems aggrega- 
tion of active sites on the catalyst surface promotes the 
intermolecular nucleation of polymer chains growing 
from adjacent sites and leads to fibrillar growth. Given 
that the present catalyst system is considered homo- 
geneous the presence of fibrillar crystals in the polymer 
is contrary to the suggested mechanism of fibrillar growth. 
However, the light-scattering measurements provide the 
answer to the apparent contradiction. It is believed 
that with the present catalyst system the active sites 
exist in the polymerization medium in a dual form, i.e., 
as soluble complex and in a colloidal dispersion. The 
presence of the soluble complex is demonstrated by the 
pink colour of the solution which develops on mixing the 
two catalyst components and decreases in intensity with 
catalyst deactivation during polymerization. The forma- 
tion and chemical nature of the soluble complex 14, 26-2s 
have been the subject of several investigations and do 
not directly concern the present study. Suffice it to say 
that it is recognized that each soluble complex involves 
one active site which generates one molecular chain at 
a time. Besides the soluble portion of the catalyst there 
exists in the polymerization medium a colloidal dis- 
persion whose presence was revealed with the light- 
scattering measurements. The real nature of the colloidal 
particles is unknown and is presently only a matter of 
speculation. However, it is suspected that the micelles 
are active in the polymerization of ethylene and are in 
fact the sites of formation of the fibritlar crystals. 

Accordingly, the formation of the crystal forms 
observed in the polymer samples may be explained in 
terms of the dual catalyst composition as follows. The 
lamellar crystals and the platelets grown epitaxially on 
the central filament of the 'shish-kebabs' are formed by 
intramolecular crystallization of polymer chains gener- 
ated from the soluble active sites. The central filament of 
the 'shish-kebabs' and the structureless fibrils, on the 
other hand, are the product of intermolecular crystalliza- 
tion of polymer chains emanating from adjacent active 
sites residing within a given area of the catalyst micelle. 

The true nature of ostensibly soluble catalyst prepara- 
tions has been the subject of speculation in the past 29, 
and recently, the presence of colloidal particles has been 
confirmed by light-scattering measurements in the case 
of dilute catalyst solutions prepared by mixing (Ti/acac)z 

and (C2Hs)2A1C130. Increase of the catalyst concentra- 
tion in this system above a certain point results in the 
appearance of visible precipitates. There is, therefore, 
a maximum catalyst concentration which marks the 
transition point between catalyst preparations containing 
visible precipitates and those which appear clear but 
which, nevertheless, contain colloidal particles. It 
appears that there is a parallel between the behaviour 
of the above catalyst and that of the catalyst employed 
in the present study. The catalyst system VOC18/ 
(CzHs)2A1C1 under the conditions of catalyst con- 
centration and A1/V molar ratio used in the present 
study has been reported to be soluble 8. Our observations 
with light scattering, however, revealed the presence of 
colloidal particles despite the apparent homogeneity 
of the catalyst solutions. Furthermore, earlier works 
report that with the present and other similar vanadium 
catalysts the extent of catalyst solubility depends on 
the concentration of the catalyst components and the 
A1/V molar ratio. Decrease of catalyst concentration 
and increase of A1/V molar ratio result in higher catalyst 
proportions remaining in solution TM 31-34. It is evident, 
therefore, that the physical state of the catalyst in the 
polymerization medium is determined by its concen- 
tration and the A1/V molar ratio. 

On the basis of the above observations it may be 
assumed that at sufficiently low concentrations and 
optimum A1/V ratios completely soluble catalyst pre- 
parations, devoid of colloidal particles, could be obtained. 
Such catalyst preparations are expected to produce 
polyethylene composed only of folded-chain lamellar 
crystals. They may be used, therefore, to test our pro- 
position that the fibrillar crystals originate from the 
colloidal particles. However, at very low catalyst con- 
centrations the polymer yield, especially in quiescent 
polymerizations, is so low that, even if catalyst solutions 
free of micelles exist, it would be difficult to test the 
hypothesis. 

The above mechanism of fibril growth is based on 
the concept of aggregation of active sites on the surface 
of the micelles and the consequential intermolecular 
crystallization of polymer chains growing from the 
sites. However, the possibility that the fibrils are flow- 
induced should not be left without further consideration. 
It is conceivable that the formation of fibrils could be 
due to the external stirring of the polymerization medium 
or to convection currents generated by the dissipation 
of the heat of polymerization. That the growth of fibrils 
was not effected by the action of stirring is indicated 
from the presence of fibrils in quiescent polymerizations. 
The electron microscope observations showed that 
polymer samples prepared under identical polymeriza- 
tion conditions except stirring of the polymerization 
medium had the same morphology. On the other hand, 
the proposition that the formation of fibrils may be 
induced by convection currents in the polymerization 
medium is not substantiated from the behaviour of 
other soluble catalyst systems. As has been shown 
elsewherO polyethylene prepared with the soluble 
catalyst system (CsHs)2TiCI2/R~A1CI in stirred or 
quiescent polymerizations always consisted of folded- 
chain lamellar crystals. Since, therefore, in homogeneous 
polymerizations even external stirring of the poly- 
merization medium is not effective in inducing fibrillar 
growth, it is rather improbable that in the present case 
the much weaker convection currents could have any 
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effect. Excluding, therefore, the possibility of  flow- 
induced growth, the fibril formation may be accounted 
for most reasonably in terms of  an intermolecular 
crystallization of  polymer chains growing f rom clusters 
of  active sites residing on the surface of  the observed 
colloidal particles. 

Perhaps these considerations may also apply to the 
reported case of  growth of fibrillar polyethylene crystals 
with a supposedly soluble catalyst system 9. Thus, the 
catalyst preparation although free of  any visible pre- 
cipitate, probably contained some kind of  colloidal 
dispersion which gave rise to the observed fibrillar 
crystals. 

CONCLUSIONS 

It  has been shown that polyethylene prepared with the 
soluble catalyst system VOC13/(C2Hs)2A1C1 has a dual 
morphological structure, i.e., it consists o f  folded-chain 
lamellar crystals and fibrillar crystals, the degree of 
chain extension in the latter depending on the experi- 
mental conditions of  polymerization. These two crystal 
forms grow by two different crystallization mechanisms. 
Folded-chain lamellar crystals are formed by intra- 
molecular crystallization whereas fibrillar crystals are 
formed by intermolecular crystallization. On the basis 
of  these observations, and excluding the possibility 
that intermolecular crystallization has been flow- 
induced, it is postulated that in addition to the soluble 
part  of  the catalyst, clusters of  active sites exist in the 
system which give rise to the fibrillar crystals. This 
postulate is supported by light-scattering measurements 
which revealed the presence of  a colloidal dispersion 
that is apparently the locus of  the active site aggregates. 

These observations also suggest that the study of 
morphology of  nascent polyethylene, apart  f rom its 
inherent interest, may have some implications regarding 
the study of  the catalyst itself. Thus, it may indeed be 
possible, as suggested by Boor 7, to differentiate between 
truly homogeneous and colloidally dispersed catalysts 
on the basis of  the nascent morphology of  the polymer. 
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Surface areas of fillers in polymers by 
small-angle X-ray scattering 
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The surface areas of Aerosil silicas in air and dispersed in a silicone rubber have been 
determined by analysing small-angle X-ray data according to the methods of Porod and 
Debye. Broad agreement with the manufacturers' BET (Brunauer-Emmett-Teller) area 
values is obtained. The silica surface area and basic state aggregation are not measurably 
modified by milling into the rubber. 

INTRODUCTION 

The electron microscope has been used extensively to 
study dispersion and agglomeration of fillers in rubbers 
of colloidal dimensions. Unfortunately, with the small 
particle, high structure fillers, ultra-thin sectioning is 
required and it is difficult to obtain quantitative results 
representative of the bulk material. Studies of filler in 
fracture or other surfaces, similarly, are unlikely to be 
representative of the bulk. Small-angle X-ray scattering 
(SAXS) provides a useful alternative technique as thick 
samples (~1 mm) are employed without modification 
and the results apply to a statistically large number of 
particles. 

A silica/silicone rubber system was selected for study in 
the first instance as fine particle silica fillers exert an 
enormous influence on mechanical properties. A know- 
ledge of the in situ filler surface area, degree of aggrega- 
tion and the randomness of the system is essential before 
proper interpretation of the mechanical properties can be 
made, yet this evidence is largely lacking. There is a large 
difference in reinforcement properties between silica with 
silanol surface groups and silica of similar particle size 
but with more lyophobic surface groups 1 and good 
evidence was sought on relative dispersions in these 
systems. 

For a two-phase system, the smface area per unit mass 
of dispersed phase, $1, may be obtained from the relation- 
ship 2-4: 

$1 - 8~r¢2 lim [i(0) 08] 
dlA0 (1) 

where 

Cz is the volume fraction of the continuous phase; 

dz is the density of the dispersed phase; 

A is the wavelength of the X-rays; 

is an invariant, which for slit collimation is given by 

~ = f :  _7(0)0d0, where 0 i s  the scattering angle 
(twice the 'Bragg' angle) and [(0) is the slit-smeared 
observed intensity at an angle 0; 

lim [i(0)03] represents the limiting constant value at 
high angles of i(0)03 as predicted by Porod's law 2, 3. 

This method of estimating surface areas should, in 
principle, be applicable to all truly two-phase systems, 
but requires documentation of the scattering curve over as 
wide an angular range as possible. Even then, extrapola- 
tions are required at the low and high angle regions of the 
scattering in order to evaluate Q. An alternative method 
of estimating Q is available if the absolute intensity of the 
primary beam can be determined using, for example, a 
Kratky standard sample 5-7 when 

O=kes t¢ l e zAp  2 (2) 
where 

k =4.55 x 1021A 3 tool -2 cm 5, 

Ps is the sample attenuated intensity of the whole 
primary beam, 

t is the sample thickness, 

¢1 and ¢2 are the volume fractions of the dispersed and 
continuous phases respectively, 

Ap is the electron density difference between the two 
phases. 

Equation (2) may also be used with the experimentally 
determined value of 0, to determine the electron density 
difference between the phases. 

A second approach to the determination of surface 
areas from small-angle scattering data is from the slope of 
the correlation function 8 at zero distance. According to 
Debye et al. 9 a completely random two-phase system has 
an exponential correlation function. For slit-smeared 
intensities: 

Z(o)= A 
(1 + 4~ra._~_ 02 c 2)a/a (3) 

where A is a constant, and c is a constant related to surface 
area (Sz) by 

449 
S 1 -  edl (4) 
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Hence c may be evaluated by a plot of i(O) -2/3 versus 02, 
where 

A [ slope ~1/2 
c= ~ ~inte~ceptJ 

Agreement between surface areas determined by 
Debye's method and those determined from Porod's law 
indicates that the system is likely to be both random and 
two-phase. Porod's law is not obeyed when there are more 
than two phases present, although corrections can be 
made to take into account diffuse interphase boundaries or 
electron density fluctuations within phases 1°. Debye's 
method is erroneous when applied to systems which are 
not completely random. 

The two methods, outlined above, have been applied to 
surface area determination of some silicone rubbers filled 
with colloidal silica. 

EXPERIMENTAL 

Three different Degussa Aerosil silicas were examined. 
Aerosils 130 and 300 were hydrophilic systems with one 
silanol group per 30 A 2 of surface and nominal surface 
areas (in m2/g) given by the code numbers. The third 
silica, R972, is surface treated with dimethyl dichlorosilane 
which is believed to react with 80 % of the original silanol 
groups to give a hydrophobic surface. The systems were 
investigated as uncompacted powders in air and as filler 
dispersed in a silicone rubber (ICI, E351). This polymer is 
predominantly polydimethylsiloxane, but contains a small 
fraction of phenyl and vinyl groups. The powders for 
X-ray examination were contained in exactly calibrated 
1 mm diameter glass capillary tubes. The polymer-filler 
systems were produced by milling the silica into the 
polymer on a two roll mill until good optical clarity was 
obtained. This normally took approximately 10rain. 

Small-angle X-ray scattering data were obtained using 
slit-collimated nickel filtered Cu radiation in a Rigaku- 
Denki goniometer (2202). Detection was by means of a 
scintillation counter (NaI) and the pulses were pulse- 
height analysed before being fed into a ratemeter and 
chart recorder unit. 

The absolute intensity of the primary beam was esti- 
mated with a Kratky standard Lupolen sample. 

RESULTS 

Surface areas of the silica-air and silica-rubber interfaces 
were determined by both Porod's and Debye's methods. 
Evaluation of the invariant Q required extrapolations 
both at low and high angles where experimental measure- 
ments are impossible. Figure 1 shows a plot of 2'(0)0 
versus 0 for R972 coated aerosil in silicone rubber, used in 
the Porod surface area determination. The low angle 
extrapolation to the origin is indicated by a dotted line. 
It is clear that the area below this line is small, compared 
with the total area under the curve and hence extrapola- 
tion errors here will not cause appreciable error in the 
ensuing surface area determination. Above point A the 
relationship [(0)ocI/0Z is obeyed, and the high angle 
extrapolation was effected by integration of this expres- 
sion to infinity. Intensities are very low in the high angle 
region but the precision of these measurements affects 
both (~ and the limiting value of i(O)O a. Figure 2 shows a 
typical plot of i(0)-2/3 versus 02 for R972 aerosil in 
silicone rubber, used in the Debye surface area determina- 

8 0 -  
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Figure I Plot of 7(0)0 versus 0 to determine the invariant Q for 
R972 coated aerosil in silicone rubber. Above point A the rela- 
tionship ~0)ocl/03 is obeyed 
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Debye plot for R972 in silicone rubber 

tion. Slopes and intercepts were always determined from 
the first (linear) part of the curve. Absolute intensities 
were used to calculate the electron density difference 
between phases in the silica-rubber systems. 

The results are presented in Table 1. The determined 
surface areas, expressed as m2/g of dispersed phase are 
compared with the manufacturers' quoted BET 
(Brunauer-Emmett-Teller) surface area values for the 
materials. 
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Table 1 
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Surface areas of Aerosil silicas in air and dispersed in silicone rubber 

$1 (Debye) Sz (Porod) $1 (BET) Ap 
Sample ¢1 t (mm) (m2/g) (m2/g) (m2/g) (mol cm -3) 

Aerosil 300-ai r 0.0296 1.26 244 218 300+ 30 
300-ru bber 0-123 1" 14 264 202 0' 552 
130-air 0"0452 0"93 114 112 130+25 
130-rubber 0.165 1-01 140 97 0'515 
R972-air 0" 0210 1" 11 136 122 120+ 30 
R972-ru bber 0' 165 0"87 136 102 0" 557 

Estimated standard error _+ 7~/o + 9~/o 

DISCUSSION 

The data in Table 1 show immediately that the silica/air 
and silica/silicone rubber systems are very amenable to 
study by the low angle X-ray diffraction method. There 
are two dramatically obvious conclusions. One is the 
general agreement of surface areas determined by the two 
X-ray methods with the BET gas adsorption value. Con- 
sidering the completely different premises of the BET and 
X-ray methods this is certainly good confirmation of  the 
exactness in an absolute sense of  each method. The 
second clear conclusion is that the silica surface area and 
basic state of aggregation is not modified by milling into 
the rubber. 

Turning attention now to finer details of  the results it is 
seen that the Debye results are self consistent in a rubber 
or air matrix to within + 10 ~ of  mean values and the 
Porod results are self consistent to within about the same 
tolerance, but in each case the Porod result is slightly 
lower. The results are broadly in line with the manufac- 
turer's BET specification except for the nominal 300 m2/g 
sample, which should be about 250 m2/g for this material. 
The BET results quoted are of  course not determined on 
the individual batches of  silica used in this work, but are 
the manufacturer's nominal specifications. X-ray dif- 
fraction techniques measure all particle surfaces whether 
internal or external and the broad agreement between 
these techniques and BET values indicates that these 
silica particles are free of  internal voids and small pores 
inaccessible to gas. The Debye and Porod values for each 
silica/air system agree within our estimates of random 
error. This gives confidence in the exactness of  the 
methods and the data manipulative operations employed. 
Conversely, for the silica/silicone rubber systems the 
Porod result is systematically lower than both the Debye 
result and the result with the same silica in air. 

There is little reason to suspect systematic errors in the 
volume fraction terms or ~ values in equation (1) as these 
lead to the correct Ap terms via equation (2) as discussed 
later. The only reasonable explanation for the slightly low 
Porod's law values is the ~r(0)03 limit at high angles. 
Because of low intensities in the continuously scanned 
system employed in this work the limit of  reasonable 
accuracy occurred at an angle of about 1 °. In the silica/air 
system with a relatively high average particle separation 
this was clearly high enough to satisfy the Porod condi- 
tion. In the silica/rubber system the average particle 
spacings are much lower and hence will give normal inter- 
particle scattering to higher angles with the Porod condi- 
tion possibly not being fully satisfied even at the 1 o anglO1. 
It may be pointed out, however, that tests of Porod's law 
applicability in this region were always made and always 
seemed to give agreement. The reasons for the slightly low 
Porod's law values in the rubber system are thus not fully 
understood. 

The data can be used to evaluate the electron and hence 
mass density difference between phases. The average 
electron density difference between the phases in Table 1 
is 0.541 mol electrons cm -3 and as the measured mass 
density of  the unfilled rubber is 0.965 gem -3 the mass 
density of the silica is calculated to be 2.12 g cm-L This is 
within our error limits of the manufacturer's quoted 
density of  2.2 g cm -3. 

The Debye method assumes a model in which the density 
variations (i.e. phase positions) are random in all direc- 
tions. In the present work the applicability of this method 
indicates that both the silica/air and silica/rubber systems 
are random by this criterion. Electron micrographs of  
similar Aerosil materials indicate spherical particles with 
a rather large distribution of  particle size. The present 
results show that these particles show no great regularity 
of  arrangements such as chain structures or clusters. 
Recent measurements in these laboratories indicate that 
the applicability of the Debye method is very dependent 
upon randomness of  structure. For  example, a sample of  
Spheron 6 containing very regular spheres of  graphite, 
suggested a particle diameter of  350A when Porod's 
method was applied, in good agreement with electron 
microscopy, but the Debye method gave a negative inter- 
cept on the i-2/~ versus 02 plot, which is meaningless. 
Similar results have been obtained on other systems 
containing some order. However, if the system is such 
that the Debye method is applicable, it has the great 
advantage that the complete scattering curve need not be 
documented. In particular, it may not be necessary to 
acquire data at the high angle (low intensity) end of the 
scattering curve. 

It is well known that the modulus of  rubber systems 
filled with 'high structure' fillers is not very amenable to 
treatment by relations of the Einstein type or even the 
more refined equations taking account of neighbouring 
particle perturbations. To give any sort of  agreement with 
more general relations of the type derived by Guth 12: 

E =  E0(1 + 0.67f¢ + 1-62f2¢ 2) 

enormously high values of the shape factor f a r e  required. 
BuechO 3 quotes values of f up to 110, but concludes that 
the model is wrong, and that basically a network is set up 
which modifies E0. The present results show that there is 
no reason to invoke high f values on the grounds of  
particle structures in the bulk rubber and that rubber 
network theories therefore represent a better approach to 
the modulus problem. 
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Electron spin resonance study of the role 
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For the first time a study has been made of the fibrinogen-fibrin conversion using electron 
spin resonance spectroscopy. Marked differences in spectra of the fibrin were observed 
with increasing calcium content of the clotting media. A model is proposed for the environ- 
ment of the calcium in fibrin which involves either glutamic or aspartic acid residues in 
addition to histidine and tyrosine residues. The model proposed would explain the accelerat- 
ing effect calcium ions have on the conversion of monomeric fibrin to urea-soluble polymeric 
fibrin and the essential role they play in the formation of the insoluble physiological clot. 

INTRODUCTION 

The clotting of fibrinogen involves a long complex series 
of biochemical processes, the key reactions of which may 
be summarized as follows: 

Thrombin 

Fibrinogen ~. Fibrin monomer + peptides 

Fibrin monomer Fibrin polymer 
(Sol. 5 M urea) 

(1) 

(2) 

Factor X I I I  

Fibrin polymer ,Physiological clot (3) 
(Insol. 5 M urea) 

Fibrinogen molecules contain tyrosine and histidine 
residues and it has been shown 1 that nine intermolecular 
hydrogen bonds may be formed between such groups per 
molecule from the possible nineteen sites available ~, z. 
The polymerization of fibrin monomer (reaction 2) 
proceeds by the formation of such hydrogen bonds, 
whilst the conversion of the urea-soluble fibrin polymer to 
the final physiological clot which is insoluble in 5 M urea 
(reaction 3) is the result of the formation ofintermolecular 
isopeptide links between the 7-carbonyl groups of 
glutamine residues and the E-amino groups of lysine 
residues of adjacent molecules 4, 5. A proposed mechanism 
for this crosslinking by Lorand and Ong 6 involves 
reactive thiol groups in the fibrin stabilizing factor 
(Factor XIII or FSF). 

Little work has thus far been reported on the precise 
role calcium ions play in these reactions, although it is 
known that they catalyse reaction (2) and are essential for 
reaction (3). Godal 7, however, has reported that fibrino- 
gen is able to bind calcium ions within its structure and 
X-ray diffraction studies 8 have indicated that the metal is 

* Department of Textile Industries, University of Leeds, Leeds 
LS2 9JT, UK. 
t Present address: Clinical Research Centre, Watford Road, 
Harrow, Middlesex, HA1 3UJ, UK. 

bonded to the fibrin in such a manner that its position is 
determined by the orientation of the protein molecules. 

In the present work, electron spin resonance (e.s.r.) 
spectroscopy has been used for the first time to study the 
role calcium ions play in the polymerization of fibrin and 
its subsequent stabilization by factor XIII, and from these 
studies a possible mode of incorporation of the metal in 
the fibrin structure is suggested. 

MATERIALS AND METHODS 

Preparation of non-calcified fibrin 
0.04g of fibrinogen (Kabi Pharmaceuticals Ltd, L 

grade Human, 95 70 clottable) was dissolved in 5 ml of de- 
ionized distilled water and to this solution was added 
0.10 ml of thrombin solution (1 N1H unit/ml Koch Light, 
human lyophilized). Clotting was allowed to proceed for 
30 rain. After removing excess water by allowing the clot 
to drain on nylon gauze placed on filter paper, it was 
finally freeze-dried. 

Preparation of calcified fibrin 
Four solutions were prepared containing similar 

amounts of fibrinogen and thrombin to that described 
previously with the addition of 0.0002g, 0.080g, 0.30g 
and 3.00g of calcium chloride (CaCI2.6H20) respec- 
tively. Clotting was allowed to proceed for 17h, after 
which the clots were dried as before. The solution contain- 
ing the maximum quantity of calcium chloride did not 
produce a clot and the whole was freeze-dried. 

Electron spin resonance spectroscopy 
Samples of the original fibrinogen and fibrin clotted in 

the absence and presence of calcium were redried in vacuo 
over phosphorus pentoxide for 24h. They were then 
placed in a Spectrosil high purity quartz tube and irradi- 
ated for 2 h with either 50 kV CuKa X-rays or the radia- 
tion from a 60Co source to produce free radicals in the 
protein structure. The only exception was sample (f) 
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which was irradiated for 4h. During this period the 
samples were maintained under vacuum. E.s.r. studies 
were then carried out using a Hilger and Watts Microspin 
spectrometer with a modified magnet system and 100 kHz 
modulation having ascertained that the Spectrosil tube 
gave no signal after exposure to radiation. All measure- 
ments were made under the same conditions of time 
constant, amplifier gain, modulation current and micro- 
wave power level at the sample, except for sample (f) 
where a higher gain was used. Measurements were carried 
out at 20°C which was also the temperature used for 
irradiation. For  some practical and theoretical aspects of 
e.s.r, spectroscopy an article by Keighley 9 should be 
consulted. 

RESULTS 

The e.s.r, spectra of  fibrinogen and fibrin formed in the 
presence and absence of  calcium ions are given in Figure 1. 
The state of  the clots and the interpretation of  the spectra 
are summarized in Table 1. 

DISCUSSION 

Fibrinogen 
This is an s-protein of  the k.m.e.f. (keratin-myosin- 

epidermin-fibrinogen group which has a similar infra-red 
spectrum to that of  wool keratin. The molecules contain 

C 

° / 
43G ,. 4 

:> 

b 

43G / 43G / 

43G ~ / ~  43G 

Table 1 Properties of flbrinogen and fibrin clots formed in the 
presence of different amounts of calcium 

Calcium 
present 

(CaCI2.6H~O) 
Sample (g) State of clot E.s.r. spectrum 

(a) Fibrinogen - -  Unclotted Unresolved 
doublet 
Quartet 
Singlet 

(b) Non-calcified - -  Opaque gel Unresolved 
fibrin soluble in doublet 

5M urea Quartet 
Singlet 

(c) Calcified 0-0002 Opaque gel Unresolved 
fibrin insoluble in doublet (low 

5M urea radical yield) 
(d) Calcified 0.080 Opaque Unresolved 

fibrin fibrous clot doublet 
insoluble in 
5M urea 

(e) Calcified 0.30 Clear gel Triplet 
fibrin insoluble in Singlet 

5M urea 
(f) Calcified 3"0 No clot formed Singlet (very 

fibrin low intensity) 

clusters of  negatively charged groups in fibrinopeptide 
residues and are hence mutually repellent. 

The e.s.r, spectrum arises from three different radical 
species which produce a doublet, a quartet and a singlet, 
all superimposed (see Figure 2) to produce the spectrum 
shown in Figure la. This spectrum is similar to that 
obtained from chemically modified wool samples 9 and the 
interpretation of fibrinogen and fibrin spectra has been 
facilitated by previous experience with this fibrous 
protein. The separation of  the two peaks of the doublet is 
of  such a value that it is clear that the absorptions arise 
from the interaction of  an unpaired electron with a single 
proton. Such a radical arises from the loss of a proton 
from a glycine residue: 

~ N H  ~ N H  

CH~ * C H  
I I 

- - C O  - - C O  

The spacing and intensity ratios of  the peaks in the 
quartet are such that the electron is interacting equally 
with three protons and this can only arise from an alanine 
radical: 

- - N H  - - N H  
I I 

H - - C - - C H 3  - -~  ~ eC--CI-I8  

CO 
I I 

H decreasing 
I i i  

Figure I E.s.r. spectra of fibrinogen and fibrin formed in the 
presence of different amounts of calcium. (a) Fibrinogen (no Ca); 
(b) fibrin (no Ca); (c) fibrin (0.0002g CaCI2.6H20); (d) fibrin 
(0.080g CaCI2.6H20); (e) fibrin (0"80g CaCI2.6H20); (f) fibrin 
(3.0g CaCI2.6HsO) 

The origin of the singlet, however, is not clear and may 
be associated with a conjugated system, aromatic group or 
an atom which has zero nuclear spin (e.g. an oxygen 
atom). In view of  the nature of the molecular system and 
from a consideration of previous results TM 1~ it is possible 
that radicals have been formed on tyrosine residues. 
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Figure 2 D i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  s p e c t r u m  l (a ) .  - -  
Q u a r t e t ;  . . . . .  , d o u b l e t ;  . . . . .  , s i n g l e t ;  . . . . . .  , r e s u l t a n t  

In view of the complex nature of  the structure of pro- 
teins of  this type and the presence of  many different 
amino acids, the detection of  only a small number of 
different radical species is a surprising result. It  has been 
shown by previous workers, however, that similar results 
are obtained when proteins in general are irradiated 12 and 
the small number of different radical species has been 
used to illustrate the presence of  electronic conduction 
bands in proteins. This is the basis of  a self stabilizing 
system in which charge migrates within the molecule to 
leave it in a condition of minimum energy. It  has been 
proposed by Gordy and Shields 13 that certain amino acid 
residues are able to donate electrons to the system leaving 
an 'electron hole' of  the lowest energy. Such residues are, 
for example, cystine, glycine and alanine in a probable 
order of decreasing stability. It has been shown by 
Keighley 9 that electronic conduction bands extend to the 
ends of  main chains and side chains of  a protein and that 
this is directly associated with chemical reactivity. It has 
also been found that chemical modification of the struc- 
ture of proteins change the type of radical produced and 
in particular, when such changes involve groups attached 
to the ends of main chains and side chains, the specific 
types of radicals formed on irradiation are changed also. 

Fibrin (non-calcified, non-crosslinked) 
When fibrinogen is converted to fibrin by the action of 

thrombin, fibrinopeptides are released and the fibrin 
molecules aggregate by the formation of hydrogen bonds 
between the phenolic groups of tyrosine residues and the 
imidazole groups of  histidine residues2, 3. The e.s.r. 
spectrum of fibrin (Figure lb) is similar to that of fibrino- 
gen but the quartet is of lower intensity suggesting the 
loss of alanine residues in the above transformation. This 
is in agreement with the facts since alanine residues are 
lost as N-terminal residues of the fibrinopeptide during the 
fibrinogen-fibrin conversion. The newly formed N- 
terminal groups are glycine residues which may account 
for the glycine doublet absorption. 

Fibrin (calcified, low calcium concentration) 
The spectra obtained from fibrin samples containing 

small concentrations of  calcium (Figures lc and d) are 
unresolved doublets. In the presence of trace quantities of 
calcium the yield of radicals from interaction with a given 
dose of radiation is low possibly due to high water content 
resulting from difficulties encountered in the freeze-drying 
process. As in the sample spectra already discussed, the 
characteristics of the doublet lead to the suggestion that 
glycine radicals are present. It is interesting to note that 
the spectra of samples (a) to (d) all contain a contribution 
from glycine radicals and that the chemical treatments 
carried out have affected the formation of the other 
radical species determined in the original irradiated 
fibrinogen. This would suggest that the glycine residue 
responsible for the unresolved doublet absorption is the 
same throughout and is the N-terminal glycine residue of 
fibrin. That these residues represent a site of high electron 
density even in the intact fibrinogen would account for 
the specificity of thrombin severing these particular 
arginine-glycine bonds as opposed to the numerous 
others present in the molecule. 

It has already been shown that the extent of a conduc- 
tion band may be influenced by other factors (e.g. charged 
groups) and it is therefore concluded that the electronic 
conduction bands in the fibrin proteins have been con- 
ditioned by the crosslinking produced by hydrogen bond- 
ing in the structure. Since tyrosine residues have been 
shown to be included in this crosslinking system, this 
evidence may be regarded as additional support for the 
assignment of the singlet absorption in Figures la and b to 
the tyrosine residue. 

Fibrin (higher concentration of calcium) 
The spectrum is shown in Figure le. The presence of 

such a concentration of calcium ions dramatically changes 
the radical entities formed and it is clear that this spectrum 
is composed of a triplet absorption with a superimposed 
singlet centred near free spin (see Figure 3). The singlet in 
this case is much narrower than previously observed and 
this can be explained in terms of a radical in a well 
ordered region of the structure. The characteristic 
shape of the triplet, i.e. broad lines, peak to peak separa- 
tion and relative heights in the ratio 1 : 2 : 1, indicates 
that this arises from the interaction of an unpaired electron 
with two protons. This can arise from two possible sources 
(i) from an alanine residue or (ii) from a break in the 
protein chain. In considering the former of these two 
possibilities, it is necessary to envisage the circumstances 
in which 
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Calculations by Gordy and Shields Ia showed that for 
the alanine residue, the proton from the a-carbon atom 
will be lost in preference to a proton from the methyl 
group. From the results of Eaton and Keighley 14 on 
keratin, it is unlikely that the triplet can arise from an 
alanine residue, since this will occur in the crystalline 
regions of the structure, and hence the radical must be 
formed by a break in the main protein chain or side chain. 
Since the presence of larger concentrations of calcium 
ions in the structure changes the radical entities formed 
on irradiation, it is clear that this is the result of the 
formation of a new structural group and it can be con- 
cluded that the structure formed during the crosslinking 
process is such that electrons can be donated from this 
region to the structure to leave electron vacancies with 
lower energies than when calcium is not present in such 
quantities. The structural group formed involving the 
calcium includes the ends of chains and side chains and 
since electron transfer can occur from such positions in 
the structure, the detected radicals are formed near the 
ends of such chains since the transfer of electronic charge 
along polymer chains has been found to be limited 15. 

E.s.r. studies of poly(L-tyrosine) 16 have shown that the 
observed singlet arises from an oxygen radical on the 
phenolic oxygen atom and it is proposed that the origin 
of the singlet observed in the presence of higher calcium 
concentrations lies with this radical since tyrosine groups 
are involved in the fibrin crosslinking. The formation of 
an ordered region by the inclusion of calcium ions into the 
structure s will narrow the resonance from that observed 
in Figures la and b 17,18. It is concluded that radiation- 
induced electron ejection in the molecular vicinity of the 
tyrosine residue will be replaced by electron donation by 
the tyrosine hydroxyl to form an oxygen radical. 

It is notable from a comparison of Figures lb, lc, ld  

and le that the latter spectrum is markedly different and it 
is clear from this and the properties of the clot formed 
that the corresponding molecular structure differs also. 
The presence of calcium in the clotting solution acceler- 
ates clot formation and imparts the property of insolu- 
bility in 5 M urea solution. Nine tyrosine and histidine 
residues are involved in hydrogen bonding during clot- 
ring, and since the total calcium concentration in samples 
(c) and (d) is low, whereas the concentration of this ion in 
sample (e) is sufficient to allow the presence of Ca 2+ at 
each hydrogen bonding and covalent crosslinking site, it 
is concluded that the metal ions are bonded in the struc- 
ture. X-ray diffraction data support these conclusions 8. 

In view of the fact that tyrosine and histidine residues 
in fibrin are joined by hydrogen bonds t it was considered 
possible that the experimental data were consistent with a 
structure in which only the phenolic oxygen atom of the 
tyrosine and the tertiary nitrogen atom of the histidine 
co-ordinate to the calcium ion. Such a structure would, 
however, be unlikely since it is known that only loose 
complexes are possible when N ~ C a  co-ordination is 
involved and, furthermore, ions exemplified by Ca z+ 
usually co-ordinate with six ligands. Such a complex is 
therefore unlikely to be highly stable. 

It is suggested that the structure shown in Figure 4 in 
which the carboxylic acid groups of either aspartic or 
glutamic acid residues also complex with the calcium ion 
is more likely to be correct. Such a structure is electrically 
neutral and additional stabilization will be imparted to the 
histidine~Ca 2+ co-ordination by virtue of the extra 
hydrogen bond formed. Since this structure involves 
hexaco-ordination from four amino acid residues, no 
stability or static problems will arise from this structure 
which is in conformity with the recent findings of 
Marguerie et al. a9 that carboxyl groups are involved in 
the binding of the calcium ions. The projection shown in 
Figure 4 has been constructed from atomic models and it 
has been found by measurement that in the histidine- 
tyrosine hydrogen bond, - O - H . . .  N-, the O-N dis- 
tance is about 2.3 A and the Ca~O co-ordinate bond 
length is about 1-7A. Stereochemically, therefore, the 
proposed structure is sound. 

In the light of this proposal, it is suggested that the 
triplet will be formed as a consequence of decarboxyla- 
tion resulting from electron transfer processes. It is 
possible for the structure shown in Figure 4 to undergo 
electron withdrawal from a glutamic acid side chain 

C H z  .. -. 

CH2 / 
Figure 4 Incorporation of calcium in the fibrin structure 
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resulting from the co-ordination and when such a side 
chain donates an electron to the protein structure to 
replace that removed by irradiation, the result will be a 
rupture of  the 7-3 carbon-carbon bond with an unpaired 
electron left associated with the f-carbon. 

The unpaired electron left associated with the y-carbon 
a tom and two equivalent protons will produce the triplet 
recorded from sample (e). I t  is also clear that such a 
radical can be formed from either glutamic or aspartic 
acid residues so that it is not possible to distinguish further 
the nature of  the co-ordinated groups. 

Such a structure as proposed in Figure 4 would also 
explain the catalytic effect or, more precisely, the acceler- 
ating effect of  calcium ions on the polymerization or 
monomeric fibrin 20, by reducing the repulsion associated 
with negative charges near the hydrogen bonding sites. I t  
would also explain the difference in the structure of  clots 1 
between those which do and those which do not possess 
calcium, the former being more fibrous and tightly 
structured, the latter being more gel like. 

In the presence of  higher concentrations of  calcium 
ions, no clot is formed (sample f). I t  is suggested that one 
ion combines with each half of  the hydrogen bonding 
system thus creating repulsion between now two positively 
charged entities. 
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Unfractionated high density polyethylene has been annealed under vacuum for periods of 
up to two years, the temperature being raised slowly to a final value of 135.8°C. After 
annealing, specimens were characterized by density and fusion measurements. Material 
obtained by very long term annealing proved to be similar to that produced by high pressure 
crystallization or annealing of the same polyethylene. Nevertheless, interesting differences 
in melting behaviour were also observed. 

INTRODUCTION 

The crystallization and annealing of polyethylene at low 
supercoolings under pressures of several kilobars has 
been widely investigated 1, 2. Highly crystalline material is 
obtained, consisting of molecules which are either fully 
extended or which contain only a few folds. In these 
circumstances crystal growth is considered 1 to be a two- 
stage process. The first step is the transition of a molecule 
from the melt to a metastable folded chain configuration 
in the nucleus or crystal. This is followed by a change in 
the solid state which involves thickening of the crystal to a 
longer fold length. 

The mechanism may apply to the corresponding pro- 
cess at low pressures. Until now, however, experiments at 
low pressures have failed to produce polyethylene of the 
highest crystallinity, a failure attributed to the very slow 
rate of crystal thickening at ordinary pressure. The 
applicability of the mechanism has now been checked by 
experiments in which Rigidex 50 polyethylene was 
annealed under vacuum for very long periods under low 
supercoolings. 

EXPERIMENTAL 

Rigidex 50 polyethylene was recrystallized from a 5 70 
(w/v) p-xylene solution at 25°C. The solids were filtered 
off, washed with acetone and vacuum dried at 40°C for 
two weeks. Crystals grown and dried under comparable 
conditions had a residual p-xylene content of less than 
0.001 70 as estimated by vapour phase chromatography. 
One gramme samples of the resulting powder were sealed 
into Pyrex glass tubes under high vacuum, melted at 
145°C for 4hours, and crystallized for two days in an oil 
thermostat set at 120 +0.05°C. The temperature of the 

thermostat was gradually raised to 135.8°C over a period 
of two years. Increments of only 0.2°C were used at 
temperatures above 130°C. 

A sample tube was withdrawn at intervals and cooled 
from the bath temperature to 118°C at the rate of I°C/ 
day, and from 118 °C to room temperature at 10°C/hour. 
The cooled tube was then opened and the polymer was 
analysed for density, specific viscosity and fusion charac- 
teristics. The density was measured in a gradient column 
operating at 25°C, while the viscosity of a 0.25 70 (w/v) 
solution in decalin was measured at 135°C. 

To provide a basis for interpreting the properties of 
samples prepared by long annealing at low supercoolings 
under vacuum it was necessary to obtain material 
crystallized (HPC) or annealed (HPA) under high 
pressure. A piston cylinder apparatus was used with the 
same polyethylene, Rigidex 50. The polymer specimen 
was encapsulated in gold foil to protect it from the pres- 
sure transmitting fluid, and was cooled at 0.5°C/min 
before the pressure was lowered to atmospheric. 

Fusion measurements were made on all the samples 
using a Perkin-Elmer Model 1B Differential Scanning 
Calorimeter. The enthalpy change, Ha2- -H1 ,  between 
one steady temperature, T1, and another 7"2, was found by 
operating the calorimeter in the 'specific heat mode '3. 
(The subscript a refers to an amorphous or molten state.) 
Full details of the enthalpy and temperature calibrations 
are given elsewhere 4. The heat of fusion at T1, AH(TI),  
was found by subtracting the enthalpy change of the 
supercooled melt 5, H a 2 - H a l ,  from H a 2 - H x .  

A H(7'1)  = (Ha 2 - H1) - (Ha2--  Hal)  = (Ha 1 - -  H1) 

This result assumes that T2 is above the melting point, 
Tin, and in practice it was convenient to make T2 >1 Tm + 15 
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to overcome the problem of superheating effects in the 
vicinity of Tin. 

For a given heating rate the shapes of differential 
scanning calorimeter (d.s.c.) traces, and the location of 
peaks thereon, are very dependent on the packing, 
geometry and size of the specimen. Several milligrammes 
were used for each determination of Hag-H1,  but peak 
temperatures were obtained from less than 0.1mg of 
polymer. For such small samples there was a linear 
relationship between peak temperature and heating rate 
in the range 1 to 16°C/min. Melting points obtained by 
extrapolation to zero rate of heating were checked by 
increasing the temperature stepwise, by I°C or less, 
allowing a steady state to be reached before the next 
increment. The completion of fusion was easily monitored 
in this way, and additional 'annealing' during the d.s.c. 
melting experiments was negligible following the pro- 
longed high temperature annealing. The procedure would 
not be valid for quenched films. 

RESULTS AND DISCUSSION 

The results are shown in Table 1, and some specific heat 
curves, derived from d.s.c, traces, appear in Figure 1. The 
d.s.c, runs were made at a rate of 16°C/min using small 
samples (0.1 mg), and a comparison of the major peak 
temperatures on the Figure with the Tm data in the Table 
shows that the curves are displaced 4-5 °C for this heating 
rate. The viscosity data indicate that degradation of the 
polymer was successfully avoided. 

The properties listed in the first part of the Table beside 
a particular total annealing time and maximum annealing 
temperature, Ta, do not necessarily represent equilibrium 
values. Even the final values are likely to change further 
on prolonged annealing at still higher temperatures. 
Important conclusions may be drawn, however, especially 
from a comparison of the data in the two parts of the 
Table. 

The highest density reached, 0.989 g/cm 3, exceeds by 
about 1% the highest values previously reported for 
crystallization 1 or annealing 6 of unfractionated poly- 
ethylene at low pressures. Indeed the density of 
0.989g/cm 3 is only slightly lower than the 0.991 g/cm ~ 
achieved by Gruner et al. 7 by annealing at 240°C 
and 5 kbar pressure. 

Heats of fusion show the expected increase with density. 
Comparison with the weight fraction crystallinity, xv,  
must be made at room temperature since there was not 
enough material available to measure xr  at higher tem- 
peratures. A meaningful comparison can be made by 
calculating two crystallinities, x v  and x~, defined by 
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Figure I Specific heat/temperature curves for polyethylene 
specimens. Data based on d.s.c, measurements with a heating 
rate of 16°C/min. 1, 3, 5, 6 and 7 refer to samples in Table 1; +30, 
+60  etc. indicate displacement of ordinate; curve 5' is sample 5 
(curve 5) after being held at 133°C for 20min and cooled to 90°C at 
0.5°C/min before being re-run 

Table I Properties of high density samples of polyethylene 

Preparative condit ions 
Density 

Time Max. temp. Specif ic at 25°C 
Sample (weeks) (°C) viscosity (g/cm 3) 

Heat of Crystal l inity at 25°C 
fusion Melt ing point 

at 25°C (J/g) xv xtt (°C) 

1 O 120"0 
2 5 128"5 
3 38 132-0 
4 68 134.1 
5 96 135"8 

Pressure Temp. 
(kb) (°C) 

6 4.8 (HPC) 226 (8h) 
7 5 '9 (HPA) 252 (3h) 

0" 387 0- 979 242 0" 882 0" 869 133" 6 
0" 387 0- 980 - -  0' 886 - -  - -  

0-986 247 0-922 0"913 135-5 
0" 385 0" 988 - -  0" 932 - -  135" 7 
0" 389 0" 989 249 0" 940 0" 920 136" 6 

m 

m 

0' 992 257 0" 956 0- 950 139' 4 
0" 991 254 0" 951 0" 938 136" 6 
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x x  = AX/AXoo, where AX= Xa - X and AXoo = X a -  Xc. 
Here X is either specific volume, V, or enthaIpy, H, the 
subscripts referring to amorphous, a, or perfectly crystal- 
line material, c, and the actual sample measurement 
having no subscript. Values for Va and Vc have been given 
earlier 8, 9, and AHoo was obtained by extrapolation of 
n-alkane data 10. Table 1 shows that x~ is about 1-2 ~ less 
than xv ,  in agreement with earlier work 11 on samples of 
lower crystallinity. Crystallinities at higher temperatures 
were calculated using the expression for AH~o published 
previouslyZL 

On heating samples 3-7 there was first a slow fall in 
crystallinity to a value of about 0.65 at 133°C, followed 
by a rapid drop to zero at the melting point. This varied 
from 135.5°C to 139.4°C (see Table 1), and melting was 
therefore sharper for samples having lower values of Ta. 
It would be difficult to reach even qualitative conclusions 
of  this kind from conventional d.s.c, curves. The crystal- 
linity at 133°C can be obtained only by means of the 
'enthalpy change' technique used here. Although initially 
surprising, the sharper melting associated with lower 
values of Ta is understandable for unfractionated polymer. 
Even at 132.0°C, the highest annealing temperature 
experienced by sample 3, the shortest molecules would be 
close to melting 12, and there must have been appreciable 
fusion prior to the disappearance of the largest crystals 
formed by annealing at the highest temperature of 135.8 °C 
(sample 5). It is noteworthy that sample 5 had the same 
melting point, 136.6°C, as the material briefly annealed 
under high pressure (sample 7). This melting point agrees 
well with the value of 137.0°C obtained dilatometrically 
by Chiang and Flory 13 who crystallized Marlex 50 at 
131.3°C for 40 days. The significantly higher melting 
point observed here for the specimen crystallized under 
high pressure (sample 6) appears to be genuine. Certainly 
the stepwise melting technique adopted for the d.s.c, does 
not appear to have been in error, and the melting point of 
the pressure crystallized sample may be compared with a 
value of 138.7°C obtained dilatometrically by Arakawa 
and Wunderlich for pressure crystallized linear poly- 
ethylene. 

The high pressure conditions were chosen to give 
samples with similar densities at room temperature and 
atmospheric pressure (samples 6 and 7). Despite the 
similarity of the densities there are important differences 
in other details, notably the low Tm of HPA relative to 
that of HPC and the temperature range over which peaks 
occur in the d.s.c. (curves 6 and 7 in Figure 1). 

A remarkable feature of the d.s.c, traces for long 
annealed samples was the development of fine structure, a 
well-known effect for pressure crystallized material attri- 
buted to the separation of low molecular weight frac- 
tions 15. Because of the temperatures involved, these 
fractions must have formed in the present experiments on 
cooling from T= to room temperature, and they were 
detected only because of the very slow cooling (1 °C/day) 
after long term annealing. When samples were heated in 
the d.s.c, to temperatures above those of the minor peaks 
(but below the onset of the major peak), cooled at 0"5 °C/ 

rain and subsequently reheated, only a single sub-peak 
was found (curve 5'). This example clearly demonstrates 
the difficulty of achieving equilibrium conditions in whole 
polymer. High temperature annealing is essential to 
ensure the development of the most perfect crystals, yet 
the process is thereby made very slow, the rate being a 
function of the supercooling. Corresponding treatment at 
progressively decreasing temperatures is necessary to 
accommodate all the lower molecular weight material in 
good crystals, since it is unable to crystallize at the higher 
temperatures. 

Striking changes were observed in the mechanical 
properties of the various long annealed samples. The 
originally tough ductile material showed signs of brittle- 
ness at a density of 0.986 g/cm 3 and this became increas- 
ingly marked. At the highest density of 0.989 g/cm a the 
sample could be crushed between the fingers, as found for 
pressure crystallized material. 

CONCLUSIONS 

The properties of the sample annealed under vacuum for 
two years, coupled with the manner in which properties 
changed with long term annealing, provides evidence of a 
striking similarity to samples obtained by crystallization 
or annealing under high pressure. In addition to under- 
lining the very close similarity between the final effects of 
high and low pressure annealing the results are compatible 
with the most recent discussion 16 of crystallization and 
annealing mechanisms under pressure. 
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The behaviour of crosslinked polyethylene has been studied by differential thermal analysis 
(d.t.a.) up to 150°C, by stress relaxation up to 240°C and by thermogravimetry (t.g.) up to 
350°C. No single technique is sufficient to characterize the polymer. D.t.a. gives a very 
rapid indication of the crystalline portion of the crosslinked polyethylene; t.g. shows the 
loss of degradation products some of which may be associated with crosslinking; stress 
relaxation gives information on crosslinking and degradation but is time consuming and 
does not provide absolute values. The results obtained agree with earlier work that showed 
marked differences between the properties obtained with low and high amounts of 
peroxide. 

INTRODUCTION 

In this paper the effect of heat on crosslinked linear 
polyethylene has been studied. The methods used are 
differential thermal analysis (d.t.a.), thermogravimetry 
(t.g.) and stress relaxation at different temperatures. 
D.t.a. shows the melting point and heat of fusion of the 
polymer and gives an indication of the previous thermal 
history. Thus it shows the amount of crystallinity in the 
polyethylene. T.g. gives an indication of the thermal 
stability of a polymer and stress relaxation gives the 
combined effect of stress and temperature. 

Crosslinked polyethylene deforms easily above the 
crystalline melting point and this deformation can be 
fixed by cooling. On reheating it recovers to its original 
shape. This heat shrinkage or memory effect may be 
put to practical use particularly in the packaging in- 
dustry. 

The effect of variations in the amount of peroxide 
used on certain physical and mechanical properties of 
crosslinked linear polyethylene, e.g. density, gel content, 
tensile strength, elongation and shear modulus of cross- 
linked polyethylene has been reported previously 1. 

EXPERIMENTAL 

Details of the material used and the extrusion techniques 
were given in an earlier paper 1. 

Lupolen 5261 Z (BASF) density 0.95 to 0.953 and 
melt flow index 1.7 to 2.3 were extruded with a peroxide 
solution containing 100 parts of di-t-butyl peroxide, 
100 parts of hydrocarbon solvent (special boiling point 
spirit No. 4, Shell Mex and BP) and 40 parts of MS 550 
(Midland Silicones). 

The percentages of peroxide given refer to pure 
di-t-butyl peroxide. The extruder pressure chamber, pin 
and die were at 130°C, l l0°C and 200 to 210°C respect- 
ively. The design pressure of the chamber was 150 000 

lbf/in z ( l '034x109N/m 2) as in the previous work1. * 
Different rates of extrusion were used. 

Differential thermal analysis 
The DuPont 900 was used with a d.s.c, head in still 

air, the reference cell being empty. The heat of melting 
of the indium used for standardization was taken as 
6.79 cal/g (1 ca1=4.18 J). Results are shown in Table 1. 

Thermogravimetry 
A Stanton HT-SM thermobalance was used to 

measure the weight losses when samples were heated 
from room temperature to 350°C at a heating rate of 
½°C/min in still air at atmospheric pressure. The 
samples in the form of chips of 100mg were put in 
shallow aluminium pans. 

A Mark IIB, CI Electronic thermobalance was also 
used to study degradation at a rate of 2°C/rain in still 
air under atmospheric pressure. Samples of 50-70mg 
weight were taken in small aluminium pans. Results are 
given in Table 2. 

Stress relaxation 
Continuous and intermittent stress relaxation were 

measured at 175°C, 220°C, 230°C and 240°C, in air 
using a Shawbury Agetester (H. Wallace Ltd). All 
samples were held for 15 rain at the experimental tem- 
perature before any stress was applied. The ratio of 
f(t)/f(O), where f ( t )  is the force at time t and f(0) the 
initial force, was plotted against time. The results are 
summarized in Table 3. 

RESULTS AND DISCUSSION 

Differential thermal analysis 
No exothermic peak near the melting point was 

observed showing that no unreacted peroxide was 

* Please note erratum (Polymer 1971, 12, 177, 6 lines from bottom):  
for lbft/cm ~ read lbf/inL 
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Table 1 Differential thermal analysis of crosslinked linear polyethylene 

Gel 1st heating cyclea Cooling cycleb 
Sample Peroxide (tetralin) 
number (%) (%) Tm(°C) &Hf Te(°C) -&He  

2nd heating cyclea 

Tm(°C) AHf 

1 Nil Nil 140-0 35.8 123.0 83.7 145.0 33.0 
2 0-140 45.84 138.5 34.6 121.0 31.8 140.0 33.0 
3 0.223 67.74 131.0 23.6 114.0 22.8 133.0 23.3 
4 0.263 68.06 134.0 23.4 111.0 22.5 134.0 23.5 
5 0.266 69.25 134.5 23.2 113.5 22.2 134.5 23.7 
6 0.393 67.84 132.0 24.0 113-5 21.2 184.5 22.8 
7 0.436 70.12 137.0 25.7 120.0 26.3 138.0 27.6 
8 0.543 71.05 135.0 22.4 113.8 22.3 135.5 23.2 
9 0.585 73.81 13.3.0 21.8 114.0 25.5 134.0 25.9 

10 0.693 75.69 125.0 21-7 110.0 23.2 126.0 23.5 

Tin=Crystalline melting point; AH/=heat of fusion; &He=heat 
tion point 
a Heating rate 2°C/min ; b cooling rate 2°C/min 

present. From Table 1 it can be seen that the crystalline 
melting point decreases with the increase in the amount 
of peroxide used up to 0.22 %. Above this figure there 
is little change in the gel constant or the melting point 
until the final sample at 0"69 %. The same is true for the 
heat of fusion, the heat of crystallization and the tem- 
perature at which crystallization occurs on cooling. 
This is in agreement with previous results where den- 
sityZ, 2 and X-ray 3 techniques were used to study 
crystallinity. 

The processing conditions have a significant effect on 
both the crystallinity and crosslinking of polyethylene. 
In this process polyethylene is crosslinked whilst molten, 
thus inducing a high crosslink density with the result 
that the molecules have difficulty in rearranging them- 
selves and forming crystals 1. By contrast when samples 
are crosslinked by irradiation at ambient temperature 4 
there is no drop in the crystalline melting point. The 
samples were cooled with air in the d.t.a, apparatus at 
2°C/min and then reheated. The second heating gives 
slightly higher readings indicating a small increase in 
the degree of crystallinity, as is also suggested by the 
heat of fusion. During the controlled cooling cycle the 
molecules have more time for the growth of crystals to 
take place. 

The difference in crystalline melting point between the 
heating cycles correlates with the gel content (Table 1). 

of crystallization ; Te= maximum crystalliza- 

The temperature at which these transitions occur in 
crystalline polymers is necessarily dependent on the 
heating rates. 2°C is a convenient compromise between 
a very slow rate that would induce higher crystallinity 
and a fast heating rate where the melting point results 
obtained appear to be up to 10°C higher. Figure 1 
shows the d.t.a, trace for sample No. 4. All the melting 
temperatures quoted are taken at the peak B. It is more 
usual in thermoanalytical studies to quote the tempera- 
ture at A, where the tangents to the curves meet but for 
comparative purposes B is more convenient. 

Thermogravimetry 
Two reactions could be distinguished by thermo- 

gravimetry (Figure 2) in crosslinked polyethylene. The 
temperature at which the first reaction takes place 
decreases with the increase in peroxide content (Table 2). 
This first reaction is attributed to breaking of weak 
links rather than loss of solvent (b.p. 145°C) as the 
polymer has already been heated at 200°C. These weak 
links, which are mainly hydroperoxide and peroxides, 
could give rise to low molecular weight hydrocarbons, 
e.g. butane, hexane etc. depending on their situation in 
the polymer chain. Once these weak links are broken, 
the thermal stability of the material rises with the increase 
in the peroxide content. 

l 
Exothermic 

l 
~T 0"5 

I I I 

80  I 0 0  80 

-%f 
i B 
.I 

i I I 
120 140 

I I I I I 

I 0 0  120 I 0 0  120 140 

Temperature (°C) 

Figure 1 Differential thermal analysis trace for crosslinked linear polyethylene (sample No. 4) 
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Figure 2 Thermogravimetric trace of crosslinked linear poly- 
ethylene (sample No. 2, Stanton balance) 

Table 2 Initial temperature and activation energies of the decom- 
position of crosslinked polyethylene from thermogravimetry 

2nd reaction Comparative 
Gel 1 st (°C) (activation energy) 

Peroxide (tetralin) reaction 1st reaction 
( ~ )  (%) (°C) CI Stanton (kcal/mol) 

- -  - -  200 307 330 8.9 
0"140 45-84 175 307 346 33-73 
0"223 67-74 170 320 350 33-65 
0"263 68.06 170 323 350 29"99 
0-266 69.25 165 338 362 65"99 
0"393 67.84 165 311 362 69.45 
0.436 70-12 162 345 360 67.12 
0-543 71-05 162 310 358 62"56 
0"585 73.81 160 356 358 71-00 
0"693 75.69 158 366 375 70"70 

Stanton thermobalance: heating rate ½°C/min; CI Electronic 
Mk liB thermobalance: heating rate 2°C/min 

The first reaction was not observed when the CI 
balance was used either in still air or in vacuo. This is 
attributed to the faster heating rate as it was not possible 
to control this balance below 1 °C/min. The first reaction 
was also absent when the Stanton furnace was heated 
at 6°C/min. In the latter experiment, the temperature of 
the inception of the second reaction was 15°C higher 
than when a rate of ½°C/min was used. 

In spite of the higher heating rate in the CI balance 
the second reaction apparently occurs at a lower tem- 
perature than when the Stanton was used. This is caused 
by differences in the location of  the thermocouple. 

The Stanton thermocouple is near to the furnace 
wall whilst in the CI balance the thermocouple is above, 
and much closer to the sample and thus the latter gives 
a lower reading than the Stanton. 

The error in reading the weight of  the t.g. curve in 
the Stanton thermobalance cannot be neglected 5. The 
recording chart can only be read to + 5°C. 

Activation energies were calculated for the first reaction 
assuming a first order reaction 8. Because of the experi- 
mental variations these values are far from exact. They 
do, however, serve for purposes of comparison. The 
term 'comparative activation energy' is therefore em- 
ployed lest anyone might put more reliance on the 
figures than is warranted. 

It is evident, however, that three distinct mechanisms 
are involved in the case of pure polyethylene, poly- 
ethylene with lower content of peroxide and poly- 
ethylene with high concentrations of peroxide respectively. 
This is shown by the differences in the comparative 
activation energy (Table 2). 

The uncrosslinked polyethylene at 200°C is pre- 
sumably beginning to oxidize. The comparative activa- 
tion energy (8.9cal/mol) is probably affected by the 
rate of diffusion of the oxygen into the polymer, but 
for our present purpose it is sufficient to note that this 
reaction is different from those occurring in the cross- 
linked polymer. 

In the case of specimens with lower amounts of 
peroxide further crosslinking is taking place with the 
concomitant loss of small molecular weight fragments 
(Eeomp=33). Finally, the highly crosslinked materials 
are beginning to break down at the crosslinks already 
formed or at the backbone of  the polymer. In both 
cases comparatively large molecules are broken off. 
There is no correlation between gel content and activation 
energies but there is an indication that activation energy 
is affected by extrusion rate as is shown by elongation 
at room temperature 1. This is to be further investigated. 

The second reaction which occurs for all materials 
over a narrower range is a catastrophic breakdown for 
which it is difficult to calculate the activation energy 
because of the large amount of  material lost (over 90 ~o) 
and is clearly due to oxidation of all hydrocarbons 
present. 

Stress relaxation 
Stress relaxation methods 7, both continuous and 

intermittent, were used to investigate the further degrada- 
tion and crosslinking reactions occurring above 175°C. 
In the continuous technique the specimen is extended 
throughout the experiment at a fixed elongation and 
the stress is measured as a function of  time, whereas in 
the intermittent method the specimen is maintained 
in a relaxed, unstretched condition and at specific 
time intervals the sample is suddenly stretched to a 
fixed elongation, the equilibrium stress is rapidly measured 
and the sample is immediately returned to its unstretched 
length. It is assumed that a continuous fall in the stress 
supported shows degradation while crosslinking is 
indicated by a rise in the stress supported. Where both 
reactions occur simultaneously the intermittent mode 
is more favourable to crosslinking which is illustrated 
by the difference between the curves for the two modes. 
The results in Tables 4 and 5 were obtained using the 
equipment as supplied by the manufacturer. At 220°C 
and above, however, the specimens were able to support 
the stress applied only for a short time. The spring in 
the apparatus was therefore replaced by a rubber band 
that produced less strain and thus enabled measurement 
to be performed at higher temperatures. The results at 
175°C therefore are not directly comparable with those 
at 220°C, 230°C and 240°C. 
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Table 3 Summary of stress relaxation results for crosslinked polyethylene at various temperatures 

Sample number 
Temperature Mode of 

(°C) stress 2 3 4 5 6 7 8 9 10 

175 Continuous D, D D, D D, D D, D D, D D, D D, D D, D D, D 
Intermittent X, D X, D X, D X, D X, D X, D X, D X, D X, D 

220 Continuous D, D D, X D, D D, D D, D D, X D, D D, D D, D 
Intermittent X, D X, D X, D X, D D, D D, X D, D D, X D, X 

230 Continuous D, D D, D D, D D, D D, D D, D D, D D, D D, D 
Intermittent X, D X, D X, D X, D X, D X, D X, D X, D X, D 

240 Continuous D, X D, X D, X D, X D, X D, X D, X D, X D, X 
Intermittent X, D X, D X, D X, D X, D X, D X, D X, D X, D 

D =  degradation; X =  crosslinking 

The results for crosslinked polyethylene at various 
temperatures are summarized in Table 3. At 175°C and 
above a fast chemical reaction occurs. The intermittent 
stress measurements reflect the combined effect of 
degradation and crosslinking whereas the continuous 
relaxation curve shows degradation in practically all 
cases except at 240°C where the dependency of the 
continuous curve on degradation only no longer holds 
(vide infra). 

Results at 175°C. In both continuous and intermittent 
experiments at 175°C the stress decays sharply from the 
start of the experiment (Tables 4 and 5). If only degrada- 
tion were occurring, then the continuous and inter- 
mittent stress relaxation curves should be similar. The 
stress supported in the continuous experiment, is less 
than that in the intermittent case (apart from sample 6). 
The difference in these two curves indicates that cross- 
linking is occurring. No relationship could be found 

between the amount of peroxide used and the time- 
dependent stress decay. 

Results at 220°C. At 220°C when the stress is applied 
continuously there is a sharp initial fall in the stress 
that can be supported by the specimen; after between 
four and six hours the curves level out (Figure 3). This 
initial drop in stress indicates that the specimen is 
being degraded but that the reaction soon slows down. 
There is apparent evidence of crosslinking (shown by a 
slight rise in the stress supported) in the case of samples 
3 and 7 that will be discussed later. 

A more complex pattern appears when intermittent 
stress is applied. Specimens 2-5 which have lower 
amounts of peroxide crosslink initially and then rapid 
degradation occurs while specimens 6-10 which have 
greater amounts of peroxide are initially degraded and 
then level off. Sample 9 is anomalous in being further 
degraded after 4h. There is again some apparent cross- 

Table 4 Variation in stress relative to initial stress, [f(t)/f(O)]. Continuous operation at 175°C 

Gel Time (min) 
Sample Peroxide (tetralin) 

No. (~/o) (~/o) 0 20 45 60 120 180 240 360 480 600 720 840 

1 - -  Nil . . . . . . . .  
2 0-140 45.84 1 0.65 0.47 0.39 0.31 0.28 0.26 0.25 
3 0.223 67.74 1 0.85 0-70 0.57 0.37 0.33 0.29 0.28 
4 0.263 68.06 1 0.61 0.50 0.43 0.35 0.31 0.28 0.27 
5 0-266 69-25 1 0.80 0.66 0.46 0.20 0.17 0.16 0.14 
6 0-393 67.84 1 0.62 0.59 0.57 0.38 0.27 0.26 0-23 
7 0.436 70.12 1 0.45 0.34 0.27 0.20 0.17 0.16 0-15 
8 0.543 71.05 1 0.50 0.37 0.34 0.30 0.28 0.26 0.25 
9 0.585 73.81 1 0.30 0.25 0-20 0-07 0.06 0.05 0.05 

10 0.693 75-69 1 0.40 0-26 0.24 0.18 0.17 0.15 0.13 

0.23 0-22 0-22 0.21 
0.26 0.25 0.24 0.23 
0.25 0.24 0.24 0.24 
0-11 0-10 0-09 0.08 
0-22 0-21 0-20 0.19 
0.13 0.12 0.11 0-10 
0.23 0.22 0.20 0.19 
0-05 0-05 0.05 0.05 
0.12 0.12 0.11 0.10 

Table 5 Variation in stress relative to initial stress, [f(t)/f(O)]. Intermittent stress operation at 175°C 

Gel Time (min) 
Sample Peroxide (tetralin) 

N o. (~/o) (~/o) 0 20 45 60 120 180 240 300 360 480 600 720 840 

1 - -  Nil . . . . . . . . .  
2 0.140 45.84 1 0.98 0.94 0"91 0"87 0"85 0'79 0'22 0.21 
3 0.223 67.74 1 0"97 0"92 0-89 0"75 0'60 0"35 0.20 0'18 
4 0.263 68.06 1 0.96 0.89 0.80 0-63 0-60 0"58 0.54 0.51 
5 0.266 69'25 1 0"92 0"81 0"75 0.54 0.46 0.43 0.41 0"40 
6 0"393 67.84 1 0'75 0.54 0"45 0'34 0'30 0'22 0'18 0.17 
7 0.436 70.12 1 0.68 0.55 0-42 0.33 0.32 0-30 0-28 0.18 
8 0'543 71-05 1 0"74 0"59 0'50 0.34 0.31 0'30 0"30 0"29 
9 0"585 73-81 1 0.97 0"96 0"92 0.74 0"63 0"60 0"58 0-44 

10 0.693 75'69 1 0-95 0.81 0.76 0.65 0.61 0.60 0.59 0"57 

0-20 0"19 0.18 0.17 
0-17 0-16 0-15 0"15 
0.50 0.48 0.47 0'46 
0'36 0"34 0'31 0.30 
0.17 0"16 0'15 0'15 
0.18 0.17 0.16 0.16 
0.29 0-28 0-27 0.25 
0-42 0.18 0.17 0-17 
0.57 0.57 0-56 0-56 
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Figure 3 Continuous stress relaxation curves for crosslinked polyethylene at 220°C. I I ,  (2), 0.140; × ,  (3), 0-223; O, (4), 0.263; S_, (5), 
0.266; V,  (6), 0.393; El, (7), 0.436; + ,  (8), 0.543; O, (9), 0-585; T ,  (10), 0.693 

linking in the case of specimens 7 and 10 shown by a 
rise in the stress supported (Figure 4). 

At 220°C as already mentioned 1 the samples with 
high peroxide are heavily crosslinked and further linkages 
do not show significant increases in the crosslink density, 
many being 'redundant'. With less peroxide, on the 
other hand, significant crosslinking can still occur. 

By the same token the probability of degradation is 
higher in the case of the specimens with high peroxide 
and the results do in fact show this to occur. 

Results at 230°C. Under continuous load at 230°C 
there is a rapid drop in the stress in all the specimens 
indicating degradation. After this initial drop in stress 
the curves flatten out as shown in Figure 3. 

Under intermittent load a rapid initial rise in the 
curve for sample 2 shows a significant increase in cross- 
linking. All the other specimens show a slight rise in 

stress attributed to a minor degree of crosslinking; 
then further degradation occurs as is seen from the 
subsequent fall in the stress supported. For clarity 
Figure 5 shows only a representative selection of  the 
results. 

Results at 240°C. Under intermittent load the curves 
show an initial slight rise followed by a sharp fall; 
the curves are similar to those of  Figure 3 for 230°C. 
In this instance, there is no anomaly in the results for 
sample 2. 
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Figure 4 Intermittent stress relaxation curves for crosslinked 
polyethylene at 220°C. I I ,  (2) ; x ,  (3) ; ©, (4) ; A, (5) ; V, (6) ; I-1, (7); 
+ ,  (8); O,  (9); T ,  (10) 
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Figure 5 Intermittent stress relaxation curves for some cross- 
linked polyethylene samples at 230°C. I I ,  (2); x ,  (3); N ,  (7); 
V, (6); V, (10) 
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support this stress and reduction in stress takes place. 
After some time, the stress increases in a few specimens 
indicating that new crosslinks are being formed. 

At 230°C degradation occurs as before in the con- 
tinuous experiments and commences sooner in the 
intermittent ones. At 240°C the intermittent pattern is 
similar but the anomalous results of the continuous 
experiment show that the technique is no longer valid. 

Because of the evidence of crosslinking in the stress 
relaxation experiments several samples were examined 
by differential thermal analysis in air and in argon but 
no evidence of an exotherm due to crosslinking could 
be found. 

Figure 6 Continuous stress relaxation curves for crosslinked 
polyethylene at 240°C. i ,  (2); ×,  (3); O, (4); A, (5); V, (6); [~, (7); 
+ ,  (8); O, (9); V,  (10) 

Under continuous load at 240°C the stress curve falls 
sharply at the beginning and then shows a steady rise 
(Figure 6). This normally indicates an initial degradation 
followed by crosslinking. 

These results appear to contradict the statement made 
earlier that crosslinking is favoured by conditions of  
intermittent stress. In fact, the results are not strictly 
comparable because the intermittent experiment ceased 
after 8h. (In all cases specimens fail sooner under 
intermittent conditions as the repeated sharp application 
of  a load is more severe than a continued stress.) Up 
to this point the results indicate that there was some 
crosslinking in the intermittent specimens whilst the 
'continuous' specimens show degradation only. 

The t.g. curves of all specimens show that the rate of 
loss at 240°C is high (Figure 2). In view of the long 
time (16h) before the rise occurred the normal inter- 
pretation of the stress analysis curve is not valid in this 
case. The contraction of the specimen may be caused 
by cyclization but we have no direct evidence of this. 
A similar effect was found with low density polyethylene 8. 

CONCLUSIONS 

D.t.a. is a rapid technique for measuring crystallinity 
and gives good correlation with gel content. It is a 
useful quality control method. It does not, of course, 
measure crosslinking density but the crystalline melting 
point of crosslinked polyethylene can be used for com- 
parative purposes. 

Thermogravimetry is a straightforward technique for 
the evaluation of the effects of crosslinks and other 
additives on the stability of polyethylene. Although 
activation energies are only comparative it is clear that 
three different reactions occur depending on whether 
the amount of peroxide in the polyethylene is low, high 
or zero. 

Stress relaxation is a useful technique for following 
reactions in elastomers at high temperature but it is 
difficult to obtain absolute values. 
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Summary  o f  stress relaxation results. No correlation 
could be obtained between the relaxation results at 
175°C and the amount of peroxide used. In the extrusion 
process the polymer reaches a maximum of 210°C and 
that for only a short period (~30  sec). The results at 
175°C therefore show that further heating is required 
to complete the crosslinking reaction. At 220°C peroxide 
contents are directly related to intermittent stress 
behaviour and give good correlation with the gel content. 
The initial rise in stress in low peroxide content poly- 
ethylene is due to new links formed while any redundant 
link between two already linked molecules does not 
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Polymerization of hexachlorotriphospho- 
nitrile, (NPCI2)3 

J. Emsley and P. B. Udy 
Department of Chemistry, University of London King's College, London WC2R 2LS, UK 
(Received 10 May 1972) 

The discovery that the acidity of the walls of the g lass  reaction tube markedly affects the 
polymerization of (NPCI2)3 is repor ted .  T h e  e f fects  of temperature and t ime  on the nature 
of the products are also discussed. An alternative cationic polymerization mechanism is 
proposed. 

A good deal of research has been carried out into the 
polymerization of the cyclic hexachlorotriphosphonitrile, 
(NPC12)3, to high linear polymers. However, there seems 
to be little correlation of the results obtained by different 
workers. The products of the bulk polymerization of 
pure (NPC12)3 depend very much on the temperature 
and time, and varying ratios of the benzene soluble 
component [linear (NPC12)n] and a benzene insoluble 
component [crosslinked (NPCI2)n] can be obtained. At 
about 250°C polymerization takes about two days and 
the linear material predominates. At 300°C polymeriza- 
tion times are of the order of minutes and after about 
1 h crosslinked product is formed 1. 

Even with pure (NPCI2)3, standard apparatus, and 
good temperature control reproducible results are the 
exception rather than the rule, suggesting that some un- 
suspected factor is influencing or catalysing the reaction. 
In the past suspicion has fallen on oxygen s , traces of  
water s , and the make of glassware used for the reaction 
tube 4. Nevertheless high vacuum conditions, rigorous 
drying and the use of standard reaction tubes have 
failed to achieve consistent results. 

That many compounds will act as catalysts is well 
known. In particular metals and oxygen-containing 
organic compounds (ethers, ketones, alcohols and 
carboxylic acids) are capable of acting in this capacity 5. 
Benzoic acid in particular has been singled out for 
intensive investigation 6. Catalysed polymerization takes 
place at 210°C and here reproducibility of results is 
high. 

Basically there are only three variables which can 
affect the uncatalysed polymerization of a given sample 
of pure (NPC12)3: temperature, time and the surface of 
the containing vessel. Assuming a reaction which is 
highly sensitive to all three variables the conditions 
chosen for study were temperatures 240 ° and 260°C, 
times 40 and 48 h, and pretreatment of the glass reaction 
tubes by primary washing with alkali or acid. The results 
of 8 experiments with all possible combination of these 
variables are given in Table 1, and show the sensitivity 
of the polymerization to all three variables. 

The relationship of crosslinking and temperature is 
obvious and the effect of  time and the acidity of the glass 
also play a part. The sensitivity of the polymerization 
to time and temperature is not unexpected 3 but just as 
important is the acidity of the surface of the glass, 
especially at the lower temperature. As a result of these 
experiments it is clear that the polymerization is catalysed 
by surface components and in particular H +. The results 
are consistent with a cationic polymerization mechanism, 
but unlike the more usually postulated loss of Ct- as 
the initial step (1), there is addition of a proton (2): 

P3N~CI6 ~ P~N~CI + + CI (1) 

P3N3C16 + H + -~ PaN3CI 6H ~ (2) 

In the former the P+ centre now attacks a nitrogen atom 
on another ring (3) with either a prior or concurrent 
ring opening step. In the latter case the proton presum- 
ably attaches itself to a nitrogen atom which then attacks 

Table 1 

Glass 
surface 

Acid 

Alkali 

Acid 

Alkali 

Bulk polymerization of pure (N PCI~)~ (17' 4 g, 0" 05 mol samples) 

Composition of products 

Low polymers High linear 
and (NPCh)3 polymer 

Temp. Time 
(°C) (h) g % g % 

Crosslinked 
polymer 

g % 

240 40 11.8 68 6-6 32 0 0 
246 48 6.5 37 16.9 63 0 0 
240 40 15.4 89 2.0 11 0 0 
240 48 14.2 82 3.2 18 0 0 
266 40 4.5 26 1.3 8 11.6 66 
260 48 2-1 12 0.8 5 14.5 83 
260 40 5-0 28 1"7 10 10'7 62 
260 48 2-7 16 1"8 11 12"9 73 
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a phosphorus on another ring with elimination of  HC1 
(4) and formation of the same cation as in reaction (3): 

PaN3C1 + + (NPC12)3 ~ PrNrCI+ (3) 

P3N3C16H + + (NPClz)3 ~ PrNrCI+ + HC1 (4) 

The new mechanism would explain the presence of  HCI 
which is invariably produced in the polymerization of  
(NPC12)3 no matter how careful the drying process. 

Crosslinking can be imagined as occurring via a 
similar proton mechanism. 

EXPERIMENTAL 

The (NPCI2)a was purified by distillation under reduced 
pressure and crystallization from light petrol (b.p. 60-80 °C) 
to a sharp m.p. of 113°C. Polymerizations were per- 
formed on samples (17.4g, 0.05mol) in sealed Pyrex 
tubes (1.8 × 12cm) which had been pretreated by washing 
with NaOH or HNO3 solution, as required, followed by 
repeated rinsing with distilled water and drying at 
>350°C under pumping. The sample of (NPCI2)a was 
admitted and degassed by melting and pumping in situ 
prior to sealing the tube. The tubes were heated by means 
of a fluidized sand bath which was capable of  main- 
taining temperatures of  240 ° and 260°+ 2°C indefinitely 
in a closed room. After the requisite time the tubes were 
opened and the contents were extracted with dry benzene 
(300cm ~) for two days. At the end of  this period any 
benzene-swollen crosslinked product was milled to break 
up its bulk and extracted for a further period. The 
mixture was filtered and solvent was removed from both 
soluble and swollen product. 

The linear product and unreacted starting material 
were refluxed with a calculated weight of sodium 
octanolate, NaOCsH17, in benzene for 48 h; this gave 
the substituted polymer, [NP(OCsH17)2]n and 
[NP(OC8H17)213. The NaC1 was filtered off and the 
solvent was removed. A sample of the product was 
transferred to a rubber sac (surgeon's finger stall), 
suspended in a Soxhlet apparatus and dialysed for 12 h 
with light petrol (b.p. 40-60°C). The undialysed material 
was dried and weighed and represented the yield of high 
molecular weight polymer. This was a white resin. The 
dialysed product consisted of  oligomers and 
[NP(OCsH17)2]3. 

The high polymer was tested as a viscosity improver 
but showed little effect in this capacity. 
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Note to the Editor 

A universal relationship for the crystallization kinetics 
of polymeric materials 

A.  Gand i ca  
Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, Pa 15213, USA 

and d. H. Mag i l l  
Department of Metallurgical and Materials Engineering, University of Pittsburgh, Pittsburgh, Pa 15213, USA 
(Received 14 August 1972; revised 4 September 1972) 

Over the last decade or two, there has been a real effort to 102 - 
obtain relations capable of  characterizing the crystalliza- 
tion of  materials ~-6. Most of these formalisms have had 
limited applicability. Recently, from an extensive study of  
crystallization data, we have derived a model which 
appears to be universal. This new corresponding states I O~ 
relation has a phenomenological basis. Furthermore, it 
does not invoke any biased selection of a nucleation 
mechanism or activation energy for transport. 

In this communication, we briefly present how it is IO ° -  
effective in providing a master curve for describing poly- 
meric materials. Figure 1 shows spherulitic growth rate 
data for a wide variety of polymers. Not  only is a wide -£ -~ 

of temperature covered in this plot, but different ~ IO span 
modes of crystallization are included, viz., from the 
glassy state and from the melt. In addition, fractionated 
polymers and polymer mixtures are included. Moreover, 
tacticity effects are also illustrated here as well as the IO" 
results of widely different molecular weight polymers. 
Selenium, of high purity, is also featured on this plot. 

The corresponding states plot shown in Figure 2, -3 
clearly brings all experimental results into coincidence. I O 
The maximum rate of crystallization (from Figure 1) is 
denoted by Gx, Tm is the thermodynamic melting tem- 
perature usually obtained by an extrapolation procedure 5 
(see also Figure 2, ref. 7). T~o is generally about 50°C 1(34 
below the glass temperature, Tg, and is also arrived at by 
extrapolation or other methods 4 6. All the data used in 
this analysis were available in the referenced literature. 
The master curve produced peaks at about 0-63 +0.01 
and tends to zero at T~ and Tm respectively in the dimen- 
sionless relation : 

ln(G/Gz) = f (  T -  T~)/( Tin-  T®) 

Bulk crystallization plots of polymers have also been 
examined in a similar manner. Monomeric materials (or 
small molecules) follow a similar pattern of  behaviour 
except that the reduced plot peaks at about 0.84 + 0-01 
instead of at 0.63. Any change from monomeric (0.84) to 
polymeric (0.63) behaviour can be examined by means of  
this corresponding states relation and information on the 
size of  the segmental unit participating in the growth 
process should be indicated. Interestingly, the polymeric 
character of selenium is clearly evidenced here, since it 
belongs to the polymeric species of Figure 2 and not to the 
low molecular weight materials which have maxima at a 
much higher value. 

i 
1 I I I I I 1 I I I I 

O 20 40  60 80 IOO 120 140 160 180 2 0 0  
Ternperoture (°C) 

Logarithm of the spherulitic growth rate, G, against Figure 1 
temperature, T, for a variety of polymers. O, Selenium 7 (99.999%); 
O, 1-poly(propylene oxide) 8 (Mn=l.03x104); ×, isotactic 
polystyrene 9 (Mv=2.2x 106); A ,  poly(tetramethyl-p-silphenylene 
siloxane) mixture lo (Mn=l"Ogx 105); _~, poly(tetramethyl-p- 
silphenylene siloxane) mixture z° (Mn=2"7× 104); V ,  poly(ethylene 
terephthate) from the glassy state 11 (My= 1.9x 104); I I ,  poly(tetra- 
methyl-p-silphenylene siloxane) 12 (Mv= l  x 104); El, poly(tetra- 
methyl-p-silphenylene siloxane)ZS(Mv = 1.4 × 106) ;V, poly(ethylene 
succinate) 14 (Mn=5.98× 103) 

The approach described here has the advantage of cor- 
relating new data as reduced variable plots. At the same 
time, it provides a check on internal consistency with other 
data on polymer systems and suggests a means of  extra- 
polating values from limited available information. The 
dependence of  growth rate on molecular weight is also 
accounted for in this relation [see for example the data on 
poly(tetramethyl-p-silphenylene siloxane), which reduce 
to a single curve]. The product of the crystallite 'surface' 
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Figure 2 A corresponding states plot for the data of Figure 1. Gx is 
the maximum growth rate in Figure 1; Tm is the melting point; T= is 
the temperature where polymer chain segmental transport tends 
to zero 

energies (-ae) can also be deduced f rom this equation and 
polymer growth rate equations 15-17. 

Plots o f  another related corresponding states function 
ln(G/Gz) = f ( T -  Tg)/( T m -  Tg) are also valuable al though 
those obtained using Too seem more meaningful. Here Tg 
is the glass temperature o f  the polymer, and it is related to 
Too referred to above. A more extensive report  o f  our  
analysis is being prepared for publication. 
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Handbook of plastics test methods 
G. C. Ives, d. A. Mead and M. M. Riley 
Iliffe Books, London, 1971, 476 pp. £10.00 

This Plastics Institute monograph is an extremely comprehensive 
review of plastics test methods, covering standards used in Great 
Britain, the USA and Germany as well as some useful methods not as 
yet standardized. In addition, the many literature references cited 
throughout make this book invaluable as a general handbook. 

An excellent introductory chapter is particularly useful to students 
of  plastics technology, discussing the significance of testing, and its 
relevance. The tbllowing chapter describes the function and structure 
of  some Standards Issuing Bodies including the International Stan- 
dards Organisation (ISO), and an appendix provides addresses of  all 
national .standard organizations, so giying access to any standard 
required. Another  appendix lists all British Standards and ISO 
recommendations li)r plastics available up to June 1970. 

Several chapters discuss preliminaries to actual plastics testing, in- 
cluding preconditioning, characterization of polymer structure, 
measurement of  density and specimen dimensions, tests on materials 
beti~re moulding, and the preparation of test specimens. 

The remainder of the book describes in detail tests tor all types of  
mechanical, electrical and thermal properties, and some liar ageing 
and optical properties. Limitations of the tests are stressed. Certain 
unrelated properties are grouped as 'non-destructive'  tests. Many of 
these arc rather specific (li3r example birefringence and ultrasonic 
testing) and are mentioned briefly since they do not justify detailed 
description in the context of general testing, although useful references 
are given. A final chapter discusses specific tests liar ti3ams, pipes and 
tubes, lilm and sheet, and laminates. 

For most properties standard tests are given in detail and important 
non-standardized methods are also considered. In some instances 
(e.g., mechanical and electrical testing) valuable details of test equip- 
ment are given, but in other cases information is restricted to a list of 
tests with variations and test-piece dimenskms. These are available in 
the standard cited, and some details or comment  concerning results 
obtained would be informative. 

In view of the current change to SI units the practice of quoting 
units directly from each reference is perhaps unfortunate,  particularly 
where alternative units, with tolerances have been given. While this is 
acceptable in standards and reference material, it tends to destroy the 
continuity it" the monograph is to be used as a textN3ok. This is, 
however, only a minor feature of a handbook which is highly recom- 
mended both to those inw)lved in plastics testing, and to those in- 
terested in its study and practice. 

M. Gi lber t  

Textbook of polymer science 
Fred W. Billmeyer, Jr., 
Wiley-lnterscience, New York, 2nd edn, 1971, 
598 pp. £7.50 (paper, £4.30) 

The 1962 edition of this book, like its predecessor Textbook of 
polymer chemistry, gained a deservedly wide readership among 
students, teachers and general practitioners of the polymeric arts, 
because it provided them with an accurate and clearly presented con- 
spectus of  the principles and applications of  the subject, and yet it was 
sufficiently comprehensive to satisfy most needs up to the specialist 
level. The task of adequately encompassing such a large field within 
600 pages was a notable achievement at that time; today it is one that 
might be considered almost impossible. 

Professor Billmeyer, nevertheless, has succeeded in giving us a new 
edition which is right up to date while preserving the essential tbrm 
and spirit of  his earlier books. Some details of  lesser importance have 
had to be sacrificed in order to keep the price of  the book within 
reasonable bounds; the effect of  this is seen mainly in the part dealing 
with the properties of  commercial polymers, which has been 
rearranged and reduced in length from seven chapters to four. The 
sections on polymer solutions, crystalline polymers, polymer structure 
and properties, have been extensively revised and expanded. Other 
revisions and additions of new material have been made throughout,  

principally to the chapters on molecular weight measurement,  analysis 
and testing, and ionic and co-ordination polymerization. 

The most obvious change from the first edition is that almost all the 
literature references have been selected from specialist monographs 
and review articles, the titles in each case being given in full, so that 
the reader is immediately directed to the most profitable secondary 
sources of  information. There are about one thousand of these 
references, of  which approximately hall" were published between 1966 
and 1970. This feature adds materially to the usefulness of the revised 
version. 

The only criticism that can be made--perhaps  an unfair one in view 
of the purpose of the book-- i s  that a l;ew of the topics of  more recent 
interest are given only tlceting mention; but the balance between the 
main divisions of the subject is nicely udged, and the inclusion of 
more detail would probably serve only. to impair the overall efl;ect of  
a remarkably clear and direct exposition, the style itself being a wor- 
thy example for students to follow. For them, and also for many 
others seeking a modern survey of the whole field, one can continue 
unreservedly to recommend 'Billmever" as the best therc is. No 
misprints were noted. 

P. F. O n v o n  

Solvents 
T. J. Durrans (revised by E. H. Davies) 
Chapman and Hall, London, 8th edn, 1971, 
267 pp. £2.50 

Every scientist and technologist has near to hand a few books which 
are well-used sources of  information and many who are concerned 
with polymer research and development, manufacture and ap- 
plications will have had occasion to relier to Durrans '  'Solvents' in its 
various editions, so that it is of  some interest to see now the eighth 
edition make its appearance. 

As before, the sut~lect matter is presented in two parts, the first of 
which (81pp) deals generally with solvent action and balance, 
plasticizing solvents, viscosity, vapour pressure and rates of  
evaporation, inflammability and, very important,  toxicity aspects and 
legal requirements regarding storage and handling. The 175 pages of 
Part II include manufacture, standard specifications, properties and 
solvent action of many types of solvents ranging from hydrocarbons, 
alcohols, ketones and esters to glycols, chlorinated compounds,  luran 
derivatives and plasticizers. The appendices provide a source of infor- 
mation on trade names, solubility behaviour and plasticizer propor- 
tions. 

This revised edition takes note of some developments since the last 
edition of 14 years ago. Some new solvents appear in the lists but 
although the solubility tables give extensive coverage of natural resins 
and gums, no new polymers are included-- indeed these tables are 
very much as before and in many ways the text shows evidence of its 
early ancestry, with marked emphasis on cellulose ester lacquers. 
There is no direct lead, for example, to a solvent for a polyamide or a 
copolyester, while the table on plasticizer proportions still deals 
specifically with cellulose nitrate and acetate films. Some new entries 
such as polyurethane lacquers and PTFE are to be found in the index 
but these receive little attention in the text except where there is men- 
tion under some particular solvent heading. 

It is a pity that in this edition greater care was not taken to 
eliminate printing errors (e,g. the headings of the tables on p 57 and 
p 258 require attention as does the li~rmula l~r dipentene on p 96) and 
to avoid the use of different, and sometimes imprecise, names liar the 
same or related polymers: thus we have methyl methacrylate 'resin" 
and Perspex; poly(vinyl chloracetate) and poly(vinyl acetochloride); 
glyceryl phthalate, glypta[, alkyd; bakelite, bakelite A, rezyl, 
phenol ~ formaldehyde; GRN, nitrile, hycar, perbunan--a l l  appearing 
in a haphazard manner. Indeed some of the terms now seem a little 
archaic, e.g. 'polymerized alcohol' (p 5) and 'the manufacture of  art 
silk' (p 187), while some references could well be updated. 

However, despite these criticisms the book contains much use[ul in- 
formation, especially regarding the individual solvents: it will con- 
tinue to serve, as did the earlier editions, as a w~lume li)r consultation, 
especially on physical properties and solvent action, is well bound and 
offered at a reasonable price. 

R. J. W. R e y n o l d s  
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Polyolefins : modifications of structure 
and properties 
A. G. Sirota (Translated by J. Schmorak) 
Israel Program for Scientific Translations, 
Jerusalem, 1971, 120 pp. £5.00 

The modification of polymer properties by copolymerization, graf- 
ting, reticulation, and the introduction of  novel chemically reactive 
sites is of profound importance and its intensive study over many 
years has generated much fundamental knowledge on the reactivity of  
macromolecules on the one hand, and a wealth of  novel and useful in- 
dustrial products on the other. Because of  their ready availability and 
cheapness, and also through a desire to surpass certain inherent 
properties limitations, the polyolefins have been particularly deeply 
investigated in this respect with successes well known through such 
diverse products as high density, sulphochlorinated and peroxide- 
cured polyethylenes, e thylene-propylene copolymer elastomefs, 
e thylene-vinyl  acetate copolymer resins, emulsions and adhesives, 
and the ionomers. The present slender volume, origina, lly published in 
Russian in 1969, aims to present a synoptic view of  the methods and 
application of these ideas. 

The book commences with a short account of polymers formed by 
different catalytic methods from ethylene, propylene and the higher 
~-olefins and proceeds to a description of  the copolymers of 
ethylene with other ~ -olefins with polar monomers. The third chapter 
deals with graft and block copolymers of ~-olefins and the fourth 
covers chemical modifications by halogenation, sulphochlorination, 
phosphorylation, oxidation and thermal degradation. This chapter 
together with the fifth, which is concerned with chemical, 
photochemical and radiation-induced methods of crosslinking, form 
the most interesting and best-written parts of the book. The final chap- 
ter gives a cursory survey of additional approaches based on com- 
pounding and formulation. 

It is difficult to discern the intended readership. The subject is over- 
specialized for beginners in polymer science and technology, yet the 
treatment is too shallow tor anyone requiring to pursue the topic in 
depth. The book (which lacks indexes) appears to have been assembled 
mainly by the scissors-and-paste method as a series of  factual 
statements with little attempt to compare and critically evaluate the 
various methods and results. The approach is also uneven. To give a 
few examples: (a) the spectroscopic analysis of e thy lene-  vinyl acetate 
copolymers is discussed in detail but no mention is made of their 
established technical uses; (b) e thylene-propylene  copolymers are 
discussed from an academic standpoint over about 17 pages of text but 
the notably important EPT elastomers occupy less than one; (c) 
phosphorylation reactions, which whilst interesting have little practical 
significance, receive three separate treatments and six times the space 
given to the modification of  polyolefins for dyeability--a critical 
problem in the development of polypropylene as a textile material. 
Comment must also be made on the lack of definition of many test 
parameters cited from Russian investigations; thus, low temperature 
properties are given qualitatively as 'resistant to frost', and there is 
repeated mention of unclassified surfactants used in stress-cracking 
tests. 

In this reviewer's opinion the book, which is not cheap even by 
present-day standards, does not give a satisfactorily balanced ap- 
preciation of the problems or the achievements of the subject. It might 
be held to have some value as a compilation of data and literature 
references, but intending readers should be advised that three-quarters 
of the 617 citations are to Western literature which is probably already 
available on their shelves. 

I. Goodman 

Mechanical properties of solid polymers 
I. M. Ward 
Wiley, New York and London, 1971, 375 pp. £7.00 

The subject of the mechanical properties of polymers is so exten- 
sive that the task of presentinga reasonably comprehensive account of 
it poses tormidable problems of selection and of systematic presen- 
tation. In the work under review the treatment, while giving an 
adequate background m terms of molecular concepts of  the structure 
of polymers, is more concerned with the engineering type of approach 
than has been customary in this field. A good example is in the treat- 
ment of  elasticity, which starts from the classical theory and then leads 

on to the general lormulation of the elastic properties of rubber-like 
materials. The molecular theory of rubbers is introduced later and 
shown to fit in neatly with the more general formulation. The classical 
theory also provides the basis for the presentation of the properties of 
anisotropic materials, such as drawn polymers, fibres, etc., and for the 
broadening out into the theory of linear and non-linear viscoelastic 
properties. The treatment of viscoelastic properties, including 
re laxa t ion- t ime spectra, is extremely well done, both from the 
theoretical and from the experimental standpoints. It is clear that in 
the case of crystalline polymers particularly we are still a long way 
from achieving a complete molecular interpretation of the various 
relaxation processes encountered. 

A later chapter on the processes of yielding includes a thorough 
critical discussion of the applicability of the various engineering-type 
criteria to the prediction of yielding, which brings out the importance 
of the hydrostatic pressure component of the stress. The final chapter, 
on fracture properties, includes a consideration of the application of 
the Griffith theory to glassy polymers, and the mechanism of crazing. 

Although the theoretical sections are necessarily somewhat 
mathematical in character, the author does not in this respect go 
beyond what is essential for the proper understanding of the subiect, 
and the physical significance of the mathematical lormulation is 
always kept clearly in view. The book has an original quality, and 
owes much to the author's own contributions to many aspects of his 
subiect. It is clearly written and reliable, and should prove extremely 
valuable for advanced students and research workers in polymers or 
allied branches of materials science. 

L. R. G. Treloar 

Magnetic resonances in biological research 
Edited by C. Franconi 
Gordon and Breach, New York, 1971,400 pp. £10.20 

This volume represents the proceedings of a conference held in 
Cagliari, Italy in the summer of 1969 on magnetic resonance spec- 
troscopy in biology. There are 38 separate contributions. Since that 
time there has been another meeting under the same general heading 
(Oxford, 1970), but the proceedings have not been published and this 
theretore represents the latest summary of the field. 

Books resulting from conferences not infrequently resemble the 
curate's egg lor a number of reasons. Firstly, the actual participants 
may not include all those active in the field and secondly those that 
do speak may not write up their contributions as fully as many would- 
be readers might like. 

Nevertheless, a predominant topic often emerges from a general 
title and this is true in this case since a fair proportion of the papers 
deal with the study of iron-casting proteins, largely by means of e.s.r. 
Particularly noteworthy in this respect are chapters by lngram, Blum- 
berg and Kotani devoted largely to haemoglobin. There are 5 other 
contributions devoted to haem proteins and although 3 of them are 
concerned with n.m.r, studies, e.s.r, nevertheless is much the more 
prominent technique of the two in ~his volume: reflecting perhaps the 
fact that it was the earlier to be applied to biological problems. In the 
chapters on haem proteins lies the book's main merit. The remainder 
( ~ 70%) is a varied collection of the latest (1969) findings from a 
number of laboratories throughout the world given in outline form. 
Noteworthy among the reports on n.m.r, work are those by Raftery on 
lysozyme, Craig on cyclic polypeptides, McLauchlan on collagen and 
Bothner-By on ZSMg resonance. Important topics under the broad title 
of the book that are little covered include the n.m.r, of enzymes (save 
for a summarized report of 3 pages by Jardetzky), membranes (save 
for a short paper from the Unilever laboratory), spin labelling (save 
tbr a useful note by Piette on e-chymotrypsin) and proton relaxation 
enhancement. The book is introduced by two worthwhile chapters not 
on resonance work but having as common theme the effect of  ligand 
binding on protein conformation, particularly in cases of sub-unit 
structure. Attention is paid in both articles to relating empirical bin- 
ding curves to models of cooperative subunit interaction. 

The book is a must for all research groups actively engaged on 
resonance work in biological systems, but is unlikely to be worth the 
rather stiff price tor anyone else. The preparation and the quality of  
the diagrams are quite adequate, there being no unnecessarily lavish 
expenditure on glossy paper or elaborate type to further inflate the 
price. 

C. Crane-Robinson 
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