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An Infra-red-Deuteration Study of the 
Melting and Quench&g of Nylon 6.6 

R. J~FFPaES 

This paper describes an infra-red (i.r.) and deuteration study of films of 
nylon 6.6 that have been melted and quenched. The i.r. spectra indicate that 
the disorder in the quenched film increases with increasing length of time in the 
molten condition, and with increasing temperature of the melt. Th i s  behaviour 
is confirmed by measurements of th e fraction of the amide groups that are 

readily deuterated with deuterium oxide. 

TI-mRE is evidence 1'2 that when an ordered polyamide is melted, some of this 
order persists in the melt for considerable periods of time. The aim of the 
work described in this paper is to study with the i.r,-deuteration technique 
the effect of time in the molten condition, and temperature, on the state of 
order in the melt. The order in a quenched film is assumed to be related 
to, if not closely similar to, that of the molten film before quenching. 

The structure of nylon needs to be considered at two levels: first, the 
degree of lateral ordering of the polyamide chains relative to their near 
neighbours; second, the state of aggregation of the chains to give the larger 
structural units, e.g. spherulites 1-~°. The i.r.-deuteration technique is a means 
of studying the first of these. This method provides a measure of the 
strength and regularity of the amide-amide interactions in the nylon struc- 
ture; some of these amide-amide linkages, as a result of disorder in the 
lateral alignment of the nylon chains, are sufficiently weak or strained to 
allow the access of deuterium oxide to the NH group, and the H ~-D 
exchange reaction thus takes place in these parts of the structure. The 
extent of the deuteration is a measure of the proportion of 'disordered" 
amide interactions, and is thus a measure o f  the degree of short-range 
lateral disorder in the structure. It is not possible at present to be precise 
as to the nature of this disorder, i.e. it is not known what proportion of the 
exchangeable NH groups are in the surface of, or at the imperfections within, 
'crystalline' regions, and what proportion can be accounted for in terms of 
any distinct fraction of 'disordered' nylon. 

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

Preparation of samples 
Films of nylon 6.6 were cast on microscope cover slides from a dilute 

solution of the pigment-free polymer in 95 parts by volume formic acid, 
five parts water, and two parts concentrated hydrochloric acid. A few films 
were cast on calcium fluoride plates. The solvent was evaporated in an 
oven at 100°C; the temperature of drying has little obvious effect on the 
glass-cast film, but has a significant effect on the calcium fluoride-cast 
films (films dried on calcium fluoride at room temperature are distinctly 
different in structure from those dried at 100°C, and from glass-cast filmn). 
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The films were freed from any residual formic acid by washing in water at 
room temperature for one day and drying in air. The dry films (3 to 6/~ 
thick) were coherent but slightly cloudy; this cloudiness is associated with a 
coarse, grainy structure clearly visible under the polarizing microscope. 
The films were heat-treated and spectroscopically examined without remov- 
ing them from the glass or calcium fluoride support. 

Melting-quenching treatments 
Two techniques for melting the films were employed; both methods gave 

similar results. In the first technique, the nylon film (plus the glass or 
calcium fluoride) was mounted in a brass cell which was then evacuated for 
two to three hours at 100°C, filled with oxygen-free nitrogen, and immersed 
in silicone oil (MS 550) at the desired temperature. In the second method, 
the nylon film was immersed directly into degassed silicone oil. This 
second technique is similar to those used by other workers in crystallization 
studies 1, 2.4,7-9, and has the obvious advantage, compared with the first tech- 
nique, of a very short heating-up time; thus melting times of only a few 
seconds could be studied. All samples were quenched by rapidly immersing 
them in silicone oil at 0°C, 

With both methods of melting, the nylon films tended to become a pale 
yellow-brown in colour during the more prolonged treatments. This scorch- 
ing may have been the result of traces of oxygen in the system. However, 
despite considerable efforts to exclude oxygen completely this discoloration 
was never eliminated, and it may, therefore, be due to direct thermal degra- 
dation of the polymer. The 'directly-immersed' samples appeared to be 
no worse than the 'brass-cell' samples in this respect, which suggests that 
any chemical effect of the hot silicone oil is not important. The results 
given below were obtained by the direct-immersion method. 

l.r.-deuteration technique 
The i.r.-deuteration studies were in general made as soon as practicable 

after the quenching treatment to eliminate so far as possible any slow in- 
crease in the order of the quenched samples; there is some evidence that a 
gradual crystallization may occur in quenched nylon films in the presence 
of moisture 1' 10 (this crystallization is discussed further below). 

In general, the samples after quenching were rapidly mounted into brass 
cells (calcium fluoride windows). The i.r. spectra of these samples, after 
drying by evacuation, were measured on a Grubb--Parsons double beam 
spectrometer, with either a lithium fluoride or a sodium chloride prism 
as required. A few quenched samples were allowed to equilibrate with the 
atmospheric moisture and the spectra measured in this 'air dry' condition. 
The films, mounted in the brass cells, were deuterated in the absence of 
air by exposure to the saturated vapour of a reservoir of 99"7 per cent 
deuterium oxide; the deuterated samples were dried by evacuation before 
i,r. study. 

RESULTS AND D I S C U S S I O N  
l.r. spectrum of solvent-cast nylon 

The i.r. and deuteration behaviour of nylon film has been discussed else- 
where~,12.13; the i.r. spectrum and deuteration characteristics of the solvent- 
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cast films used in the present work are illustrated in Figures 1 and 3. The 
NH-stretching band near 3 300 cm -~ is 1.5 to 2 times as intense as the C H  
band near 2 935 cm -~, and the half-band width varies from about 40 cm -~ 
to 50 cm -~, depending upon the particular film used. The resolution of 
the doublet near 2 870 cm -1, and the shape of the overtone near 3 070 cm -1, 
also vary slightly from film to film (the overtone is a two-component band 1~ 
and the change in shape is a result of the variation in the relative, intensity 
of the two components). This slightly variable nature of solvent-cast films 
must be related to the way in which the solvent is evaporated in the latter 
stages of the drying, but the nature of this irreproducibility in drying tech- 
nique has not been investigated. Each of these differences in spectrum can 
be interpreted in terms of variations in the degree of order of the nylon 
films; the films with the more intense and narrower N H  band, with the best 
resolved 2 870 cm -1 doublet, and with the 3 070 cm -1 overtone relatively 
more intense on the low frequency side, are the more highly ordered. These 
differences in molecular order seem to be related to the cloudiness of the 
film; the more ordered films have a more pronounced grainy structure under 
the polarizing microscope. 

l.r. spectra of quenched films 
Figure 1 shows typical spectra in the 3/z region of nylon 6.6 after melting 

for various times at 295°C, and 325°C, followed by quenching. The in- 
02 
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Figure 1--I.r. spectrum of quenched films of nylon 6.6 in 3 to 4/~ region: 
A, untreated film; B, 2 min 325°C or 5 min 295°C, then quenched; C, 6 min 
325°C or 20 rain 295°C, then quenched; D, 10 min 325°C or 30 min 295°C, 

then quenched; E, 15 min 325°C or 40 min 295°C, then quenched 
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tensity of the NH band of the quenched films decreases with increase in the 
time spent in the molten condition. This decrease in intensity agrees with 
measurements of the NH intensity of nylons in the molten condition6'l~'ls; 
the slight increase in peak frequency on melting observed in this latter work 
is not apparent in the spectra of the quenched samples which probably 
confirms that this frequency shift is the result of thermal expansion in- 
creasing the~ amido--amide distance, as was suggested by Cannon s. The 
decrease in NH intensity in Figure 1 is accompanied by a marked increase 
in the half-width of the band. The CH bands also decrease slightly in 
intensity, and broaden a little, with time of treatment; in Figure 1 the CH 
bands are adjusted to the same peak intensity at 2 935 cm -1 to make 
the relative changes in the NH band more readily apparent. Figure 1 also 
shows that the resolution of the 2 870 cm -1 doublet in the CH bands of the 
quenched films decreases rapidly as the length of time in the molten state 
is increased, and that the amide II overtone at 3 070 cm -~ becomes relatively 
more intense on the high-frequency ('disordered') side. 

The changes in spect~m of the quenched films occur after shorter times 
in the melt at 325°C than at 295°C, as would be expected (see legend to 
Figure 1). The changes in the NH band level out after about 15 minutes 
at 325°C and about 30 to 40 minutes at 295°C. The nature of the various 
changes is, however, the same at both temperatures. 
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Figure 2--I.r. spectrum of .quenched film of nylon 6.6, sodium chloride optics: 
A, untreated film; B, 20 rain 325°C, then quenched. Films approximately the 

same thickness 
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Figure 2 shows the spectrum down to about 1 100 cm -~ of untreated 
(solvent-cast) film and film after 20 minutes at 325°C followed by quench- 
ing. The effect of melting--quenching on the relative intensities of various 
bands and on the general resolution of the spectrum is readily apparent. The 
spectrum of the quenched film is, in fact, similar to the spectrum of molten 
nylon 6.6 shown by Cannon 6, except for the peak frequencies of the NH- 
stretching and amide bands; as pointed out above, these frequency shifts 
are probably the result of thermal expansion. 

All the melted/quenched films are optically clear. This clarification of 
the film occurs within a few seconds at either temperature of melting and 
is associated with the disappearance of the coarse, grainy structure of un- 
treated film. 

If it is assumed that the molecular order in the quenched film is similar 
to (or at least directly related to) the order in the melt, then all of the changes 
in spectrum illustrated in Figures 1 and 2 are consistent with there being a 
gradual decrease in the degree of order as the length of time in the molten 
condition is increased. The changes in the NH-stretching band and the 
amide II overtone indicate a weakening and disordering of the amide-amide 
interactions, and the decreasing resolution of the 2 870 cm -x CH doublet 
suggests an increase in the disorder of the CH2 chains in the structure. 

The intensity of the shoulder on the high frequency side of the NH 
band of air-dry films increases as the time in the melt increases. This 
shoulder is the result of absorbed water and, since water is absorbed mainly 
in the disordered, accessible regions, its increasing intensity is another indi- 
cation that the order in the quenched samples decreases with time in the 
melt. The shoulder of completely accessible samples (i.e. after 15 minutes 
at 325°C) is about three times as intense as that of the original, solvent-cast 
film; this is as would be expected from measurements of the accessible 
fraction of the latter ~' ~3 

Deuteration studies 
Deuteration of solvent-cast film gradually reduces the intensity of the 

NH band, this effect levelling-off after several days at room temperatures; 
for example, the absorbance of the NH band is reduced by 13 per cent 
after 1.5 h and by 24 per cent after 10 days at 20°C TM. The NH band width 
also narrows ~, ~ (i.e. the exchangeable NH groups give a broader NH band 
than the inaccessible NH groups), and the 3 070 cm -1 overtone becomes 
relatively more intense on the low frequency side; this latter observation 
confirms that the high frequency and low frequency components of this 
overtone are associated with disordered and ordered material, respectively. 
The 'ND' band resulting from this deuteration of the accessible amide groups 
is a doublet in the 2 400 cm -1 region (Figure 3); this doublet is not a simple 
ND-stretching mode ~,1~. 

Figure 3 illustrates that the longer the time in the melt, i.e. the broader 
and less intense the NH band, the greater the proportion of exchangeable 
NH groups in the quenched film. The width of the NH band remaining 
after deuteration for 30 minutes (resulting from the inaccessible amide 
groups) is usually about 40 to 50 cm -1, and this resistant band becomes less 
intense with increased time in the melt. After about 15 minutes at 325°C 
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Figure 3--The deuteration of quenched films of nylon 6.6: A, untreated 
film; B, melted for short time, then quenched; C, melted for long time, 
then quenched; - -  before deuteration; deuterated 

0"5 h at 20°C 

or about 30 to 40 minutes at 295°C (i.e. after the changes in the NH bands 
have levelled off) the amide groups are completely accessible to deuterium 
oxide and the NH band is completely removed by deuteration for 
30 minutes; the 3 070 cm -1 overtone also disappears on complete deutera- 
tion of the nylon, as would be expected6. Thus the deuteration results 
substantiate the conclusion that there is a gradual decrease in the degree of 
order as the length of time in the molten condition is increased. 

Crystallization of quenched films 
Quenched films in which some 'order' remains (i.e. which contain a 

deuteration-resistant component) undergo an increase in order upon boiling 
in water; the NH band becomes more intense and narrower, and the fraction 
of the NH groups which exchange with deuterium oxide decreases. How- 
ever, films melted for long enough to give a completely accessible quenched 
film seem to crystallize only slowly on boiling in water. This may be 
because samples melted for a long time have fewer small regions of order 
present to nucleate the recrystallization in water. Quenched films kept in a 
desiccator over phosphorus pentoxide showed little, if any, change in i.r.- 
deuteration behaviour during three weeks. 
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G E N E R A L  D I S C U S S I O N  
The conclusion that molecular order persists for up to 15 to 30 minutes at 
temperatures up to 60 deg C higher than the apparent 'melting point '  of 
nylon 6.6 is in good agreement with the results of other workers 1'2'5. 
McLaren 2 showed that the induction time for the onset of crystallization, 
and  the rate of spherulitic growth, in nylon 6.6 depend upon the length 
of time spent in the molten condition, up to about 30 minutes at least. 
Magill 1 showed a similar relation between induction period and time of 
melting for nylon 6. These time effects were attributed 1'2 to the relatively 
slow breakdown of crystalline aggregates in molten nylon. These workers 
obtained results consistent with a more rapid decrease in order in the melt 
as the temperature of the latter was increased, again in agreement with the 
present results. Magill 1 suggested that the order in the melt has its origin 
in chain folding and coiling, as well as in the alignment of chains in the 
melt. It  may be noted that even after the changes in spectrum have levelled 
off, e.g. after 15 to 20 minutes in the melt at 325°C, there is still no indica- 
t ion from the i.r. spectra (Figure 1) of any significant numbers of free 
N H  groups in the quenched samples, i.e. of any significant i.r. absorption 
in the 3 420 to 3 460 cm -1 region. If  the spectra of the molten nylon are 
similar in this respect to the spectra of the quenched samples then it must 
be concluded that the peptide groups are still fully associated, even in the 
"disordered' melt. 

(Received July 1966) 
The Cotton, Silk & Man-Made Fibres Research Association, 

Shirley Institute, Manchester 
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Melting and Annealing of Polyethylene 
Single Crystals 

H. E. BAIR, R. SArOVEY and T. W. HUSEnY 

Melting and annealing of irradiated and unirradiated polyethylene single crys- 
tals have been studied with a differential scanning calorimeter. Crystals grown 
at 85°(7 in xylene exhibited multiple melting peaks. These peaks have been 
related to the lamellar thickening process. When irradiated, these Crystals 
melted at 127°C with a single peak indicating Httle change in lamellar mor- 
phology during the heating process. Isothermal annealing of 85°C crystals 
between 118°C and 126"C caused an initial lowering in the apparent heat of 
fusion followed by a gradual increase approximately linear with log time. In 
addition, the lamellar thickness (as derived from melting points) at each tem- 
perature increased linearly with log time. The annealing process in this tem- 
perature regCon was attributed primarily to lamellar thickening. Above 126°C, 
annealing occurred also by recrystallization of melted lamellae. At 114°C 
and below, no changes in apparent heat of [usion or lamellar thickening were 
noted regardless of annealing time. Annealing of irradiated samples was 
studied as was the effect of irradiation On the apparent heat of fusion and 
melting point of recrystallized polyethylene. Under all circumstances the 
apparent heat o/ fusion was substantially less than the thermodynamic value 

for ideal crystals. 

HEATING of chain folded polyethylene single crystals from room tempera- 
ture to above the melting point may involve absorption or liberation of 
heat. While the fusion process requires heat to be absorbed, it is also pos- 
sible within this temperature range for molecular segments to reorganize 
and thereby release heat. The major exothermic processes which can occur 
are lamellar thickening (reorganization), and recrystallization of earlier 
melting lamellae. The thickening process has been treated theoretically by 
Hoffman and Weeks 1. Experimentally, it is well known that annealing 
polyethylene single crystals at a temperature near their melting point causes 
the thickness to increase with annealing time 2. Indeed, precision adiabatic 
calorimetry 3"4 has revealed that polyethylene single crystals begin to evolve 
heat at annealing temperatures only 10 deg, C above their growth tempera- 
ture. This exothermic reorganization is therefore partly coincident with the 
melting process in polyethylene. Thus, the shape of the fusion curve can be 
influenced by initial crystalline morphology, and the details of reorganiza- 
tion, recrystallization, and melting processes. In an attempt further to 
elucidate these several processes, we have studied calorimetrically the 
melting and annealing behaviour of irradiated and unirradiated polyethylene 
single crystals. 

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

Solutions of polyethylene (Marlex 6000, type 50) in boiling xylene were 

9 



H. E. BAIR, R. SALOVEY and T. W. HUSEBY 

poured into a tenfold excess of xylene, thermostatically controlled at a 
crystallization temperature of 70°C, 77°C, or 85°C, to produce a final 
concentration of 0-04 g/100 ml 5. The 70°C crystals precipitated from solu- 
tion so rapidly that careful adjustment of the bath temperature was required 

Figure /--Electron micrograph of isothermally crystallized 
polyethylene from xylene (0"04 g/100 ml) at 70°C (× 20 000; 

reproduced without reduction) 

to ensure crystallization at that temperature. After .several days, hot suspen- 
sions were filtered at the growth temperature and crystal aggregates dried in 
a vacuum. These three separate preparations had different morphologies 
as revealed by electron and optical microscopy (Figures 1 to 3). 

Apparent heats o~ ]usion 
A Perkin-Elmer differential scanning calorimeter °, DSC-1, was used to 

obtain apparent heats of fusion, AH~*. Except where indicated, all samples 
were heated at 10 deg. C/min.  Saml~le weights were typically 1 to 3 mg 
determined to one per cent accuracy on a Cahn electrobalance. The linear 
baseline response of the empty calorimeter between 35°C and 145°C was 
subtracted from the calorimetric curve produced by melting a polyethylene 

10 
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sample. The area under the melting curve was integrated and expressed in 
cal/g using a calibration factor determined from melting a known weight of 
indium. The accuracy of this method was compared with density and 
X-ray techniques on a polyethylene sample crystallized at 148°C under 
826 atm pressure. Density and X-ray measurements of crystallinity gave 
values of 87 per cent and 93 per cent, respectively 7, as compared to 88 per 
cent from the calorimeter*. The reproducibility of AHt* was found to be 
better than two per cent. 

Melting points 
The temperature scale was calibrated from the melting points of benzoic 

acid (T,~= 122.4°C) and indium (T,~ = 156"6°C). The melting points, T,~, of 
polyethylene samples were determined by extrapolating the final portion 
of the melting curve to the instrument baseline. 

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

Melting of polyethylene single crystals 
It has been demonstrated that irradiation of polyethylene films produces 

crosslinks within the structure 9. It is thought that crosslinking occurs pre- 
dominantly at the fold surfaces between adjacent lamellae TM. Provided the 
irradiation dose is sufficiently low, it is believed such treatment does not 
influence the heat of fusion or the thermodynamic melting point and that 
irradiation suppresses the lamellar thickening process. 

Figure 2--Electron micrograph of crys- 
tals grown at 77"C in xylene (× 20 000; 

reproduced without reduction) 

*The thermodynamic heat of fusion, £xH/, is assumed ~ to be 66 cal/g and the degree of crystallinity 
~r 

is computed from the ratio AHI  IZXHI. 
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Prior to irradiation, samples of each morphology were melted and the 
results are shown in Figure 4. The many tiered crystals with a dendritic 
habit, which had been grown in xylene at 70°C (Figure 1), yielded a typic- 
ally smooth endothermic curve quite similar in shape to the melting 

Figure 3--Phase contrast micrograph of crystals grown in xylene at 85"C 
( × 300; reproduced without reduction) 

behaviour of bulk crystallized polyethylene. Melting of 70°C dendrites 
begins in the vicinity of 98°C (not shown in Figure 4) and continues until 
about 131°C. Stacks of crystals prepared at 770C (Figure 2) possessed 
Smoother crystal edges and, in general, more regular features than 70°C 
dendrites. This morphology produced a slightly different melting behaviour. 
The first sign of melting was detected at 103°C. Between 113°C and 127°C 
two small shoulders were observed. Melting is completed at 132°C. The 
relatively large monolayered platelets (Figure 3), grown and collected at 
85°C, resulted in a pronouncexl multiple peaked melting pattern. Melting 
is complete by 133°C. The calculated apparent heats of fusion of 70°C, 
77°C, and 850C crystals were 50, 52 and 55 cal/g, respectively, which 
correspond to 76, 79 and 83 per cent crystallinities. These results support 
density and X-ray evidence 1H3 which indicates that single crystals have an 
amorphous content of 15 to 20 per cent. It should be noted that the 
apparent degree of crystallinity for a linear polyethylene crystallized from 
the melt by slow cooling (1 deg. C/rain) was 84 per cent. 

At least two possible explanations for the multiple peaked endotherms of 
850C and 77°C crystals can be suggested: (1) the behaviour results from 
different morphologies within each structure; or (2) a single morphology 
with competing endo- and exo-thermic processes produces the result. For 
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example, the latter possibility might arise from competition between melt- 
ing and the exothermic processes of lamellar thickening or recrystallization 
of melted lamellae. In what follows we wish to argue that the latter explana- 
tion more correctly identifies the origin of these multiple peaked endotherms. 

Samples of 85°C crystals irradiated to 26 Mrads yielded a single peaked 
endotherm (Figure 5). The single peak between 120°C and 127°C appears 
in the same temperature range as the two lower melting peaks of the un- 
irradiated 85 °C platelets shown also in Figure 5. Furthermore, if the melt- 
ing point, T,~=400"3°K, is substituted into Hoffman and Week's 1 
expression for the melting point lowering due to fold surfaces 

T,~ -- T,~ 0 [ 1 - 2o-~ / AHI/] (1) 

where o-, denotes end surface free energy1'=60 erg/cm ~, T,~ 0 is the thermo- 
dynamic melting temperatureU=414-3°K, AH1=heat of fusion of poly- 
ethylene s and l=lamellar thickness, A, a single crystal thickness of 124+ 4 A 
is obtained. This value agrees closely with the long-period spacing of 
128 + 5 A obtained by Price is, Keller x~, and Salovey and Bassett I° from low 
angle X-ray scattering for single crystals grown at 85°C in solution. In 
addition, the apparent heat of fusion was found to be, within experimental 
error, the same as for unirradiated 85°C crystals, 55 cal/g. Since irradia- 
tion caused no detectable lowering of AH*, it appears that the radiation 
absorbed by the 85°C crystals was insufficient to damage the crystal lattice 
perceptibly TM. 

" t PE 7 0  / /  i 
/ 

I I  I I I I I I I I I I I I I I I I I I I I I 
115 120 125 130 

Temperature, °C 

Figure 4 - - M e l t i n g  c u r v e s  f o r  7 0 * C ,  7 7 * C  a n d  8 5 " C  c r y s t a l s  a t  
1 0  d e g .  C/rain 

Analysis of the thermogram for the unirradiated sample in Figure 5 
revealed that about half the lamellae reor~-aniTed between 120"C and 1270C 
into more stable lamellae which subsequently melted between 127"C and 
1330C. Thus, in the unirradiate~ 85°C crystals these lamellae reordered 
themselves (thickened) within less than sixty seconds to yield the higher 

13 



H. E. BAIR, R. SALOVEY and T. W. HUSEBY 

temperature melting peak. The evidence indicates that irradiating 85°C 
crystals to 26 Mrads suppresses the lamellar thickening process sufficiently 
so that these crystals are melted without significant reorganization during 
the heating process. Irradiation to smaller doses may not suppress re- 

26 Mrads 

I o,o $ 10 Mrads 

.~ ® 0 Nrads 

O.O.0,O-0=O.  ® o 0  e.,~-- O.O- e - - O .  I~=O. .  

I I I 1 ~ "  I I t I ~ [ I I I I I t I I [ I I 

120 1 5 130 135 
Temperature, °C 

Figure 5---Comparativ~ melting behaviour of unirradiated and 
irradiated 85°C crystals (10 deg. C/min) 

organization entirely but may enable some thickening to occur on heating 
at 10 deg. C/min. A sample of 85°C crystals irradiated to 10Mrads ex- 
hibited this behaviour as shown in Figure 5. About 24 per cent of the 
original lamellae increased in thickness alhd melted at temperatures higher 
than 127°C. The apparent heat of fusion for this sample was also identical 
to that of the original 85°C crystals. 

The thermograms shown in Figure 6 for thin films of 70°C dendrites also 
illustrate the efficacy of crosslinking in hindering lamellar reorganization. 

T f 10Mrads O~Mrads 
26 \ 

' .  \ 

e l l  t i I I I I t I I I I I I I I I i i i i I 
115  1 2 0  1 2 5  1 3 0  1 3 5  

T e m p e r a t u r e  9 o C  

Figure 6--Comparative melting behaviour of unirradiatcd and 
irradiated 70°C dendrites (10 deg. C/rain) 

In this case, a dose of 26 Mrads does not appear completely adequate to 
retard thickening. Some perfecting of lamellae persists as indicated by the 
mcldng point being equal to that for 85°C crystals (26 Mrads). It was 
expected that crystals grown at lower temperatures would have a lower 
melting point 19. Dendritic 70°C crystals irradiated to 52 Mrads melted 
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another 0.7 deg. C lower at 399"6°K (figure not shown). The final melting 
of these lamellae at 399-6°K yields a lamellar thickness of l17A from 
equation (1). This thickness is near the expected value for crystals grown 
at 70°C in xylene TM. At all doses the apparent heat of fusion for 70°C 
dendrites was invariant, 50 cal/g. 

Figures 5 and 6 indicate that single crystals grown at 70°C reorganize to 
a greater extent than crystals formed at 85°C. At least two causes can be 
advanced for this behaviour: (1) the reorganization rates are more rapid 
for 70°C crystals; and (2) 70°C crystals reorganize at lower temperatures. 
Since 70°C crystals appear to melt without multiple peaks the first possi- 
bility is more important. This is further strengthened by recent observa- 
tions of Wunderlich and Hellmuth z9. Using heating rates in excess of 
1 000 deg. C/min, they concluded that 70°C dendrites reorganize faster than 
single crystals made at 80°C in toluene. 

After 85°C single crystals were melted, they were cooled to room tem- 
perature at 10 deg. C/min to induce bulk crystallization. The subsequent 
fusion of these samples is shown in Figure 7 and reveals a progressive 
lowering of AH* and Tm with increasing irradiation dose. The introduction 

I 0 Mrads 

i ' - o o 0 ® : ° 9  

u " 20 Iv l rads  o o o  o o o ~ ® o - e - ~  
c-  

J P I l i i i i l i l I I I I I I I I I I l 
115 120 125 130 135 

Temperature, °C 
Figure 7--Comparison of the melting of unirradiated and 

irradiated recrystallized polyethylene (10 deg. C/min) 

of roughly four crosslinks per polymer chain (10Mrads) reduced the 
apparent heat of fusion by about 20 per cent from 49 cal/g for the un- 
irradiated bulk crystallized sample to 39 cal/g. Increasing the periodicity 
of crosslinks with a dose of 26 Mrads resulted in a 40 per cent decrease in 
M-/~* to 30 cal/g. Upon bulk recrystallization the incorporation of these 
relatively few crosslinks within the crystals (rather than at the fold surfaces) 
may still be insufficient to produce the large observed diminution of zk/-/~* 
and T,~. However, if two crosslinks are separated by less than the critical 
chain length, l*, required for incorporation into a particular lamella, it is 
conceivable that the entire segment might be rejected from that crystal. The 
sequence probability for such an occurrence increases as I* becomes larger. 
Thus, thinner crystals with low melting points might result as the frequency 
of crosslinks increases. Furthermore, the exclusion of entire segments asso- 
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dated with crosslinks can explain the large reduction in AHI* by a com- 
paratively small number of crosslinks =. 

Very rapid heating rates may also, in principle, suppress the thickening 
process. However, it has been found = that superheating of polyethylene 
crystals may occur at rates in excess of 20 (leg. C/rain. Nevertheless, two 
experiments at heating rates above 20 (leg. C/rain were conducted. Com- 
parison of the double peaked fusion curves in Figure8 suggests that as the 
heating rate is doubled f~om 40 deg. C/rain to 80 deg. C/rain, the f]'action 
of crystals associated with the higher melting peak is diminished. These~ 
experiments indicate that the more stable crystals melting at the highest 

______J 
I I 

110 120 

40 d ~  .C/min 

I I 
130 140 . 

80 deg, Clmin 

I I o l  I I I 
110 130 150 

Ternperature, °C 

Figure 8--Melting curves of 85°C crystals at 40 deg. C/rain and 
80 deg. C/min 

temperature are perfected through the lower temperature zone. These 
observations are consistent with the evidence on irradiated crystals. 

Annealing of 85°C single crystals 
All annealing experiments were performed in the nitrogen atmosphere of 

the scanning calorimeter. At the end of each annealing period, the sample 
was cooled to near room temperature at a linear rate from 2-5 deg. C to 
10 deg. C/min, During cooling the enthalpic response was monitored for 
any sign of recrystallization. Less than one per cent could be detected re- 
crystallizing from the melt. All annealed samples were reheated from near 
room temperature to 147°C. Apparent heats of fusion and melting points 
were obtained for each annealed sample. The results for AH~* and lamellar 
thickness [computed from T,~ using equation (1)] are shown in Figures 9 
and 10. 

At 114°C tittle change in AHt* of 85°C crystals was observed with anneal- 
ing time. A sample held at 102°C for 1 000 minutes produced no measur- 

16 



MELTING AND ANNEALING OF POLYETHYLENE SINGLE CRYSTALS 

able change in AH*. However, the shape of the fusion curve was in sharp 
contrast with the melting pattern of unannealed 85"C crystals*. For 
annealing temperatures between 118°C and 126°C unirradiated 85°C 
crystals showed an initial decrease in AHt* followed by a gradual increase, 
approximately linear with log time, until the original AH,* was reached or 
surpassed. Density measurements by Fischer and Schmidt ~ on polyethylene 
single crystals grown at 80"C show similar behaviour. 

After annealing for five minutes at 127eC, nearly 50 per cent (27 cal/g) 
of the lamellae had melted and recrystallized upon cooling. Until the 
annealing temperature of 127°C had been reached, no detectable amount 
of recrystallization was observed for the 85°C crystals regardless of anneal- 
ing time. This existed even though a substantial endotherm up to 126°C in 
Fieure 4 apoears in this dynamic exoeriment (indicating a melting process). 
These results indicate that for 85°C crystals: (1) relatively insignificant 
changes occur at annealing temperatures of 114°C or less; (2) substantial 
rearrangement is possible when these crystals are annealed in the tempera- 
ture interval 118°C to 126"C; and (3) annealing at 127°C and above 
causes lamellae to melt. If annealing times are sufficiently long at these 
temperatures (127°C and above), melted lamellae recrystallize. Matsuoka" 
has presented dilatometric results on annealed polyethylene single crystals 
grown from 0.3 per cent xylene solution at 85°C. His data indicate that 
the annealing kinetics at 130°C are similar to those of bulk polyethylene at 
the same temperature. The marked difference in annealing behaviour at 
127°C .suggests that between 118°C and 126°C the 85°C crystals anneal pri- 
marily by lamellar thickening. Since we wished to avoid the added variable 
of recrystallization from the melt in these isothermal annealing experiments, 
85°C crystals were not annealed above 127°C. At all temperatures (below 
127°C) except 102°C the multiple peaks disappeared on annealing for a 
sufficient length of time. 

The melting points of annealed crystals were used to determine lamellar 
long oeriods [equation (1)] and some of the results-are shown in Figure 10. 
At 121°C and 125°C the growth was nearly linear with log time. These 
results are in good agreement with Fischer and Schmidt's ~ X-ray studies of 
long period. 

Irradiated single crystals annealed differently than unirradiated crystals. 
Samples with a dose of 10 and 26Mrads were annealed at 121°C for 
various lengths of time. Apparent heats of fusion for annealed 85"C 
crystals irradiated to 10 Mrads were four to six per cent below the AH~ 
values for the originally unirradiated single crystals (Figure 9). In addition, 
the thickening process lagged behind the unirradiated 85°C lamellae by 
almost 50 A, although the long period .still increased linearly with log time 
(Figure 10). Crystals irradiated to 26 Mrads exhibited more severe altera- 
tion; AHj* is reduced by about 16 per cent and appeared to be shifted behind 
the apparent heats of fusion by about three decades in time (Figure 9). 

Annealing behaviour for crystals grown at 85"C differ in three tempera- 

*We have also observed that thermo•rams for untreated 85"C crystals vary for samples collected in 
different manners and may  be associated with lamellar packinglo, ~.  
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Figure 9- -Apparen t  heats of fusion for 850C crystals as a function of 
annealing temperature and time 

ture regions2~CL Rationalization for this behaviour may be sought in terms 
of supercooling. The dissolution temperature, T,, for the infinitely thick 
polyethylene crystal in xylene has been extrapolated by Holland" to be 
106°I_+2°C. Thus the platelets crystallized at 85°C (T~=85°C) may be 

,5O0 

o~400 

C 
0 

20O 

100 

Polyethylene single crystals 
85°C preparation 

a . . . . . . . .  -Fischer and Schmidt (1962)" • 

. . . . . .  121oC -- . . - -  - - .  

,~ 121°C 10 Mrads 

i i I 
10 100 .1000 10000 
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Figure 10--Lamellar  thickness of 85°C crystals as a function of annealing 
temperature and time 

assumed to have about 2 t °+  2°C supercooling (T,-T~). Referred to the 
thermodynamic melting point (T~0) of 141°C, a comparable supercooling 
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exists at 120°+ 2°C. Annealing at a temperature, T~, such that the condi- 
tion T,~o-Ta ~ T s - T ,  is satisfied, crystals do not reorganize. Experi- 
mental results for annealing at 114°C and below showed that AHj* and Tm 
remained constant for times in excess of 4 000 minutes. Annealing between 
118°C and 126°C, 85°C crystals apparently reorganize by lamellar thicken- 
ing. In addition, crystals grown at 70°C, where T8- To= 36 ° + 2°C, showed 
signs of annealing at temperatures too low for 85°C platelets to reorganize 
significantly. When isothermally annealed at l l0°C for 1 200 min, these 
crystals showed a 10 per cent increase in AHf to 55 cal/g. 

The observation that crystals prepared at 85°C melt at 127°C, provided 
no reorganization occurs during heating, is sufficient to indicate a change in 
annealing behaviour for this material at 127°C and above. 

CONCLUSIONS 
(1) Irradiating polyethylene single crystals provides an effective tech- 

nique for studying melting and annealing behaviour. We believe that 85°C 
crystals irradiated to 26 Mrads can be melted (10 deg. C/rain) without 
significant reorganization. Such a melting behaviour is thought to be truly 
characteristic of the original crystals as prepared from solution. Thus 
the origin of multiple peaks in thermograms of the unirradiated polyethylene 
single crystals is due to the process of lamellar thickening. 

(2) Annealing chain folded 85°C single crystals between 118°C and 
126°C occurs mainly by the process of lamellar thickening. Annealing of 
these crystals above 127°C is accomplished by melting of lamellae which 
can recrystallize provided annealing time is sufficiently long. Annealing 
85°C crystals at 114°C or below causes no change in thickness or crystal- 
linity. 

(3) The approximate degree of crystallinity for polyethylene single 
crystals prepared at three different solution temperatures ranged from 79 
per cent to 84 per cent. 

It  is a pleasure to acknowledge helpful discussions with S. Matsuoka. 
We also wish to thank H. D. Keith for his comments  on this manuscript. 

NOTE: After completion of this manuscript we discovered a paper on 
melting of polyethylene single crystals ~5. It should be noted, however, that 
this interpretation of melting differs from ours. 
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Acoustic Birefringence of Polymer 
Solutions 

H Necklace Model 
A. PETERLIN 

The necklace model o] randomly coiled macromolecule with ideally elastic 
links but a finite resistance to the rate of shape change (internal viscosity) was 
used for the calculation of ]requency dependence o] acoustic bire]ringence and 
the phase shi]t between the latter and the displacement field of acoustic wave. 
The calculation was per]ormed [or a model with 100 links. In contrast with the 
results [or the per[ectly so]t dumb-bell model, the initial bire]ringence is much 
smaller, has a shorter linear range but a much longer transition to saturation, 
and a limiting value which decreases with increasing internal viscosity. The 
phase shift is first rather similar to that o] the dumb-bell model. Approaching 
45 ° it shows an inflection which grows larger with larger number of segments 
and smaller internal viscosity. The transition ]rom O* to 90 ° extends over a 
much wider frequency range (between two and three decades more) than ]or 
the dumb-bell. A comparison with experimental data on polystyrene solutions 
indicates that a smaller number o] segments (about 40 instead o[ 100) may give 

a satis[actory fit. 

IN AN acoustic field 

v2 = B cos oJ ( t - z *  / c~) (1) 

where B is velocity amplitude, ¢o is circular frequency and c, is velocity of 
sound, the molecules are oriented and deformed so that the liquid 
becomes birefringenC 6. The theory of the effect was first developed for low 
molecular weight liquids ~,5,7,s and for suspensions of rather large particles 9. 
In the former the molecules get oriented in the oscillating laminar flow with 
longitudinal (parallel) gradient in a very similar manner as in the steady 
state flow 1°, and in the latter the orientation is due to radiation pressure. 

The theory for macromolecular solutions was developed by Peterlin ~ who 
used the perfectly elastic and soft dumb-bell model. Badoz 5 treated the 
elastic sphere model of CerP 1 with consideration of optical internal field 
according to B/SttcheP 2. His results, as far as the frequency and intensity 
dependence of the effect are concerned, agree with those of Peterlin. 

As pointed out by Hilyard and Jerrard ~ the experimental data on polymer 
solutions cannot be completely reproduced by the existing theories of the 
effect. Particularly the relaxation times derived from the experiment on 
polystyrene solution in toluene and chloroform on the basis of Peterlin's 
dumb-bell model seem to be too small as compared with those obtained 
from intrinsic viscosity data on the basis of the necklace model. Such a 
discrepancy is to be expected because the dumb-bell model with only one 
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relaxation time instead of the discrete spectrum of the necklace model has 
the inherent deficiency of not representing correctly relaxation phenomena. 

It seems therefore worthwhile to present a theory of acoustic birefringence 
based on the necklace model TM with consideration of hydrodynamic inter- 
action 14 between any two beads and of finite resistance of coil to rapid shape 
changes ~s (internal viscosity). Such a model turned out to be extremely 
valuable in explaining the gradient 15 and frequencf  ~ dependence of intrinsic 
viscosity and of the orientational effects of streaming birefringence ~5. The 
replacement of a single relaxation time with a discrete spectrum modifies 
the frequency dependence. The transition from the initial linear increase 
of birefringence with the frequency to the final saturation value becomes 
more gradual and extends over a wider frequency range. The internal 
viscosity .shifts the effect closer to that of rigid particles. 

In what follows the data of the ideally flexible dumb-bell model (I) will 
be summarized first and the so-obtained results extended to the necklace 
model. 

Dumb-bel l  model  
The molecule moves in the oscillating velocity field [equation (1)] which 

one expands in powers of the relative coordinates r of the macromolecule 

v, = B  e'~'ct?"*~'% I (1 - i¢oz/c,,- o~z~/2~+ . . . ) (2) 

where z* is the coordinate of the centre of hydrodynamic resistance of the 
molecule which in first approximation coincides with the centre of mass and 
z is the relative coordinate of the free ends of the dumb-bell with the centre 
of mass in the origin. Due to the smallness of the macromolecule as com- 
pared with the wavelength h=2"trca/o~ one may neglect all the terms beyond 
the linear so that the relative velocity of the acoustic field which orients 
and deforms the molecule reads 

~0~=v,,,,l. = v , - v , *  =Gz 

G = Go exp ( - ioJt) 

Go = - (icoB / c~) exp ( - ioJz* / ca) 

(3) 

The product G0z is the amplitude of velocity. The parameters G0 and G 
play the same role as th~ velocity gradient in laminar flow with transverse 
gradient, The flow field in the sound wave is laminar with a longitudinal 
gradient. Such a field has no rotational component. 

According to Peterlin 4 the intrinsic birefringence A n / n c  is proportional 
to the product of a frequency factor ¢oz/(1 + oJ2r~) 1'~ and the square root of 
intensity l=½pB~ca of the acoustic wave field, i.e. to the actual amplitude 
Go, and is out of phase with the displacement wave by an angle ~ which 
depends on the frequency. The actual gradient G is always so small that 
the saturation effects are hardly observable. Therefore it makes sense to 
divide the birefringence by the amplitude Go or by P'~. One so obtains 
the specific Lucas constant 
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L.p. = (An / ncP/~)c=o, r=0 

= K  [orr/(1 + to~T2) ~'~] sin [to ( t - z * / c a ) - ~ b ]  

tan ~ = tot 

T = 1 / 41~zZDz = ZJb~o / 24kr 

~ .  = 3 / 2Zb'o O z  = 4 k r  / Z l  

(4) 

where Z is the number of statistically independent segments of the macro- 
molecule, M0 is molecular weight, b0 is the length and J is the frictional 
coefficient of such a segment. Other symbols have the usual meanings. 

Equations (4) contain a great many factors which also occur in the 
Maxwell constant 17 (streaming birefringence) so that it may be valuable to 
have Lsp. expressed in terms of M,p.=(An/ncooG)a=o.c=o where G is the 
velocity gradient of the linear laminar flow 

( 2__2_] 1'' to sin [ t o ( t - z * / c a ) - ~ ]  (5) L,v. =M,p.~/0 p ~  ] x (1 + to~)x,2 

This relationship is valid even when one has a .substantial contribution of 
shape anisotropy to birefringence. This is the consequence of the fact that 
in the limit G = 0  the macromolecule is undeformed so that the optical 
factor is the same for acoustic and streaming birefringence. 

The initial proportionality of Lsp. with the frequency of the acoustic field 
and the subsequent levelling off or at least the occurrence of saturation 
effects were well proved by experiments 3'5' 6. 

The  necklace model  
The necklace model of Rouse TM, Zimm 1~, Reinhold-Peterlin 18 and Cerf t5 

has Z + 1 beads connected by Z statistically independent non-linear elastic 
links of root mean square length b0 and maximum length b ~  The 
hydrodynamic resistance j is concentrated in the beads. Hydrodynamic 
interaction is assumed to be proportional to the inverse r.m..s, distance 
between the two beads under consideration. Due to the already mentioned 
fact that the flow field is of low intensity, the segment deformations are so 
small that one may completely neglect the non-linearity of link elasticity. 
The model resists shape changes with a force proportional to the rate of 
deformation, the proportionality factor ~ being called inner viscosity coeffi- 
cient. It has the dimension of viscosity time length (g see-l). The Z +  1 
vectors r~ from the centre of mass to the single beads are written as a 
3 (Z + 1) dimensional vector r. In the same manner the relative velocities 
of the acoustic flow field at the beads are represented by a vector v~ = G z  
in complete analogy to equation (3). 

Under consideration of hydrodynamic interaction the equilibrium between 
the friction force of the liquid and the forces transmitted by the chain 
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(elastic links, inner viscosity, Brownian motion) yields for the velocity of 
the beads u 

v = v  ° - H  (2/~0DoAr+J-lQ-ZrOQ-lv+ DoV r In W) ) 

P,0= 312bZ0 Do=kT/f ~ (6) 

and Do are the distribution parameter and the diffusion constant of 
the bead [note the difference in definition between equations (6) and (4)], 
A is the orientational tensor of elastic forces transmitted by the links, 
H is the tensor of hydrodynamic interaction, and Q is the transformation 
matrix from space coordinates r to the normal coordinates n=(~,  ~q, ~) 

r = Q u  
(7) 

~7 r -  O-~rxTr 
r - -  ~ - - t t  

The tensor @ of inner viscosity measuring the resistance of macromolecule 
to deformation, yielding the force F' by which the molecule resists the 
deformation rate Vdet. 

~ =  - Cv . .do , .  ( 8 )  

is a diagonal tensor in the space of normal coordinates. Its diagonal values 
~p=pg/Z express the resistance F~ connected with a deformation described 
by the pth eigenmode. The deformation rate vd,t. is obtained by subtracting 
the rotational component from the total velocity. In the longitudinal flow 
field [equation (3)] there is no rotational component so that v=vd~,.. 

The continuity equation 

O*/Ot = - Vrv*  (9) 

is orthogonalized by transformation to normal coordinates [equation (7)]: 

0~I/Ot = - (1 +/-~NcI,) -x V . ~  [v ° - DoNV. In • - 2/~oDoAu] 

M=QrAQ =Q- 'AQ (10) 

N = Q-'HQ -'T = Q-'HQ A = Q-'HAQ = N M  

where Q-X is the inverse and Qr the transpose of the Q matrix. Since HA, 
H and A are symmetric the transformation matrix Q is orthogonal so that 
Qr=Q-~. The eigenvalues of M, N and A are /~p, vp and ~ with 
p = l , 2  . . . . .  Z. 

Optical birefringence 
Assuming with Kuhn and Griin 19 that the optical anisotropy of the 

statistical segment is proportional to the average square of the link length: 

(T, - "r,)~ = (2~o / 5) ( . ,  - o,,) b ~, = (3 / S) (a ,  - a, )  b ~, / b~ 

b~ =(r~ - r~_,) ~ ]= 1, 2 . . . .  Z (11) 

where T1 and T2 are the polarizability of the segment in the llnk direction 
and perpendicular to it and al, as are the corresponding quantities for the 
monomer. By denoting the average polarizability of the macromolecule 
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in the z and x direction as az and ct~ respectively one obtains: 

An n ~ - n ~  ( n~+2~ ~ ( _ ~ )  
-n- = ----n---- - ~ ] (270 (t~,- a ,)  

ct~ - ot~ = (2/*o/5) (cq - a2) <zrAz - xrAx> 

= (2/Zo/5) (a, - or2) <~rM~ -'~rM'~> 

= (2/Zo / 5) (a ,  - a2) £ bt, (<~=,,> - <~))  
p 

(12) 

The last average is directly derivable from the diffusion equation by multi- 
plication of the latter with ~rM~ and ~rM~ respectively and integrating 
over the whole space. Neglecting the higher than linear terms in Go and 
the transient terms describing the transition from the initial solution at rest 
to the final steady state one obtains : 

<zrAz-  xrAx)=(G/fro)  ~ [4/zoOoh~ + ira (1 + vp~/]'] -~ 

= B X icor,, 
/z0c~ ~ exp [ico ( t -  z * / c ) ]  (13) 

% =  114ffoDohp r~ = %  (1 + vp~pp//') 

After inserting this expression in equation (6) one has for the specific 
birefringence 

=47r /n2+2~ 21 2 \~/ZlN\I / '~z (..O"/'p L,p. 5 \ 3n ] t '~~'J \M',](ot'-°t2"p---'( 1 sin [to (t - Z~r / ca) - d/p] 2 e2 1/2 

n ta tpp=tor,  (14) 

This formula has the same characteristics as that derived for the dumb-bell 
model. Of course the single frequency-dependen[ factor of equation (4) is 
replaced by the sum over Z terms corresponding to the Z eigenvalues. In 
addition the relaxation time occurring in the denominator is modified by 
the factor depending on inner viscosity. The same applies to the phase angle. 

At co=oo one has $~=~r/2 so that the sine turns into negative cosine. 
The birefringence is by 180 ° out of phase with the velocity field of the 
acoustic wave. At co = 0  (steady dilatational flow) ~° ~ = 0  and the bire- 
fringence is in phase with the displacement field (B/co)s in[co  ( t - z * / c ~ ) ] .  
At finite frequency the observable total shift ~ba and the effective amplitude, 
i.e. the r.m.s, average of Lucas constant, is given by:  

L~p,, ~ff. = K (F + I12) l/z 

tan ~b a = l l / l 

n + co% ) (15) 

1 -- £ to'G / (1 + co2rT) 
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The birefringence first linearly increases with frequency and finally 
approaches a saturation value 

z 

L,p., 0~, . . . .  ~ = (K / Z) Z (1 + vvqp / ])-I (16) 
p = l  

The phase angle ~ by which the birefringence lags behind the displacement 
goes from 0 ° to 90 ° with increasing frequency. 

It is worthwlaile here to insert a brief comparison with the more familiar 
Maxwell constant of streaming birefringence which is derived from the 
analogue of equation (12): 

An [n2+ 2~ ~ 

(17) 
ot,y = (2 ~  / 5) (ot~ - ot~) <xrAy) 

From the definition of L,~. in equation (4) and of Mn. one derives 

L,~./M,p. = ('flog / P/~)a=0, I=0 (zrAz - xrAx> / 2 (xrAy> 
(18) 

--~/0 (2 /p~)  1/~ e~Ct-"/% ~ ~ [ - itm-p (1 + i ~ ) - l ] / ~  r~ 

The ratio of L~./M,p. contains explicitly the time factor. Usually one 
measures only the effective values of birefringence, i.e. the amplitude of 
L®. or M~. divided by 2 ~/~. For streaming birefringence, however, the 
observation at constant gradient is the rule, so that the factor 2 lz~ applies 
merely to L~.. One so obtains for the ratio between the effective acoustic 
and static streaming birefringence 

L,,.,on./ M,~.---'qo (Pc~,) -1'~ (P + l~)l/~ l Z T~ (19) 
p 

where I and H were defined in equation (15). 

RESULTS AND DISCUSSION 

For a calculation of L¢. and ~. one needs the eigenvalues ~,p and vp and the 
coefficient ~ of the inner viscosity. The former are: 

h~=4 sin 2 [~rp/2 (Z+  1)] ~ ~r2p~/Z ~ 

v~ = 1 (20)  

for the free draining coil 13 and 

h~ = (4h /Z  ~) h i = 2fh~ / (3~)l/~Z~/~bo'Oo ] 

k~ ~,  (1rSp 3/2) (1 - 1/2¢rp) t (21) 
h =Zf/(127r3)l/sZ1/Sbo~qo =ZH 1.023 x 61rZl12b0w0 

v~=k~/~p  -~ (f/1.023 x 3~'b07/0) (Z/p)  1/~ (1 - 1/27rp) 

for the impermeable coil 1~.sl. The parameter h measuring the strength of 
hydrodynamic interaction is just the ratio of translational frictional resist- 
ance of the free draining and  completely impermeable coil with a radius 
very nearly equal to the r.m.s, end-to-end distance Z~'2b0 of the coil. The 
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eigenvalues h~, according to equation (21) are a little too small ~. The error 
is largest, about ten per cent, at h i and drops quickly to a few per cent at 
higher p. In what follows the uncorrected values of equation (21) have 
been used. 

Convenient dimensionless parameters for consideration of internal 
viscosity are : 

a = ~ / Z f  free draining coil 

a* = h~/Z] = ~p / 1.023 x 67rZ~/2bogo (22) 

impermeable coil 

They measure the ratio of internal viscosity coefficient ~p to the hydro- 
dynamic frictional resistance coefficient of the free draining coil and of an 
impermeable sphere with a radius 1.023 Z~/2bo, respectively. Values between 
0 (ideally flexible coil) and 1 (rather stiff coil) will be considered. One must 
not, however, forget that one is not permitted to increase the parameter too 
much because all the derivations were based on the assumption that the 
coil is not rigid. For  the extreme case of rigid coil one has to adopt a 
slightly different approach as shown by Cert ~. We hope soon to report the 
respective results. 

In order not to complicate the matter too much, the data for a free 
draining and for the impermeable coil only are presented. The number Z 
of statistically independent segments is 100. In Figures 1 and 2 the specific 
birefringence and in Figures 4 and 5 the phase angle are plotted as functions 
of tozx for different values of a and ,z* respectively. At small oJ~-I the 
birefringence is independent of internal viscosity. The values for the ideally 
soft coil with no hydrodynamic interaction are slightly below those for the 
model with complete solvent immobilization. But the slope is very nearly 
identical through to71= 1, that means in the whole range when the bire- 
fringence is proportional to frequency. Thereafter the free draining coil 
shows a more gradual decrease in slope but also slightly later reaches 
saturation. 

Deviations from the value of the ideally flexible coil become noticeable 
at to~-i = 1 and rapidly increase with approach to the saturation value. With 
increasing internal viscosity they occur earlier and reach the saturation value 
at lower orrl. The latter decreases with internal viscosity according to 
equation (16) as Z-~E ( l + v , ~ / f ) .  The respective values are plotted in 
Figure 3. The reduction of saturation value plotted over a or a* respectively 
is larger for the free draining case. 

There is quite a spectacular difference in birefringence between the 
necklace and dumb-bell models [equation (4)]. In the latter the linear 
region extends over a much wider frequency interval. Saturation effects are 
not noticeable before the birefringence has reached about 70 per cent of the 
limiting value. That  occurs at o~'~ = 1. With the necklace model, deviations 
from linearity start at slightly smaller values of tor~ between 0-1 and 1. But 
70 per cent of saturation value is reached much later at to~-i between 20 and 
500 for the impermeable coil and between 20 and 4 000 for the free draining 
case. The dumb-bell curve is shifted to smaller art1 values by quite an 
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Figure 1--Acoustic birefringenee L~.,e~/K as function 
of art 1 for the free draining dumb-bell and necklace models 

with 100 links. The parameter a=~/Zf 

appreciable amount which increases with Z. In our case with Z = 100, the 
shift equals a factor between 50 and 60 in the linear range and approaches 
values between 500 and 2 000 in the .saturation region. The factor is larger 
in the free draining case. 

The phase angle plotted in Figures 4 and 5 exhibits a shift to smaller orrl 
with increasing internal viscosity. Concurrently the peculiar inflection at 
45 ° gradually diminishes. It  must disappear with a = a * = c ~  because the 
completely rigid coil has only one relaxation time so that the phase angle 
dependence on frequency is given by equation (4). The inflection at 45 ° 
characteristic for the perfectly soft coil is becoming more pronounced with 
increasing number of segments as was shown by Thurston and Schrag ~ for 
oscillatory flow birefringence. The inflection is stronger for the free draining 
coil. As a result of this the transition from ~b=0 ° to ~b=90 ° extends over 
a large frequency range. Partial coil rigidity as measured by the internal 
viscosity coefficient ~p reduces the inflection and hence the frequency range 
of this transition. 

The curves for the dumb-bell model are markedly steeper than those for 
the necklace and there is, of course, no trace of a step at ~b=45 °. But the 
displacement in the frequency scale is much less than for the birefringence. 
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Figure 2--Acoustic bire- 
fringence l_~.,af. /K as [unc- 
tion of to'r 1 for the dumb-bell 
and necklace models with 
complete solvent immobiliT~- 
fion. The model has 100 
segments. The parameter 

a * =  h~o / Z ! 
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Figure 3--Limiting values of  acoustic birefringence L~.,et~.,=_,_oo/K 
according to equation (16) for the free draining dumb-bell and 
completely impermeable necklace .models with 100 segments as a 

function of a and a~r, fespeetively 
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Figure 4--Phase angle ~b as a function of (or I for the free draining 
dumb-bell and necklace models with 100 segments 

I t  is nearly zero at ~b = 0 and approaches a value between one and two 
decades at ~0 close to 90 °. One must not expect that the necklace curves 
with infinitely large a or a*  will coincide with the dumb-bell curve because 
the latter represents a perfectly flexible and the former a rigid coil. 

Experimental  investigations of acoustic birefringence 1-6 were only con- 
cerned with intensity and not with t h e  phase shift. The data on rather 
concentrated polystyrene solutions in toluene and chloroform (c=  10, 8 and 
4 x 10-2g cm -3) investigated by Hilyard and Jerrard ~ exhibit an extremely 
rapid transition from linearity to saturation. They are much closer to the 
results predicted by the dumb-bell  than to those of the necklace model. On 

9 0  ~ . . . . . . .  

is#/#'s ~ 
I o*=1 

Necktace_~._~ / / l 

ooo -oo,/ / / /  
,o " / / /  

301 ' abte coit 

log w Ir I 

Figure 5--Phase angle $ as 
function of err 1 for the im- 
permeable dumb-bell and 
necklace models with 100 

segments 
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the other side the difference in relaxation time 0.6 x 10 -7 sec as observed 
in acoustic birefringence and 3.6x 10 -~ sec as deduced from intrinsic 
viscosity on the basis of the impermeable necklace model is most 
easily explained as a consequence of the large frequency shift between the 
birefringence curves corresponding to the two models. The ratio 40 between 
the two relaxation times is less than the shift derived from Figures 1 or 2 
with plots based on Z =  100. With smaller Z the shift also decreases and 
finally disappears with Z = 1. Concurrently the transition between the linear 
and the saturation region becomes sharper. One may therefore hope that 
with a Z about 40 and a non-vanishing ~ one will be able to reproduce the 
experimentally observed frequency dependence and to achieve a fit between 
the relaxation time ~-~ from viscosity and birefringence. 
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ABS Mouldings for Electroplating 
Electron Microscope Study 

KOICHI KATO 

An 

A method for preparing replicas of acid-etched ABS surfaces is described. 
Replicas made in this way are compared with ultra thin stained sections cut 
from the surfaces of moulded specimens at different stages of the plating pro- 
cess. It is concluded that orientation in the surface of injection-moulded 
articles is responsible for lowering the peel strength, probably by reducing the 
penetration of the metal plating layer intc~ the subsurface of the polymer and 
hence weakening the key between the two materials; orientation also reduces 

the tear resistance of the ABS surface. 

IN BROAD terms, any plastic can be electroplated, but amongst the common 
materials the one with tho best potential adhesion to metals may well be 
ABS, a rubber-modified two-phase plastic made from acrylonitrile, buta- 
diene and styrene. The present process for plating ABS mouldings com- 
prises the following essential steps : alkaline cleaning, neutralizing, chemical 
microetching, sensitizing, activating, electroless copper-plating and electro- 
plating. It is clear that tho most drastic changes in surface features take 
place during the chemical microetching step, which cannot be replaced by 
any mechanical surface roughening procedure. The adhesion between the 
metal and the ABS moulding depends not only on the type of ABS resin 
used but also on the moulding conditions. An electron microscope stiady of 
the surface features of ABS mouldings, particularly their surface etch pat- 
terns, cart provide valuable information about various practical aspects of 
ABS metal-plating. 

The present paper deals with the techniques required for such a study. 
A polyvinyl alcohol (PVA) film replica technique has been developed for 
examining the microetched surface of ABS mouldings. The osmium 
tetroxide procedure previously reported by the author 1 has been adapted 
for preparing ultra thin sections from the surface of ABS mouldings. Repre- 
sentative results show that residual strain in the surface layer is one of the 
most important factors determining the adhesion between the ABS and 
the metal coating, and that the .strains present in a surface are observable 
as anisotropic flow patterns. 

M A T E R I A L S  
Test specimens consisted of 3 mmx 80 mmx 120 mm plaques moulded on 
laboratory machines from Toyolac 100, an ABS resin marketed by the Toyo 
Rayon Co. Two types of specimen were used, one injection-moulded under 
a standard .set of conditions, the other compression-moulded under a stan- 
dard set of conditions. In order to make an accurate comparison the two 
groups were subjected to all subsequent plating processes side by side. 

Peel strength measurements on copper-plated specimens gave results as 
much as four or five times higher for compression mouldings than for injec- 

33 



KOICHI KATO 

tion mouldings. Much more marked differences would presumably be 
shown up by the heat-cycling test, which approximates more closely to 
service conditions. 

PVA REPLICA TECHNIQUE 
The choice of a replica material for ABS is greatly limited by the need to 
avoid any thermal or solvent effects during the replicating step. A pre- 
shadowed carbon replica technique was employed by Mann, Bird and 
Rooney ~ in their study on ABS fracture, while methyl cellulose, a water- 
soluble polymer, was used by Matsuo 3 in a similar study on ABS and high 
impact polystyrene. 

Low molecular weight PVA (DP= 500) has been found useful for the 
present purpose. When an aqueous PVA solution is cast directly on to the 
microetched ABS surface, it is almost impossible to remove the replica 
intact because the specimen .surface is so rough. A 1 mm thick film is 
therefore prepared by casting a 20 per cent aqueous solution of the polymer 
on to a clean glass plate and leaving it to dry slowly. The dried film is cut 
into pieces about 10 mm square and stored for later use. 

A piece of this film is dipped for a moment into distilled water, applied 
to the surface-to be studied, and left to stand overnight at room tempera- 
ture. The resulting replica is tough enough to be stripped away from the 
specimen without difficulty. Ordinary two-stage carbon replica techniques 
can be used in the subsequent preparation of the specimen, the primary 
PVA film being dissolved away with distilled water. 

SECTIONING 
The osmium tetroxide procedure for sectioning ABS resins was reported 
in a previous paper I. This reagent selectively fixes and stains the rubber 
phase so that it becomes possible to cut ultra thin sections without em- 
bedding the specimen, and to obtain electron micrographs of excellent con- 
trast and definition. For the purposes of the present study, however, the 
procedure must be adapted so that sections can be taken from a selected 
portion of a plated or prepared surface, and in a known direction relative 
to any orientation introduced during moulding. One edge of each ultra 
thin section should come from the surface under investigation. Fortunately, 
this can be achieved by exercising a little care in cutting the specimen block 
and trimming its tip. For best results, the cutting direction of the ultra- 
microtome should be set parallel to the surface of the specimen. Using a 
diamond knife, it is even possible to cut sections from an electroless 
copper-plated surface. 

Owing to the fixing effect of the osmium tetroxide it is also possible to 
examine the distortion caused in the subsurface layers of the ABS by 
peeling off the copper plating. 

RESULTS AND DISCUSSION 
Typical surface replicas of etched injection-moulded and compression- 
moulded specimens are shown in Figures 1 and 2 respectively. Since the 
numerous round-shaped projections on the replica correspond to hollows on 
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the original ABS surface, there can be no doubt that the chemical etching 
agent (chromic-sulphuric acid mixture) attacks the dispersed rubber par- 
ticles in an entirely selective manner without affecting the resin matrix, thus 
forming a large number of minute etch cavities in the surface of the 
moulding. 

f 

* ¢ 

Figure /--Replica of etched surface of an injection-moulded ABS specimen 

% 

Figure 2--Replica of etched surface of a compression-moulded ABS 
specimen 
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The etch cavities on the injection moulding (Figure 1)are all elongated 
in the same direction to show a distinct flow pattern, whereas the hollows 
on the compression moulding (Figure 2) are almost perfectly round, and 
show no evidence of moulding orientation. Furthermore, the hollows on the 
former are often joined together in the plane of the surface, to form large 
but rather shallow etch cavities, whereas the hollows on the latter tend to 
be connected" in the direction normal to the surface, to give narrow etcli 
cavities that penetrate deeply into the subsurface of the moulding. These 
conclusions, based on evidence obtained from replicas, are completely con- 
firmed by the complementary work on sections described below. 

An ultra thin section through the surface of an injection moulding is 
illustrated in Figure 3. (In this paper all electron micrographs of sections 

Figure 3--Ultra thin section through surface of an injection-moulded ABS 
specimen 

are negatives, in which the osmium-stained rubber phase appears bright 
against the darker resin matrix.) The rubber particles in the subsurface are 
all elongated and aligned parallel to the surface, showing a moulding flow 
pattern similar to that observed on the replica (Figure 1). 

The ultra thin section shown in Figure 4 was cut from a compression 
moulding that had been subjec:ed to electroless plating. The bright irregular 
band along the edge of the section is chemically deposited copper metal. In 
contrast to the structure found in the injection moulding, every rubber 
particle appears almost perfectly round, and there is no evidence of a flow 
pattern. It should be noted that the copper is deposited not only on the 
surface but also at certain points in the interior, indicating that the cavities 
produced by the chemical etching process penetrate to a considerable depth. 
No such penetration has been observed in injection mouldings. Since copper 
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Figure 4--Ultra thin section through electroless copper and subsurface layers 
of a compression-moulded ABS specimen 

deposited in deep cavities should have an anchoring effect on the main 
metal coating, this observation might well account, at least partly, for varia- 
tiorts in peel strength with moulding conditions. 

Figure 5--Ultra thin section through acetone-treated surface of an injection- 
moulded ABS specimen 
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Figure 5 shows an ultra thin section through the surface of an injection 
~oulding that had previously been subjected to mild treatmen~ with 
acetone. The rubber particles are no longer deformed, but restored to a 
perfectly round shape. The same effect can also be produced by thermal 
annealing. It is therefore obvious that injection-moulded ABS resins very 
often solidify with high orientation and internal strains, especially in the 
surface layer, and that these residual strains are relieved whenever environ- 
mental conditions are suitable. This effect may have an important influence 
on the behaviour of metal-plated specimens in the heat-cycling test. 

Figure 6---Ultra thin section through peeled surface of an electroplated 
ABS cempression-moulding 

The ultra thin section shown in Figure 6 was cut from the surface of a 
compression moulding from which the electroplated copper had been pulled 
away according to the standard peel test procedure. The rubber particles in 
the subsurface layer are all severely deformed, proving that the whole of 
the subsurface had responded to the peeling stress, as a result of the strong 
adhesion between the copper and the ABS. No such deformation was 
observed in the subsurface layer of an injection-moulding which had given 
a low peel strength. 

Figure 6 also shows a number of faint white bands running through the 
resin matrix approximately parallel to the surface. These features in the 
ABS resin matrix appear to correspond to stress-whitening crazes, which 
will be described elsewhere. 

In conclusion it should be pointed out that the osmium tetroxide tech- 
nique is applicable to various other problems concerning ABS mouldings, 
including anisotropy, fracture and surface gloss. The technique has two 
great advantages: the rubber is selectively stained, so that the internal 
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structure of the specimen is clearly revealed, and also fixed, so that every 
detail is perfectly preserved throughout the .sectioning operation. 

The author wishes to express his sincere thanks to Messrs K. Yoshimura, 
M. Nishimura and T. Nagai for their assistance throughout this study and 
to Mr T. Morita for preparing the specimens. The author thanks the 
directors of Toyo Rayon Company Ltd 1or permission to publish this work. 

(Received August 1966) 
Central Research Laboratories, 

Toyo Rayon Co. Ltd, 
Otsu, Shiga-ken, Japan 

R E F E R E N C E S  
1 K^To, K. Polymer Engng Sci. In press 

M~-~rN, J., BraD, R. J. and ROONI~Y, G. Makromol. Chem. 1966, 90, 207 
a MATS~O, M. Polymer, Lond. 1966, 7, 421 
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The Crosslinking of Polypropylene 
J. R. HATTON*, J. B. JACKSON and R. G. J. MILLER 

A study has been carried out on the formation ,of networks in atactic and 
isotactic polypropylene by the irradiation with u.v. light of samples swollen 
in a solution of benzophenone in dlyl acrylate. Network formation only 
occurs when allyl acrylate is present and infra-red spectra of the networks 
suggest that both double bonds have reacted. The concentration of acrylate 
units in atactic and isotactic polymer networks were measured by infra-red 
absorption. Swelling measurements, though of doubtful validity due to the 
high crosslink density, support the view that each molecule of allyl acrylate 
is associated with one erosslink and the effective link must be the ester linkage 
since monofunctional compounds such as allyl acetate are ineffective in 

network production. 

POLYPROPYLENE is available in three tactic forms. This study has been 
restricted mainly to atactic polymer with some preliminary data for isotactic 
material. When subjected to radiation, the polymer is readily degraded by 
a radical mechanism and exhibits a scission to linking ratio of 0"8 to 1.0 
even in vacuok Consequently, the unmodified polymer may not be cross- 
linked by conventional means such as the action of peroxides or the use of 
radiation sources. However, it has been shown ~,~ that the presence of certain 
additives can improve the crosslinking efficiency of many polymers when 
using y-rays and other high energy ionizing radiation. This type of system 
has been found to work successfully with polypropylene 2,3. Here we report 
preliminary results of an examination of the structure of crosslinked poly- 
propylene formed by u.v. light in the presence of allyl acrylate using 
benzophenone as an u.v. sensitizer. 

The additives were incorporated in the polymer by swelling to equilibrium 
in a solution of benzophenone in allyl acrylate prior to irradiation. After 
irradiation some of the allyl acrylate is known to be incorporated in the 
network chemically, presumably acting as a bridging molecule between 
chains or parts of chains. The object of the work was to obtain a better 
insight into the structure of the crosslinked network and its mode of forma- 
tion by comparing the i.r. spectra of composite networks so produced with 
those of unmodified polypropylene. 

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

Preparation of  crosslinked films 
The atactic polypropylene was a solid, rubbery polymer, (R.S.V.= 1"2 

corresponding to a molecular weight, M~, of 70 500) supplied by Imperial 
Chemical Industries Limited, Plastics Division. The isotactic polypropylene 
was a standard commercial sample of 'Propathene' (code number H.W.E. 24 
from Imperial Chemical Industries Limited). Allyl acrylate was available 
from Eastman-Kodak Ltd and benzophenone as an 'AnalaR' reagent from 
British Drug Houses. 

*Work carried out during tenure of a vacation studentship. 
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Due to the limits imposed on sample thickness by the requirements of 
i.r. spectroscopy the atactic polymer was used in the form of a film, thick- 
ness 50/.~; the isotactic polymer was used as films varying in thickness 
between 140 and 270/z. The isotactic polypropylene films were hot pressed 
at 190°C and 200kg/cm 2 pressure. Various methods of preparing the films 
of atactic polypropylene were tried, and it was found that solvent casting 
over mercury gave the best results. 

A solution of atactic polypropylene in heptane (about three per cent) was 
poured on to mercury contained in a 12 cm Petri dish. The heptane was 
evaporated slowly at room temperature and a pressure of 100ram of 
mercury until a tacky film had been formed; the bulk of the heptane had 
evaporated at that stage. The vacuum was then increased to less than 1 mm 
of mercury and the whole left for a further two hours. This procedure en- 
sured complete removal of the heptane and also minimized the chances of 
bubbles forming in the film. Great care had to be exercized in handling the 
thin films of atactic polymer as they remained tacky, even after full evacua- 
tion of the solvent. 

Prior to crosslinking, the films were swollen by immersion overnight at 
room temperature in allyl acrylate containing benzophenone (12 per cent by 
weight). Under these conditions the films are swelled to equilibrium, giving 
an increase in weight of about 13 per cent for the atactic and 5 per cent for 
the isotactic polymer. Irradiation was carded out by exposing the films 
(after excess allyl acrylate had been dried off the surface) to the radiation 
from a mercury lamp (Hanovia type u.v.s. 500 W) for a period of about 
30 minutes. Excess allyl acrylate, benzophenone and uncrosslinked polymer 
were then removed from the atactic film by extraction in a Soxhlet appara- 
ttts for four hours with heptane; the isotactic material was extracted over- 
night with tetralin. 

Quantitative spectroscopic analysis 
The analysis for the molar ratio of combined allyl acrylate and poly- 

propylene units was made from i.r. measurements. Spectra were recorded 
on a Grubb-Parsons 'Spectromaster' i.r. spectrometer. Absorbance of the 
1 740 cm -1 band (due to the stretching vibration of the carbonyl group of 
the ester) and the 965 cm -1 band (due to a C--C stretching + CH3 rocking 
vibration of the polypropylene) were measured on the crosslinked films. 
These absorbances were related to weights of ester and polypropylene by 
comparison with reference solutions of ester and polypropylene in cyclo- 
hexane in a 240/.L cell. Calibration graphs were plotted of absorbance as a 
function of concentration and from them the molar ratio of the ester and 
the atactic polymer was established. For isotactic polypropylene the per- 
centage of allyl acrylate chemically incorporated into the network was 
measured by the absorbance of the 1 740 cm -~ band in the network, related 
to a direct measurement of the polypropylene film thickness. The equivalent 
concentration of aUyl acrylate in cyclohexane solution was read off the 
calibration graph and from the known thickness of cell and film the molar 
ratio of allyl acrylate and polypropylene (monomer units) was calculated. 
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Qualitative observations of related experiments 
Other experiments giving qualitative results for atactic polypropylene are 

described below. 
(a) The possibility of the presence of residual carbon-carbon double 

bonds originating from the allyl acrylate was investigated by examining the 
spectra for evidence of bands at 1 650 cm -1 (due to the allyl group) and at 
1 638 and 1 622 cm -1 (due to the acrylic group). The conclusion reached 
was that there was a weak band at 1 650 cm -I remaining in the crosslinked 
polymer only revealed by the use of ordinate scale expansion. This was 
ascribed to residual ally1 groups and when compared with the absorbance 
of the carbonyl group at 1 740 cm -1 indicated that not more than ten per 
cent of the original C--C double bond concentration remained. 

(b) Under the experimental conditions employed, little crosslinking of 
polypropylene occurs without the presence of an efficient u.v. absorber such 
as benzophenone since the polymer-allyl acrylate system is almost trans- 
parent to u.v. radiation. A sample of polypropylene swollen by allyl acrylate 
without benzophenone and irradiated for a period of approximately 30 
minutes dissolved completely in heptane indicating that negligible cross- 
linking had taken place. It should be noted in this context that "/-radiation 
will produce networks under these conditions, since large numbers of 
reactive species are produced whereas without an efficient absorber such as 
benzophenone, u.v. radiation produces very few radical centres. 

(c) From a further examination of  the spectra of the networks it was 
observed that an absorption band appeared at 695 cm -1 which was assigned 
to a phenyl derivative presumed to have formed from benzophenone. It was 
incorporated chemically into the structure since samples had been carefully 
solvent extracted l[see (d) below]. The incorporated component was esti- 
mated from the absorbance of the phenyl band at 695 cm -1 to be present at 
a concentration of approximately 10 -3 mole/mole of chain unit. 

(d) As a check on the efficacy of the extraction process three portions of 
the sample were examined by infra-red, before extraction, after the usual 
four hours, and after 20 hours. There was found to be no noticeable differ- 
ence between the two extracted samples. This established that extraction 
was complete within four hours. 

(e) Allyl acrylate sensitized by benzophenone does not polymerize to 
any extent when irradiated with u.v. light. Examination of the spectra of 
solutions of benzophenone in allyl acrylate before and after irradiation for 
two hours shows no change in double bond concentration, which would 
have been seen had any polymerization of the allyl acrylate occurred. 

(f) When polypropylene containing about two per cent benzophenone 
(i.e. without allyl acrylate) is irradiated, the polymer degrades rather more 
rapidly than when irradiated without benzophenone present. However, a 
small amount of crosslinking may occur. 

(g) Samples swollen with either allyl acetate or methyl acrylate in place 
of allyl acrylate in an attempt to produce networks from monofunctional 
compounds using the experimental method described above were unsuc- 
cessful. The polymer remained completely soluble in the extraction pro- 
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cedure showing that the di-unsaturated compounds are required for network 
formation. 

Volume swelling measurements 
The molecular weight between crosslinks was calculated from swelling 

data. The large dimensions of a rectangular sample of crosslinked atactic 
polypropylen¢ were measured accurately (to + 0.001 mm) using a travelling 
microscope. The sample was then swelled to equilibrium in benzene at 
room temperature and the increased lengths measured. From the ratio of 
the two measurements, the molecular weight between crosslinks was cal- 
culated. Similarly the networks of isotactic polypropylene were examined; 
the samples being swollen in tetralin at 207°C and the changes in dimension 
noted. The value of the molecular weight between crosslinks was computed 
from the equation presented by Treloar': 

In (1 -v~)+ v2+ tzv2+ pV1/Mc (v~/8 - v J 2 ) = 0  

where : v2 is the swelling ratio which equals the volume ratio of the network 
unswollen to the network swollen, 1/1 is the molar volume of the solvent,/z 
is the thermodynamic interaction parameter and p is the density of the 
network. The values of the parameter /x used were abstracted from the 
literature. Kinsinger and Hughes 5 quote a value of 0-492 for atactic poly- 
propylene in benzene and a value of 0.475 has been determined from data 6 
for isotactic polymer in tetralin. The densities r of the polymer at the appro- 
priate temperature are 0"855g/cm 3 for atactic polymer at 25°C and 
0"750 g/cm s for isotactic polymer at 207°C. 

The average number of moles of allyl acrylate per crosslink is then easily 
calculated from the determined molar ratio of ester to polymer and the 
average chain length between crosslinks. 

R E S U L T S  AND D I S C U S S I O N  
From the quantitative experiments described above it is clearly established 
that: 

(1) Benzophenone is necessary for the initiation of the crosslinking reac- 
tion with u.v. light; 

(2) A derivative of benzophenone is incorporated into the network, there- 
fore it attacks the polypropylene to form a chemical bond; 

(3) A difunctional monomer such as allyl acrylate is necessary for network 
formation and most of the allyl acrylate has reacted at both unsaturated 
sites; 

(4) No polymerization of the allyl acrylate is initiated by activated benzo- 
phenone; 

(5) Only a small amount of crosslinking can occur not involving ally! 
acrylate. 

It has been shown 3 that monofunctional materials (e.g. allyl acetate) as 
additives do not lead to network systems at the concentrations involved in 
non-crosslinking polymers using high energy radiation and here confirmed 
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for u.v. initiated systems that a difunctional monomer  is necessary to induce 
crosslinking. The effective chemical link between chains is then the ester 
bond of the ailyl acrylate; both the unsaturated parts of the molecule react 
to form attachments with the chains. Consequently it seems reasonable that 
each allyl acrylate molecule forms two attachment points to polypropylene 
chains and therefore the number  of chain units to be grouped with a single 
crosslink is twice the average chain length between crosslinks. 

Table 1. Summary of infra-red results 

Sample 
number 

A tac tic 

1 
2 
3 
4 
5 

lsotactic 

8 
9 

10 

Experimental 
conditions 

Samples swollen 
overnight: 
irradiated for 
30 rain at 
room temp. 

Samples swollen 
for six hours : 
irradiated for 
40 min at 
room temp. 

Samples swollen 
overnight: 
irradiated for 
50 min at 
room temp. 

Absorbance 
at 

1 740 cm -1 

0"70 
0"60 
0"46 
0"64 
0"60 

0"49 
0"54 

0'76 
0'86 
0"96 

A bsorbance 
at 

965 cm -1 

0"28 
0'34 
0'33 
0'38 
0"38 

0'29 
0"33 

Moles ester 
per mole 

polypropy- 
lene × l0 s 

2"7 
1"9 
1"4 
1"8 
1"8 

1"7 
1"7 

1"0 
1'0 
0"9 

Sample 
thickness 

30 
30 
30 
30 
30 

30 
30 

145 
187 
267 

The results of quantitative measurements are given in T a b l e s  1 and 2. 
The atactic networks were calculated to contain nearly twice as much com- 
bined aUyl acrylate as the isotactic networks. The swelling measurements 
on the isotactic networks particularly show considerable variation with the 
thickness of the samples, an observation which is discussed below. Calcula- 
tions from the i.r. data  suggest that for each mole of allyl acrylate in the 
atactic networks there were 50 chain units and hence the average chain- 
length between crosslinks was of the order of 25 units (i.e. 50 atoms). This 
is a highly crosslinked network formed presumably due to the use of thin 
film specimens. Bulk (rather than thin film) samples of crosslinked poly- 
propylene available from other exper imen& and prepared by a similar 
method to that described above, have given swelling measurements which 
indicate much larger average chain-length between crosslinks. The swelling 
data of T a b l e  2 can only be  used as an indication of the extent of cross- 
linking in such a 'tight' network; the internal agreement is reasonable and 
the value of moles of ester per crosslink tends to support the proposition 
that there is of the order of one ester molecule and  no t  m o r e  for each cross- 
link. I t  is possible to postulate a mechanism for the crosslinking reaction 
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Table 2. Swelling measurements 

Mean no. oft Mean no. of 
Sample Swelling Chain length* chain unit~ ester~ 
number V2 between cross- per cross-  molecules per 

links link crosslink 

1 

2 

3 

4 

8 

9 

10 

0-552 
0"491 
0"656 
0"651 
0"373 
0"618 
0"528 
0"634 

0"503 
0"397 
0"656 
0"414 

0"661 
0-663 
0"389 
0"389 
0"260 
0"291 

12"3 

4"96 

15"2 

8"6 

20'5 

12"5 

6"1 

41 "9 

108"1 

24"6 

9"9 

30'4 

17"2 

4"0 

25.0 

12"2 

83"8 

216"2 

0"65 

0"16 

0"57 

0"31 

0"695 

0"43 

0.12 

0"76 

2"12 

*From the mean of the swelling ratio. 
tAssuming each crosslink is tetrafunctional. 
:l:Using the ester/polymer ratio from spectrosc, opic results. 

which is consistent with the results of the experiment. Details are attached 
in the Appendix. 

The results for isotactic polymer are sparse. However, the i.r. studies 
show here again a large concentration of allyl acrylate links although only 
half that in atactic polymer and approximately 100 propylene units per 
crosslink, assuming one acrylate unit for each link. The crystalline texture 
of this polymer must affect the crosslinking reaction in that the polymer 
can be considered as a two-phase system, amorphous material surrounding 
the crystal phase. The allyl acrylate penetrates into the amorphous regions 
and this is where crosslinking will occur. Thus the network must consist 
of heavily crosslinked regions interspersed with non-crosslinked areas. 
This has led to variable results obtained from swelling measurements and 
where the influence of film thickness can also be seen. I t  is doubtful if a 
more detailed analysis will be fruitful on crystalline material; nevertheless 
useful crosslinked networks are produced and the average allyl  acrylate 
content is known. 

The work described above is published by the kind permission of the 
Laboratory Director. 

Imperial Chemical Industries Limited, 
Petrochemical and Polymer Laboratory, 

P.O. Box  11, The Heath, 
Runcorn, Cheshire 

(Received August  1966) 

46 



THE CROSSLINKING OF POLYPROPYLENE 

R E F E R E N C E S  
1 CHARLESBY, A. and PINNER, S. H. Proc. Roy. Soc. A, 1958, 247, 367 
ODIAN, G. and B ERNSTE~, B. S. Nucleonics, 1963, 21, 80 

s ODIAN, G. and BERNSTEIN, B. S. J. Polym. Sci. A, 1964, 2, 2835 
~TRELOAR, L. R. G. Physics of Rubber Elasticity p 135. Clarendon Press: Oxford, 

1958 
5 KL~SING~R, J. B. and HUGHES, R. E. J. phys. Chem. 1959, 63, 2002 
6 PXSRrr~, P., SABASTIANO, F. and M~SINA, G. Makromol. Chem. 1960, 38, 27 
7 wlr SKI, H. Kunststoffe, 1964, $4, 10 
s JACKSON, J. B. Unpublished results 

APPENDIX 
Reac t ion  mechanism 

The following reactions are postulated : 

Ph2C=O + hu > P h 2 ~ O *  (excited) (1) 

Polymer (P) + h v  > R" ÷ H" (2) 

Ph2C'=-O + P > R'  + Ph~C (3) 
I 

OH 

2Ph2C" > Ph~C--C--Ph2 (4) 
! I I 

OH H O  OH 

R" + allyl acrylate ( A - - A )  > R - - A ' - - A  (5) 
(or PhsC'OH) (or Ph2C--) 

I 
O H  

2 R - - A ' - - A  > R - - A - - A  (6) 
I 

A - - A - - R  

R - - A ' - - A  + H" > R - - A  A (7) 
! 

(or Ph2C" ) H (or Ph2C ) 
\ \ 

OH OH 

R - - A - - A  + R" ~ R - - A - - A ' - - R  (8) 
L I 

H H 

R - - A - - A ' - - - R  + H" ~ R - - A - - A - - R  (9) 
I I I 

H H H | 
(or Ph2C'--OH) (or Ph2C--OH) 

and similar reactions. 
Reaction 6 is considered to be unlikely in view of the evidence presented. 
Reactions 7, 8 and 9 are the most probable course for the crosslinking 

reaction occurring in this system. Inclusion of a derivative of benzophenone 
into the network can occur at various stages but dimerization to benzo- 
pinacol has been suggested* as a more likely reaction. 
*LIA/~IO, Y. C., WANG, H. Y., FAN, C. C., CXANO, P. C. and Cltll~, P. K. Scientia sin. 1962, 11, 903-916; 
Chem. Abstr. 1962, 57, 16864e. 

47 



Contributions to Polymer 
Papers accepted for future issues of 
POLYMER include the following: 

A Method oJ Thermal Analysis oJ Polymers by Measurement oJ Electrical 
Conductivity---M. I. POPE 

Effect oJ Uranyl Perchlorate on the Kinetics oJ Polymerization oJ 
Acrylamide--E. A. S. CAVELL and A. C. MEEKS 

Polymer Degradation VI--R. S. PORTER, M. J. R. CA~rrow and J. F. 
JOHNSON 

Thermoelastic Measurements of Some Elastomers--J. A. BARRIE and 
J. ST~Xq)EN 

Melting Characteristics af lsotactic Polypropylene Oxide--W. COOPER, 
D. E. EAVES and G. V A U ~  

The Hydrodynamic Properties of the System Poly Alpha-methyl Styrene-- 
Cyclohexane--J. M. G. COWIE, S. BYWATER and D. J. WORSFOLD 

Coil Dimensions o/Poly(olelin sulphone)s III--T. W. BATES and K. J. Ivm 

Thermal Degradation oJ Vinyl Polymers 1, II, HI--D. H. RICHARDS and 
D. A. SALTER 

The Dilute Solution Properties oj Polyacenapht~lene I, II--J. M. 
BARRALES-RIENDA and D. C. PEPPER 

The Polymerization of Some Epoxides by Diphenylzinc, Phenylzinc 
t-Butoxide and Zinc t-Butoxide--J. M. BROCE and F. M. RAnA6L~Tt 

Solution and Diffusion oJ Gases in Poly(vinyl chIoride)--R. M. B~V,~R, 
R. MALLINDER and P. S.-L. WON~ 

CONTRIBUTIONS should be addressed to the Editors, Polymer, c/o Butter- 
worths, 125 High Holborn, London, W.C.1. 

Authors are solely responsible for the factual accuracy of their papers. 
All papers will be read by one or more referees, whose names will not 
normally be disclosed to authors. On acceptance for publication papers 
are subject to editorial amendment. 

If any tables or illustrations have been published elsewhere, the editors 
must be informed so that they can obtain the necessary permission from 
the original publishers. 

All communications should be expressed in clear and direct English, 
using the minimum number of words consistent with clarity. Papers in 
other languages can only be accepted in very exceptional circumstances. 

A leaflet of instructions to contributors is available on application to the 
editorial office. 

48 



A Method 
Polymers by 

of Thermal Analysis of 
Measurement of Electrical 
Conductivity" 

M. I. POPE 

Conventional methods of thermal analysis involve measuring either changes 
in mass or enthalpy of a substance, which is heated at a constant rate of rise 
of temperature in a controlled atmosphere. Work on a range of organic poly- 
meric materials has now shown that, if the rate of change in electrical con- 
ductivity with temperature is plotted against temperature, then the curve 
obtained is characteristic of that particular substance. With the aid of 
in[ormation obtainable by a number of other techniques, it .has proved possible 
to ascribe each of the peaks in the various curves to physical or chemical 
changes occurring in the heated polymer. The utility o[ this technique is illus- 
trated by its application to a medium rank coal, both be[ore and after chemical 

treatment, and to a sample of unplasticized polyvinyl chloride. 

THE idea that measurement of changes in electrical conductivity during 
heating could be used to characterize complex organic compounds was first 
suggested by the results of research into the low temperature carbonization 
of coals 1. 

It had long been known 2 that, at some stage during the carbonization 
process, coals changed from electrical insulators to relatively good conduc- 
tors, with properties approaching those of graphite. The object of the 
research project was originally to investigate the possibility of partially 
de-volatilizing coals on heating a finely ground powder in a fluidized bed, 
by means of passing electrical current through the coal. Results soon indi- 
cated that this process was impracticable due to the extremely low initial 
conductivity of the coal; aggravated by the fact that much of the room 
temperature conductivity was due to adsorbed water a, which is rapidly lost 
at temperatures above about 150°C. 

However, carbonization studies of a large number of bituminous coals, 
differing quite widely in rank, indicated that the rise in electrical conduc- 
tivity with increase in temperature of carbonization was remarkably similar 
in each case. Measurements were made on compacted samples in an 
atmosphere of oxygen-free nitrogen, maintaining a constant rate of rise of 
temperature of 3 deg. C/min by use of an apparatus described elsewhere 1. 
A typical graph of conductivity against temperature is shown in Figure  1 
and refers to Markham Black Shale, a coal of rank number 401. 

The differences between the behaviour of the individual coals only become 
apparent where the rate of change in electrical conductivity is plotted 
against temperature [Figure 2(a)]. The resulting curve shows essentially 
three characteristic peaks, although the peak occurring in the region of 
600 ° to 800°C frequently splits into two distinct maxima. Each of these 
* Based  o n  a l ec tu re  g i v e n  b e f o r e  the  T h e r m a l  A n a l y s i s  G r o u p  of  the  Soc i e ty  o f  Ana ly t i ca l  C h e m i s t r y  at  a 
symix~sium h e l d  a t  S a l f o r d  o n  21 to  22 A p r i l  1966. 
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F i g u r e  2--The  rate of change of conductivity (in arbitrary units) plotted 
against temperature of carbonization for Markham Black Shale which was: 

(a) untreated; (b) methylated; (c) dehydrogenated; and ((t) brominated 
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peaks corresponds to a definite stage in the carbonization process and the 
reasons for their occurrence are discussed below. 

If we consider a hypothetical, intrinsic, organic .semi-conductor, which 
does not decompose on heating, then the rate of increase in conductivity 
with temperature will fall progressively as the temperature is increased, 
in accordance with the equation 

o-=A exp ( - E / 2 k T )  

where o- is the electrical conductivity at absolute temperature T, k is 
Boltzmann's constant, E is the energy of activation for semi-conduction and 
A is a constant. 

The peaks observed in Figure 2 (a) would therefore be expected to be due 
to one, or more, of the following factors. 

(1) Decomposition of the solid may result in a new mechanism of con- 
duction becoming possible. 

(2) Evolution of a decomposition product having a significantly higher 
conductivity than that of the residue. 

(3) Sintering, or partial melting, bringing about an improvement in 
electrical contact between the particles of the solid. 

Factors (1) to (3) would all cause the rate of increase in conductivity to 
be greater than that expected for our hypothetical semi-conductor. In 
addition, a fourth factor needs to be considered. 

(4) Evolution of non-conducting decomposition products may (a) 
disrupt the grain structure of the solid, causing a fall in the area 
of inter-particle contacts, or (b) lead to the formation of a non- 
conducting film over the surface of the particles. 

Factor (4) would cause the rate of increase in conductivity to be less than 
expected. 

Although conductivity results are not sufficient in themselves to give a 
clear picture of the different decomposition reactions which occur during 
the carbonization of coals, it has proved possible 4, with the aid of informa- 
tion obtained by a number of other techniques, to put forward a reasonable 
interpretation of the mechanism of the carbonization process. 

It appeared that up to 150°C the loss of physically adsorbed water pre- 
dominated and little change in the coal structure occurred; then above 150°C 
and below about 350°C, a small amount of alkyl aromatic material was 
given o~  and was presumably due to the evolution of molecules trapped 
within the coal structure during the coalification process. 

Primary carbonization commenced at between 400 ° and 500°C, and 
involved the fission of the carbon--carbon bonds between aliphatic bridges 
which join together the aromatic clusters in the coal. A certain amount of 
the aromatic material is thereby liberated to form tar, while the hydrogen 
from the broken aliphatic bonds disproportionates between the residue and 
the tar, the latter being richer in hydrogen. Where a methylene group is 
activated by replacement of one or both hydrogen atoms, e.g. by an aromatic 
group, bond fission would be expected to occur at a lower temperature than 
with the unsubstituted group. The bulk of the non-aromatic material 
remaining above 500°C appears to be hydrogen and methyl groups at the 

51 



M. I. POPE 

periphery of aromatic clusters. The loss of these methyl groups would be 
expected to take place at a temperature higher than that required to split 
methylene bridges, from bond energy considerations. For example, the 
strength of the methylene bond in CtH~CHr---CH~C6H~ is quoted B as being 
47 kcal, as compared with 87 kcal for CtH~---CI-I~. Secondary carbonization 
involves the loss of this periphery material, mainly as methane and hydro- 
gen, thus leaving the aromatic groups free to grow into sheets similar to, 
but much smaller than, those in graphite. The mean layer diameter of 
these sheets appears to have reached a steady value by about 800°C, and 
little further structural change seems to take place below 1 000°C. 

In accordance with this picture, the free radical concentration in carbon- 
ized coals reaches a maximum 7,8 value between 400 ° and 600°C, due to the 
bond fission associated with primary and the beginning of secondary carbon- 
ization. When aliphatic groups adjacent, or attached, to an aromatic cluster 
:are split off, electron traps are formed; electrons from the aromatic ~" band 
can now fall into trapping o- orbitals 9 where bond fission has occurred, 
leaving conducting holes in the ,r band. The onset of primary carbonization 
(at about 400°C) is therefore accompanied by a rapid increase in electrical 
conductivity. 

The free radical concentration begins to fall off sharply 7 above 600°C, as 
a result of coalescence of the aromatic clusters to form small graphite-like 
sheets1°; however, the conductivity continues to increase steeply up to about 
800°C due to intrinsic semi-conduction in the aromatic sheets, since the 
energy of activation for semi-conduction has been shown 11 to be approxi- 
mately inversely proportional to the area of the aromatic sheet. 

It follows that any alteration in the structure of a coal brought about by 
chemical treatment, which affects the mechanism of the carbonization 
process, should lead to corresponding changes in the electrical conductivity 
during carbonization. Measurements have therefore been made 1~ on samples 
of Markham Black Shale (hereafter referred to as MBS) which were (a) 
untreated, (b) approximately 50 per cent methylated using alkaline 
dimethyl sulphate, (c) dehydrogenated by heating with sulphur at 190°C 
and (d) brominated by treating acetylated MBS with ~r-bromosuccinimide. 
This particular coal was chosen because a great deal of information concern- 
ing its structure and properties was already available through the work of 
Dicker, Gaines et al. 13,". 

The three main peaks observed with the untreated sample of MBS are 
illustrated in Figure 2(a) and occur in the ranges of temperature (t3 150 ° to 
350°C, (iz3 300 ° to 500°C and (iii) 500 ° to 800°C. Each peak, or group of 
peaks, is associated with the corresponding stage involved in the carboniza- 
tion process. Peak (0 has been ascribed TM to the disruption of the grain 
structure of the coal when trapped volatile material escapes. Peak (if) 
results from the primary carbonization process, and peak (iit3 from 
secondary carbonization. 

Methylation of the hydroxyl groups in MBS appears to leave the mech- 
anism of the carbonization process virtually unchanged [cf. Figure 2(a) and 
2(b)]. The peak (0 at 250°C is somewhat reduced in size, due probably to 
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the leaching out of some of the adsorbed organic material from the coal 
structure during methylation and the subsequent washing. 

Dehydrogenation by heating with sulphur has a marked influence on 
carbonization, as can be seen from Figure 2(c). Peak (1) at 250°C is again 
slightly reduced in size, due probably to the pre-heating of the MBS at 
1900C during dehydrogenation. The primary carbonization peak (i0 occur- 
ring in the untreated material at 4500C, is now split into two separate 
peaks at ca. 400 ° and 500°C. Evidence, discussed elsewhere 1~, suggests that 
the 400* peak is due to loss of hydroxyl groups present in the original coal 
and also to the evolution of sulphur compounds, resulting from the rupture 
of bonds formed between the added sulphur and aromatic material in the 
coal. 

The 500°C peak is in the region where it is known that the rupture of 
methylene bridges occurs and is presumably due to fission of those aliphatic 
bridges which were not converted to aromatic material during the 
dehydrogenation process. 

The secondary carbonization peak (iit) is also much changed in the 
dehydrogenated sample [Figure 2(c)], the rate of increase in conductivity 
becoming very great at about 600°C. This is not unexpected since the rate 
of coalescence of aromatic groups is likely to be governed by the rate at 
which edge groups, mainly CH3-- and hydrogen, are split off. The rapid 
onset of secondary carbonization thus suggests that dehydrogenation by 
sulphur has resulted in removal of a proportion of the hydrogen attached 
directly to the aromatic ring systems, a conclusion also reached by Dicker 
et al. 14. 

Bromination of MBS considerably alters peaks (i) and (iO but leaves the 
secondary carbonization peak (iiz~ little changed [Figure 2(d)]. 

The marked increase in the size of the 200* peak was shown by TGA to 
be associated with the splitting-off of hydrogen bromide, leaving a residue 
containing a much increased proportion of carbon-carbon double bonds. 

The primary carbonization peak appears now to have been displaced 
towards a lower temperature, relative to untreated MBS; the position now 
corresponds closely with that of the lower primary carbonization peak of 
the sulphur dehydrogenated sample. The higher (500"C) peak occurring 
during primary carbonization of the sulphur dehydrogenated sample is 
either absent or has merged with the secondary carbonization peak. Absence 
of this peak would suggest that all the aliphatic bridges in the coal had been 
converted into aromatic ring systems; such an occurrence is most improbable 
and should have led to a very large increase in electrical conductivity, which 
was not observed. It thus appears that the peak must have moved to a 
higher temperature region, resulting in the apparent broadening of [Figure 
2(d)] the secondary carbonization peak. Such a movement would be 
explained by the conversion of the single carbon-carbon bonds in the 
methylene bridges to double bonds. In polyatomic molecules, the bond 
energies of - - -C--C--  and --C-----C-- are 83 kcal and 146 kcal respectively e, 
indicating that the latter bonds are thermally more stable and would there- 
fore be expected to break at a higher temperature. 

The success achieved by using rising temperature conductivity measure- 
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ments to study the decomposition of coals (and coal models4), suggested that 
this technique might prove to be of general use in identifying and following 
the thermal degradation of polymers. 

Wartield is has already shown that resistivity measurements can be used 
to study the thermal stability of polymers, in the temperature range 25 ° to 
400°C. The procedure used by Wariield has been restricted to crosslinked 
polymers and differs markedly from the present work; blocks of polymer 
weighing about 350g were heated at a range of constant temperatures for 
16 h prior to resistivity measurements being made. Although this procedure 
was termed electrothermal analysis (ETA), it shows little similarity to such 
techniques as DTA and TGA, both in the amount of sample consumed and 
in the time required. On the other hand, the technique discussed here is 
comparable with DTA in both respects and leads to a graph of similar 
form, suggesting that it might be useful in the routine analysis of polymers. 

To illustrate the application of this technique to polymers, polyvinyl 
chloride has been chosen, because of its relatively simple chemical structure. 
Figure 3 illustrates the changes in conductivity of a compact prepared from 
PVC powder as a function of temperature, while the rate of change in con- 
ductivity is plotted against temperature in Figure 4. From Figure 3 it can 
be seen at once that the thermal decomposition involves two distinct stages : 
stage I occurs in the region of 250°C and is accompanied by the evolution 
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of hydrogen chloride while stage II occurs at 400 ° to 500°C. The curve 
shows good reproducibility up to 250°C and above 550°C, but between 
these limits a certain amount of scatter occurs, due to the disruption of the 
grain structure of the compact as large quantities of gas are evolved. 
Differential thermal analysis likewise indicates a two-stage reaction 18, in the 
same range of temperatures. Kipling and McEnaney 17 have shown by 
thcrmogravimetric analysis that stage I involves a 42 per cent loss in weight 
while the loss for stage II is 17.8 per cent. Up to 250°C, the weight loss is 
due almost entirely to evolution of hydrogen chloride, without any appre- 
ciable loss of carbon or hydrogen18; the mechanism of the reaction is 

( - ~ C H ~ C 1 - - ) ,  > (---CH=CH--), + nHC1 

The resulting straight-chain polyene at once undergoes a certain amount of 
cyclization, with the proportion of aromatic material increasing with 
temperature. 

Stage II occurring at about 400°C, is accompanied by the evolution of 
simple gaseous hydrocarbons and a rapid fall in the H/C ratiC". The 
presence of polycyclic aromatic regions in PVC chars heated above 400°C 
has been demonstrated by Winslow et al? ° and by Kipling ~°. Above 500°C, 
the predominant decomposition reaction observed by Gilbert and Kipling 
was the evolution of hydrogen. In accordance with this picture of the 
decomposition process, Wynne-Jones et aI. have shown that the specific 
surface 21 of the residue passes through a maximum in the region 500 ° to 
550°C and that the free spin concentration ~ passes through a maximum 
value at 560°C. 

The mechanism of carbonization of PVC is thus far closer to that of a 
coal than might have been expected; this is reflected in the general similarity 
between Figures 2(a) and 4. The peaks of Figure 4 can therefore be explained 
as follows. 

(1) Loss of HC1 in the region 200 ° to 250°C initially leads to a rapid 
increase in conductivity as the polyene is formed; but the sudden evolution 
of gas disrupts the grain structure of the compacted powder to such an 
extent that the conductivity shows a subsequent fall. 

(2) Primary carbonization occurs in the region 400 ° to 500°C with the 
evolution of tar and volatile decomposition products, some of which must 
be good conductors of electricity. 

(3) The double peak at 600 ° to 700°C appears to result from the evolu- 
tion of hydrogen and coalescence of the aromatic residue during secondary 
carbonization, as has been observed with medium and low rank coals. 

C O N C L U S I O N  
Measurements of electrical conductivity during carbonization have now 
been carried out on widely differing polymeric, organic compounds. The 
results indicate that this technique could prove useful in studying both the 
chemical structure and the mechanism of thermal decomposition of such 
materials. 

Since a plot of the rate of change of electrical conductivity with tempera- 
ture, against temperature, gives a curve which is characteristic of a 
particular compound, the technique provides a new method of thermal 
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analysis. The technique described shows m a n y  points of general similarity 
with such well-established methods of thermal  analysis  as D T A  and  T G A .  
It  therefore seems reasonable  to suggest that this technique be referred to 
as 'Electro Thermal  Analysis ' ,  even though Warfield has used the term in a 
rather  different sense. 

Department of Chemistry, 
College o f  Technology, 

Portsmouth, Hants 
(Received June 1966) 
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Relationships Involving the Densities 
Isothermal Compressibifities of 

Amorphous Polymers 
J. C. McGOWAN 

and 

A relationship between the isothermal compressibilities and densities of 
amorphous polymers is discussed and it is shown how, at one temperature, from 
the density at one pressure, the compressibilities and densities at other pressures 
can be estimated. A method is suggested for the estimation of the 'constants' 
of the Tait equation and this method can be used not only for amorphous 

polymers but for non-associated liquid compounds as well. 

ROE 1 has shown that the formula (1) of Sugden 2 for the parachor can be 
used to calculate the surface tension 3/of an amorphous polymer from the 
density (d~) and the ratio of the parachor (P) to the molecular weight (M) 

y =[Pd~/M]' (1) 

Moreover, Roe has developed a method for the measurement of surface 
tensions of highly viscous polymers and the experimental values are close 
to those calculated using equation (1). 

Some time ago, it was pointed out 3 that, for unassociated liquids, the 
isothermal compressibility Kr at low pressures was related to the surface 
tension y and 

Kry3/~= 1"33 x 10 -8 (c.g.s. units) (2) 

(& -- dg) Kr ~/6 = M  /21P (c.g.s. units) (3) 

Here M is again the molecular weight, P is the parachor, d~ is the density 
of the liquid and do is the density of the vapou~ in equilibrium with it. 
The molecular volume of the liquid V is M/d~. If d, can be neglected in 
comparison with dz, plots of log Kr against log V should give straight lines 
of slope six. Straight lines with slopes close to six have been found 
experimentally by Reed 4. From the expression (2) and the values of the 
surface tension at 20°C deduced by Roe I from extrapolation (rather a long 
extrapolation, in most cases!) of his experimental values, the isothermal 
compressibilities in Table 1 were obtained. These values are compared 
with experimental results of Allen et al? which are mostly for 'polymers' of 
much lower molecular weight than those used by Roe. Thus the compressi- 
bility for linear polyethylene is actually that of n-tetradecane' of density 
0.765 while Roe used Alathon 7050 of density 0-855. Since the isothermal 
compressibility is sensitive to changes in density, close agreement between 
the values in the two columns of Table 1 is hardly to be expected. In 
Table 2, some values of 1/(d~-dg) Kr~/6 for hydrocarbons are compared 
with 21P/M.  The  parachors were calculated by the method described 
previously 6. The densities were taken from Timmermanns 7 and the iso- 
thermal compressibilities for low pressures from the Handbook  of Chemistry 
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and Physics 8. It will be seert that ll(dz-dg)Kr~/8 is independent of the tem- 
perature and in reasonable agreement with the calculated values of 21P/M.  

Table 1. Isothermal eompressibilities of amorphous polymers 

Isothermal compressibility at 20°C (c.g.s. units) 
Polymer Found ~ Calculated [rom surlace 

tension and equation (2) 

Poly(ethytene oxide) 4'8 × 10 -~ 4"8 × 10 -u 
Linear polyethylene 8"6 x 10 -u 6"3 x 10 -u 
Poly(dimethyl siloxane) 11"3 × 10 -u 14"2 x 10 -u 

For polymers, d~ can be neglected and P' and M' can refer to the 
repeating unit so that formula (3) can be written 

21P' / M" = 1 / dzKr I/~ (c.g.s. units) (4) 

In Table 3, some values o.f 21P' /M'  are compared with values of 1/d~Kr ll6 
from Moraglia 9 for polypropylene and poly(butene-1), from Heydemann 
and Guicking TM for polyvinylchloride and poly(methylmethacrylate) and 
other values from Allen et alA The agreement is quite good especially in 
view of the fact that amorphous polymers are very difficult to purify. It is 
of interest that values of 21P'/M" can be calculated readily from the 
formula of the repeating unit for polymers on which no measurements have 
been made or for polymers which are unknown at present. For example, 
for the polymer of formula [--OC6H4--C(CH3)~--C6H,OC6H~SO2C6I-I~--]. 
which has recently been described u'~2, 21P'/M" comes to 43.7. 

If equation (3) is correct, values of 1/(dz-dg)t<r ~/6 for a series of com- 
pounds A(X)~Y plotted against 1 / M  should fall on a straight line which 
when produced to l / M = 0  will give 1/d, Kr ~/6 for the polymer of group X 
with molecular weight so high that the effect of the end groups is negligible. 
This type of extrapolation was suggested by Exner TM. The value of 21P'/M" 
of 59.7 c.g.s, units given in Table 3 for polyethylene is close to the intercept 
for l / M = 0  of the line obtained by a plot of 1 /M against the 1/(d~-dg) rr lie 
values for normal paraffins from Table 2. 

Since Kr=(1/V)(OV/Op)r and 1/d~=V where V is the specific volume 
and p is the pressure, equation (4) can be written 

K~= (1/V) (OV / Op)r = [M" /21P']6V 6 (5) 

and the solution of this differential equation gives 

p + L" = (1/6V 6) [21P'/M'] 6 (6) 

where L'  is a constant at a given temperature. This equation and (4) will 
apply under similar conditions, i.e. constant temperature and p small 
(compared to L'). Equation (6) can be written 

6 (p t -  p 0 / ( ~ t -  d6n) = [21P'/M'] 6 (7) 

where d ,  and dz2 are densities of a liquid at pressures pl and p~ respectively 
and the same temperature. Equation (7) like equations (2) and (3) will hold 
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Table 2. Values for normal paraffins 

Compound 

n-Hexane 

n-Heptane 

n-Octane 

n-Pentadecane 

Temp., 
°C 

0 
25 
40 
60 

0 
25 
40 
60 

0 
25 
40 
60 

60 

1 21P 
(d~- d.) Kll 6 M 

65"6 } 
64'7 65"9 
65"6 
65"7 

64"5} 
64"5 65"0 
64"5 
64"6 

64"6 } 
64"5 64'3 
64"5 
64'5 

62"5 62'9 

1000 
M 

11.60 

9.98 

8.75 

4-71 

at  low pressures.  Cutler  et a lY  have measured  the effects of pressure on the 
specific volumes of liquid hydrocarbons  of fairly high molecular  weight. 
The i r  results for  specific volumes  a t  one a tmosphere  and at  the compara -  
t ively low pressure of  344.6 bars  have been used in Table 4. I t  will be 
seen tha t  ~ - ~  is constant  with temperature .  There  is good agreement  

Table 3. Tests for equations (4) and (7) 

Polymer 

Polyethylene 

Polyethylene 

Polypropylene 
Poly(butene- 1) 
Polyisobutylene 
Polystyrene 
Poly(propylene- 

oxide) 
Poly(dimethyl- 

siloxane) 
Poly(methyl- 

methacrylate) 
Poly(ethyl- 

acrylate) 
Poly(ethylene- 

oxide) 
Poly(methyl- 

phenylsiloxane) 
?oly(vinyl 

chloride) 
?oly(trifluoro- 

chloroethylene) 

21P' 
'M t 

59'7 

59"7 

59'7 
59'7 
59'7 
50"9 

49"4 

47"1 

46'3 

46"3 

46"0 

46"0 

38"5 

26"7 

1 
dzK~ 6 

62"2 

60"0 
59"8 
59"1 
51'5 

49'8 

46"7 

44 '4 

51"2 

48"9 

46 "4 

38"9 

25"5 

6 (p]--p2)U 6 [ t°C 

d6zU.d6, ' at [ Pl dyne cm-" 

58-0(t 181-7; Pl 1.22× los; 
made low pressure) 

59"9 (t 174'5; p~ 1"62× 10a; 
made h,igh pressure) 

62"3 (t 250; v 1 6"26 × l0 s) 

50.6 (t 202.8; pl 2.03 × los 

46.0 (t 139.3; Pl 2.03 × 10g 
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between 21P/M from the densities (the average value from the previous 
column has been used) and the calculated values. No Value in the last 
column of Table 4 exceeds the corresponding value in the previous column 
and this suggests that it would be more accurate to replace 21P/M by 
21"06P/M. In Table 3, some values of 21P'/M" have been obtained from 
the data of Hellwege, Knappe and Lehmann ~ (but Foster, Waldman and 
Griskey ~s for polypropylene) and equation (7). In each case p2 was one 
atmosphere, 1.01 x 1O6c.g.s. units. It will be seen that these values of 
21P'/M" are in good agreement with the calculated values given in the 
sametable.  

In conclusion, it is of interest to compare the well known Tait equation 
which in the form used by Wohl ~6 is 

(1/Vo) (OV/OP)r=C/(p+ L) 

with equation (9) which follows from (5) and (6) 

(1 IV) (OV / oe)r = 1/6 (p + L') 

(8) 

(9) 

where V0 is the specific volume at low pressure (usually one atmosphere), 
L is a constant at a given temperature and C is a constant for all tempera- 
tures. Values of C given S for the Tait equation are for most simple com- 
pounds nearer a tenth than a sixth suggested by (9). Equation (9) probably 
only applies when p is small compared with L'. Cutler et alY, whose 
measurements were used for Table 4, fitted their results to the Tait equation 
and found the greatest deviations were at low pressures. The Tait equation 
is usually tested at pressures sufficient to produce a significant change in 
compressibility from the compressibility at atmospheric pressure, which is 
usually the standard, and C may well be lower than a sixth at these 
moderately high pressures (i.e. when p is comparable with L). The 
imegrated form (10) of the Tait equation is 

I"1- V~=CVo In {(L+ p~)/ (L + pl)} (lo) 

At a very high pressure pz, V1-V~ will tend to 1/1, while 

In {(L + p2)/(L + PO} 

will tend to infinity TM and so, as the pressure goes up, C will have to 
decrease if the equation is to hold. It is of interest that equation (9) can 
be used for the estimation of the 'constants' of the Tait equation because 
this equation is useful even if it is not accurate at pressures of several 
hundred atmospheres and fails at very high pressures. Equations (8) and 
(9) can both be used when p is atmospheric pressure 

.'. (C/L)  = (1 / Iio) (OVo/OP)r = [MVo121P] 6 (11) 

With C = 1 / 6, a value of L = L '  can be obtained and these values can be 
used if p is small compared with L. As p rises, lower values of C are 
required, with C about 1/10 when p is not too different from L. However, 
unless the pressure is high, the exact value of C is not of great importance 
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J. C. M<X3OWAN 

because  f rom (11) C / L  is cons tan t  and  changes in C are  largely  compen-  
sa ted  b y  changes in L.  The  equa t ion  (11) appl ies  to amorphous  po lymers  
and  o ther  non-vola t i l e  l iquids.  F o r  vola t i le  l iquids ,  i t  should  p r o b a b l y  be  
wri t ten 

(C/L)  =[M / 21P (dzo - doo)]" (12) 

F o r  ethyl  b romide ,  this equa t ion  gives, wi th  values f rom T i m m e r m a n n s  r, 
C/L=l.217.xlO-l°c.g.s .  units a t  20°C. If  C = I / 1 0 ,  L = 8 1 0 - 8 a t m  and  
e q u a t i o n  (10) wi th  these  values,  p ~ = l  a tm and  p ~ = l  0 0 0 a t m  gives 
V : - V ~ = 0 . 0 5 4 9 c m  ~. The  value  found  exper imenta l ly  ~g for  V~-V~ is 
0.0543 cm s a t  20°C and  the same  pressures .  

Imperial Chemical Industries Limited, 
Research Department, Bessemer Road, 

Welwyn Garden City, Herts 
(Received August 1966) 
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Irradiated Polyethylene H 
Formation** 

Free Radical 

I. AUERBACH 

Allyl free radical formation in Marlex 50 polyethylene at room temperature 
is correlated with vinyl group disappearance and vinylene group formation. 
The allyl radicals were generated with 2 MeV electrons from a Van de Graaff 
accelerator and their concentrations were measured with electron spin resonance 
techniques..4 kinetic analysis of the free radical formation and vinyl dis- 
appearance data provides a mechanism for these reactions. The mechanism 
assumes the formation of a steady state concentration of positive alkyl ions, 
which are formed initially, followed by charge transfer to vinyl and vinylene 
groups. A subsequent reaction between the vinyl ion and a neutral vinyl group 
takes place. The resultant divinyl and vinylene ions form allyl radicals following 
charge recombination. Kinetic equations derived from this mechanism 
correlate well with experimental data. The G value for alkyl ion formation 
calculated from these equations, is the same as that obtained for radical 
formation in lower molecular weight hydrocarbons and for alkyl radical 
formation in polyethylene at 77°K and at low doses. This G value also 
correlates with the G values for the polymerization of olefins. The kinetic data 
provide evidence that allyl radical formation does not take place through a 

precursor alkyl radical. 

A NUMBER of mechanisms for free radical formation in polyethylene under 
high energy radiation conditions have been suggested (see also part I of 
this work1). The literature on this subject, and other aspects concerned with 
the effects of radiation on polyethylene, are reviewed and discussed by 
Charlesby 2 and Chapiro 3. In more recent studies of related interest Crook 
and Lyons 4, Charlesby, Gould and Ledbury s, and Dole, Fal'lgatter and 
Katsuura s have considered the formation and decay of unsaturation in 
polyethylene and their relationships to crosslinking. 

The purpose of the present and following studies is to show that vinyl 
group decay, vinylene group formation, allyl free radical formation, and 
crosslinking are quantitatively related. In the present study the formation of 
the allyl free radical possessing the seven line electron spin resonance (e.s.r.) 
spectrum was investigated. It is shown that the allyl radical is formed as the 
result of radiation interacting with polyethylene to form an intermediate 
product which then reacts with existing vinyl and generated vinylene groups. 
It is assumed that the intermediate is the alkyl positive ion. In the reaction 
sequence, the positively charged alkyl ion is formed initially and the charge 
is transferred along the alkyl chain to the points of unsaturation. If a vinyl 
group traps the charge, the resultant vinyl ion reacts with a neutral vinyl 
group. Charge recombination for the divinyl and vinylene ions produces 
excited species and, subsequently, allyl radicals. 

A linear polyethylene, Marlex 50, was used in this study. It was 
irradiated with 2 MeV electrons obtained from a Van de Graaff accelerator. 
"This work was supported by the U.S. Atomic Energy Commission. Reproduction in whole  or in part  
is permitted for any  p~pose  of the U.S. G o v e r n m e n t .  

tThis  raper, in part, was presented at the  Fall Meeting o f  the  American Chemical Society, 1962, at  
Atlantic City, N.J. 
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I. A U E R B A C H  

The conclusions derived from this study are obtained from a kinetic 
analysis of radical formation, vinylene group formation, and vinyl group 
decay studies at room temperature. The results from the previous study I, 
which are concerned with e.s.r, spectral transformations involving alkyl 
and allyl free radicals at various temperatures and doses also contribute 
to these conclusions. The previous study 1 provided evidence for the con- 
clusion that an alkyl-allyl radical transformation does not take place and 
that the observed products, i.e. alkyl or allyl radicals, may be dependent 
on the amorphous phase condition in polyethylene at the time of irradiation, 
i.e. glassy or viscous-elastic. 

Data obtained in this study are used in the kinetic interpretation, section 
2 of Results and Discussion, to show how a mechanism involving an 
intermediate existing under steady state conditions accounts for allyl 
radical formation. The kinetic analysis provides equations which are in 
agreement with experimental data. Values for the constants in the kinetic 
expressions correlate with the G values obtained by others for radical 
formation in polyethylene and in lower molecular weight hydrocarbons, 
for polymerization, and for vinylene formation. 

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

Linear polyethylene in rod form (3/16 in.) was used for this study. It was 
prepared from a Marlex 50 stock which has a density of 0.96 and a melt 
index of 0-9. The rod is supplied by Allied Resinous Products, Inc., and is 
listed as Resinol Type F polyethylene. 

Electrons from a 2 MeV Van de Graaff accelerator were used for 
generating the free radicals. The 1 cm wide circular beam was expanded 
vertically with a magnet to 9 cm. The polyethylene rod and a blue 
cellophane dosimeter were attached to a mechanical horizontal oscillating 
device. The rod and dosimeter passed through the beam every two seconds 
providing a uniform incident dose to the sample and dosimeter. The samples 
were irradiated in air and cooled with an air stream to 20 ° to 25°C. 

DuPont No. 300 MSC blue cellophane was used as a dosimeter. It was 
calibrated by plotting the calculated delivered dose versus the optical 
density change. The plot was verified with a calibrated ionization chamber. 
The dose absorbed by the rods was 67 per cent of the incident dose. 
This value was determined by integrating over the cylindrical shape using 
absorbed dose versus thickness data for polyethylene. 

Free radical concentrations were measured with a Varian Model 4500 
X-band EPR spectrometer. Absolute radical concentrations were not 
determined. Instead, it was assumed that the concentrations were propor- 
tional to the peak-to-peak amplitude of the largest line in the differential 
form of the spectrum. A coal sample was used as a relative standard. The 
microwave power supplied to the cavity was 10 mW. 

trans-Vinylene formation was measured with a Beckman IR-4 spectro- 
photometer. Optical densities of samples 0.7 to 1.0 mm thick were deter- 
mined at 10.35/z before and after irradiation. These were converted to 
concentrations with the extinction coetticient value 7 of 169. All infra-red 
(i.r.) measurements were performed in air. 
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IRRADIATED POLYETHYLENE II--FREE RADICAL FORMATION 

R E S U L T S  AND D I S C U S S I O N  
(1) Radical formation 

A study of the kinetics for allyl radical formation in polyethylene at 
room temperature provides constants for calculating yields which correlate 
with vinyl group decay and vinylene group formation data. Radicals were 
generated by irradiating polyethylene rods with 2 MeV electrons for various 
time periods at room temperature. The dose rate range was 0'63 to 
17.9 x 102°eV/gmin. Figure 1 shows some representative data. 
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Figure 1--Allyl free radical formation as a function of dose, 
e; apparent first order relationship for the radical precursor 

disappearance, ©. Incident dose rate 17-9 eV/g min 

The results can be interpreted by assuming that radical formation stems 
from two processes. The initial yield for the process with the higher yields 
is initially high, but decreases with dose and levels off after approximately 
2x  1021eV/g have been absorbed. The yield for the second process is 
constant with dose. The radicals formed in the second process were found 
to be linear with dose in all experiments covering a series of dose rate~. 
The total absorbed doses extended beyond 6 × 1@ 1 e V / g  in a number of 
experiments. 

The data also suggest that the following corollaries can be added to the 
assumption that two radical formation processes are involved. (1) The 
radical precursor for the non-linear process is limited and becomes depleted 
with increasing dose. (2) The radical precursor for the linear process 
exists in concentrations greatly in excess to the radicals formed in this 
process in the dose range studied. (3) Both radical formation processes 
take place simultaneously. 

A value for a reaction constant in the non-linear process can be obtained 
by extrapolating the straight line in Figure 1 to the vertical axis (dashed 
line). The intercept provides the initial concentration of the precursor for 
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I. AUERBACH 

the radicals. The differences between the extrapolated and experimental 
values are the concentrations of the precursor that are available for the 
non-linear process as a function of dose. The log values of these differences 
are also plotted against dose in Figure 1. The linear plot and others 
obtained from similar experiments suggest that the non-linear process is 
a first order reaction. The first order kinetics are only approximate, 
however. A consideration of the mechanism in the following section will 
show that the kinetics are more complex. The first order interpretation is 
presented at this point only to obtain constants for comparison with the 
data of others. 

Most of the irradiations were performed under intermittent, swept-type 
exposures to provide uniform doses to the samples and dosimeters. Inter- 
mittent exposures of this type could provide different data from those 
obtained under continuous exposure i f  the decay rates of the generated 
radicals were comparable in magnitude to the formation rates. Experiments 
were therefore performed in which the samples were continuously irradi- 
ated. Dosimeters and pol~,ethylene rods were irradiated separately for 
equivalent time periods. 

The effect of dose rate on these constants was also examined. This effect 
was studied by-varying the Van de Graaff beam current. The zero order 
constants, k0 (equivalent to the yields for the linear process) and the first 
order constants, k~, are presented in Table 1. T h e  values show the absence 
of a dose rate and an intermittent irradiation effect indicating that the 
radicals are relatively stable at room temperature. 

Table 1. Reaction constants for radical formation 

k° k' 
Incident dose rate Radiation delivery Radicals 1 

(eV / g min) method (arb. units) / eV (g / eV) 

0'630 × 1020  Intermittent 404 1"50 × 10-zl 
0"72 Intermittent 494 1"73 
1"09 Intermittent 706 1-70 
1"19 Intermittent 591 1"73 
1"57 Intermittent 526 2" 16 
2' 52 Intermittent 591 1' 73 
3"64 Intermittent 537 1 '95 
2'49 Continuous 409 1"76 

17"9 Continuous 503 1"74 

Mean 529 1"77 

Of particular interest to this study is a comparison of the values for 
the constants realized in this study with those obtained for vinyl decay. 
Dole, Milner and Williams 8 and Charlesby et aL ~ measured the decay of 
vinyl groups in Marlex 50 with i.r. techniques. They reported first order 
reactions with decay constant values of 1.61 x 10 -21 and 1.5 x 10 -"g /eV,  
respectively. These values are sufficiently close to the average value of 
1.77x 10-~tg/eV obtained in this study to suggest that the free radical 
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IRRADIATED POLYETHYLENE II--FREE RADICAL FORMATION 

formation reaction is related to the decay of vinyl unsaturation. This 
relationship will be discussed in the following section. 

(2) Kinetics 
Consideration of the kinetics for the reactions taking place in irradiated 

polyethylene provides relationships which are confirmed by the experi- 
mental data for radical formation, vinyl decay and vinylene formation. 
The relationships also provide G values for intermediate radiation products 
which compare well with the data of others, thereby linking together the 
radiation induced reactions in this study with those taking place in similar 
compounds. The kinetic expressions also account for the deviation from 
first order kinetics for vinyl decay which were noted by Dole et al?, Crook 
and Lyons 4, and Sears s. In the present study, a first order deviation in the 
radical formation data was apparent in the calculated reaction constant 
values. These decreased with increasing dose. 

A mechanism which accounts for this deviation and for other obser- 
vations is based on the reactions given below. In these reactions, the 
constants ~p, kl, k2, etc., which provide the yields for specific reactions will 
be used in a subsequent mathematical treatment. (CH2), represents the n 
methylene units in the polyethylene molecular chain, Vi represents the 
vinyl group in a polyethylene molecule, Vi + is the ionized form of this 
group, V1 represents a vinylene group in a polyethylene molecule, and R 
represents the alkyl radical CH3(CH2)-.. 

kl + 

CHs(CHs).CH=-CHs--"~, > CH3(CH~)+CH=CH2--->CHa(CH~). CH=CH2 
(RVi) (R+Vi) (RVi +) (1) 

k S 

RVi + + RVi-- ->R(CH)+--CH2--CHs--CHR 

RCH=CH---CH--CH2R + + H" (2) 
k 3 

RVi--~v~->CH3(CH~)mCH2---CH=CH(CHz)pCH--CH2 + H~ 
(R'V1R"Vi) 

R'  = CH3(CH2),.--, R" =--(CH2)p--, n = m + p + 3 (3) 

~o k s  

R ' C H 2 - - C H = C H R " V i ~ ' ~  ~ R'+CHz--CH=CI-IR"Vi > 

-4- 

R'CH~--CH=CHR"Vi  > R ' C H - - C H : C H R " + V i  + H. (4) 
*s 

RVi + + R'CH2--CH---CHR"Vi--+R'CH2--CH--(CH)+R"Vi 
I 

RCH--CH2 

> R'CHs--C--t~HR'+Vi 
II 

RCH2--CH + H" (5) 

The above mechanism is based on the initial formation of a positive 
alkyl ion in the polyethylene molecule. Charge transfer occurs along the 
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chain of - -CH2--  groups with eventual capture of the charge by a vinyl 
or a vinylene group, reaction (1). The resultant vinyl ion subsequently 
reacts with a neutral vinyl group to form an ion-radical. Following charge 
neutralization of the ion-radical, an allyl radical is formed, reaction (2). 
Reaction (3) represents vinylene formation. Vinylene ions, which are formed 
when vinylene groups capture positive charges, also form allyl radicals 
following charge neutralization, reaction (4). Reaction (5) represents the 
possible reaction of Vi + with VI to give a branched allyl radical. The 
charges which are part of  the resultant ion-allyl radicals in reaction 
sequences (2), (4) and (5) can lead to additional radical formation. 

(2.1) Kinetic equations 
The relationships involved in the above mechanism are presented below. 

They assume that the alkyl ion exists under steady conditions. An 
expression for the steady state concentration can be given in the following 
form 

d [R +] / dO = ~ - kl{R +] [Vi] - k~ [R +] [V1] = 0 (6) 

where [R+], [Vii and [V1] represent the alkyl ion, vinyl and vinylene group 
concentrations, and D represents the dose. (p, kl and k~ are reaction 
constants associated with reactions in the reaction sequences (1) and (4). 

Under the assumed steady state conditions, equation (6) can be 
expressed as 

[R +] = ~o/{kl [Vi] + ks [V1]} (7) 

and the yield relationship involving allyl radical formation and vinyl group 
decay can be expressed as 

~kl [Vi] 
d [A] d [Vi] -_ kl [R ÷] [Vii = kl [Vi] + ks [Vl] dO = d D  (8) 

where [A] is the allyl radical concentration. Integration of equation (8) is 
possible if it is assumed that vinylene group formation is linearly dependent 
on dose. Justification for this assumption will be provided in section 5. 
Thus, [VI] = k3D (ks is the yield) and 

d [A]/dD = - d [Vi] / dD = ~kl [Vi] / {kl [Vi] + k2k3D} (9) 

Integration of equation (9) for the case of vinyl decay gives 

- In  D ~ In ~[Vi]_ + ,m  (\ ~ll" y[Vi] + qkl + k2k3 ) - In  (kl [Vi]o=a + ~Okl + k2kO 

(10) 
Evidence that equation (10) applies to the reactions under consideration, 

i.e. radical formation and vinyl disappearance, is provided in Figures 2 
and 3. The data from the present study and those from Dole et al. 8 are 
plotted in these figures. When [Vi]/D is sufficiently small, during the latter 
stages of the reaction, a plot of In D versus In [Vi]/[Vi]D=I, Figure 2, is 
linear with a slope equal to ksk3/~ok~ and an intercept (IR or Ivi) of the 
constant terms in equation (10). The subscripts R and Vi relate the intercepts 
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to the radical formation and vinyl group decay data, respectively. The 
substitution of the radical precursor concentration for ~[Vi] in these equations 
implies that a radical is formed for each vinyl group which disappears. 

The form of equation (9) allows only for the determination of the ratios 
of the reaction constants associated with [Vii and D. However, if it is 

- 5  i 
0 

k - - a  

c 

-4 

\ o 

KIN 

1.0 2.0 3.0 40 

to ~o~e, [ev/g x 10 -2°] 

Figure 2--Evaluation of k~k3/~k 1 from equation (10). 
o, radicals, data from the present study; ©, vinyl groups, 

data from Dole et al. 8 

assumed that In (kl [Vi],=l + ~kx + k2k3) >~ In (~pkl+ k2k3) (these terms 
represent the intercept 1 in Figure 2), or more concisely, that 
k~ [Vi]D=I >~ ~pkl+ k2k3, then equation (10) can be rearranged to give 

k2k3 [Vi] ~ [Vii 
exp l - l n D -  ~-~-ln ~ )  =kl--ff-+~kl+k2k~ (11) 

A plot of the left hand member of equation (11) versus [Vi]/D should 
provide a straight line of slope kl and an intercept of the constant terms. 
The linear plot was realized from the radical formation data o f  this study 
and the data of Dole et al?, Figure 3. From the slopes in Figures 2 and 3 
and the intercepts in Figure 3, values for ~o, k~ and k2k3 were determined. 

Charlesby et al? have also measured the decay of vinyl groups in Marlex 
polyethylene. The lack of low exposure values in their data and the 
precision of their data did not permit an evaluation of the same constants 
by the above method. Vinyl group concentrations were calculated as a 
function of dose however, and these values were used to obtain values for 
~o, kl and k2k3. 

To obtain a reaction constant for calculating the vinyl concentrations, a 
second order decay process was assumed. The validity for this assumption 
will be discussed in section 2.3. Recently, Dole et aL e published additional 
vinyl decay data. A set of constants was not determined from these data, 
however. 
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Figure 3--Evaluation of k 1 and tPkl+ k2k ~ from equation (11). 
e ,  radicals, abscissaXl0 -3, data from the present study; 

(3, vinyl groups, abscissa x 10 ~, data from Dole et al. s 

Table 2 provides comparative data from the radical formation and the 
vinyl decay studies. In  order to convert the radical concentrations from 
arbitrary units to moles, it was assumed that the radical concentration at 
the intercept, Figure 1, obtained in arbitrary units, corresponds to the 
initial vinyl concentration in Marlex 50, 1.08 x 10-'  m o l e / #  ,8,~°,u. Evidence 

Table 2. Values for constants in equation (9) 

From radical 
Constant formation data From vinyl decay data 

(mean values) 

Dole et al. s Chadesby et al. s 
tpk I (eV) -2 0"35 0'37 0"40 
k~ (mole eV) -~ 3"01 X I0 ~ l'70X 10 ~ 1"47X 10 ~ 

(mole/eV) 1.15x 10 -~ 2"18x 10 -~ 2.72x 10 -~ 
G (~) (molecule/100 eV) 6"9+0"6 13"1 16"4 
k2k ~ (eV) -2 0"22 0"51 O" 54 
k 2 (mole eV) -z 7"9 × 10 a~ 12"8 X 10 u 13"6 X 102t 

for this assumption is provided by the observation that the vinyl group 
decay and free radical formation reaction constants are sufficiently similar 
to assume a 1 : 1 correspondence. I t  was also assumed that the linear radical 
formation constant, k0, Table 1, is proportional to G (V1) (vinylene). A 
G (Vl) value of 1.73 was obtained in the present study. This was used to 
determine ka and then k2 for the radical formation data. A corresponding 
G (V1) value 8 of 2.4 was used to obtain k3 and k2 for the vinyl group 
decay data. 

The above values from the two types of experiments differ markedly 
except for the values of ~okl. General agreement in the values for tckl is 
not surprising since they are related to the first order reaction constants 
for radical formation and vinyl group decay. However, the individual values 
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for ~o and kl differ approximately by a factor of tWO. Since ~o was determined 
from kl, validity for one or the other set of these values was sought 
elsewhere. 

(2.2) Significance o[ G (cp) 
It is significant that the value for the ion yield from the allyl radical 

formation data, G (~p~)=6.9+0-6, in polyethylene is the same as the G 
values for alkyl radical yields, G (R), of the lower molecular weight 
saturated hydrocarbons. Free radical yields from a variety of hydrocarbons 
have been determined with the aid of iodine and the diphenylpicrylhydrazyl 
radical (DPPH). The mean G (R) values for all data collected by Chapiro TM 

are G (I) = 6.9 + 1-0 and G (DPPH) = 6.5 + 0-6. Branching apparently does 
not affect the radical formation yield. 

Of particular interest is the G (R) value for alkyl radical formation in 
polyethylene, 6.4, obtained by Ohnishi TM. This value is in agreement with 
that for G (qgA), Table 2. The  agreement in values shows that most or all 
of the ions formed initially produce alkyl or allyl radicals. It should be 
added, however, that the G (R) value for polyethylene was found not to 
be constant, but decreased with increasing dose. The value of 6.4 represents 
an initial value obtained from the tangential slope of the non-linear 
relationship, radicals versus dose. The several values for G (~) ,  G (I), 
G (DPPH) and G (R) make it possible to assign a proper value of 6.9 to 
G (~). 

(2.3) Second order character of  the vinyl  group decay reaction 
The agreement between G (~px), G (I), G (DPPH) and G (R) indicates 

that G (~vi) is greater than should be expected from the suggested mech- 
anism. This is also true for k2 which is the constant for the ion-vinylene 
group interaction. 

The factor of two between G (~oA) and G (~vi) can be explained by 
assuming that the vinyl groups disappear in pairs. This assumption is 
proven, in part, from evidence that vinyl decay approximates bimolecular 
kinetics very closely. One set of second order reaction constants was 
obtained from the data of Dole et al. 8, using equation 12, 

1 / [Vi] - 1 / [Vi01 = k ,D (12) 

where k4 is the reaction constant. A mean value of 2.67+0.25 x 10 -lr 
(mole eV) -I was obtained when an initial mean vinyl concentration value 
of 1-08 x 10 -~ mole/g ~,8,1°.al was used. This latter value is in agreement with 
the value of 1.05 x 10 -4 mole/g obtained from the data of Dole et al. 8 when 
a straight line plot of 1/[Vil versus dose is extrapolated to zero dose. The 
linear requirement for this plot follows from equation (12). Although the 
mean deviation for the rate constants from their mean value is +9.4 per 
cent, the individual reaction constants show no deviating pattern toward 
higher or lower values. This observation supports the second order character 
for this reaction. 

In addition to the above vinyl decay data, the data of Lawton, Balwit 
and Powell ~4, Charlesby et aL 5 (T-irradiations), and Dole et al. 6 also provide 
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linear second order plots and calculated reaction constants which are 
constant within experimental error. Reaction constant values of 2"40 × 10 -t~, 
2.21 +0.35 × 10 -17, and 2.63 +0.14 x 10 -17 (mole eV) -1, respectively, were 
obtained from the data in the above publications. In none of the above 
studies did the first order constants approach the degree of correlation 
realized with the second order constants. 

Additional evidence that the factor of two is associated with the decay 
of vinyl groups in pairs can be obtained directly from equation (8). The 
evidence assumes that the vinyl group captures the transferred charge 
associated initially with the alkyl ion to give another ion, Vi +. This ion 
then reacts with an additional vinyl group or may possibly interact with a 
vinylene group. Equation (13) represents the kinetic equation for the 
formation and decay of the vinyl ion. It is assumed that it exists in a 
steady state condition. 

d [Vi+]/dD=kl[R +] l[Vi] -ks[Vi +] ~[Vi] - ks [Vi+~ IV1] = 0 (13) 

[Vi +] =kl [R +] [Vi]/{ks [Vii + ks IV1]} (14) 

Substituting an expression for [R +] from equation (7) and once again 
assuming that IV1] = k~D, equation (14) becomes 

[Vi +] = ~okl [Vii/(kl [Vii + k~k~D) (ks [Vi] + k3k,O) (15) 

Equation (9) can now be modified to include the secondary reaction of the 
vinyl ion. 

- d [Vi]/dD = ~ki[Vi] / (kl [Vii + k2k~D} + k~ [Vi +] [Vii + k~ks [Vi +] [Vl] 
(16) 

Substituting for [Vi +] from equation (15), and simplifying gives 

- d [Vii/dO = 2~kl [Vi] / {kl [Vi]+ k2k3O) (17) 

The factor 2 in equation (17) shows that the yield for the decay of vinyl 
groups in the secondary reaction is equal to that for the primary reaction 
in which vinyl ions are formed. The existence of this factor 2 is verified 
experimentally in the data of Table 2 where, Within experimental error, 
G (~pv~)=2G (~p~). Equation (17) also shows that the yield is independent 
of the values for ks and ks. This result follows from the imposed steady 
state condition on equation (13) in which vinyl ion formation is the rate 
controlling step. 

Equation (13) includes a term for the reaction of vinyl ions with vinylene 
groups. The general form of this equation is such that deletion of this 
term or addition of other possible vinyl ion reactants would not change 
the character of equation (17). This follows from the condition that the 
rate determining step is the formation of vinyl ions, rather than the inter- 
action of these ions with other reactive groups. The inclusion of a vinylene 
term in equations (13) to (16) is motivated by the generalization that most 
forms of unsaturation act as traps for  charges on ions. 

The assumption that vinyl groups in polyethylene dimerize by an ionic 
mechanism is consistent with the behaviour of vinyl groups in lower 
molecular weight olefins under irradiation conditions. This is seen in the 
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results of Chang, Yang and Wagner 15, who studied hexene-1 and octene-1, 
and in the results of Collinson, Dainton and Walker TM who studied 
n-hexadecene-1. The correlations in these several studies will be discussed 
in another publication. 

(2.4) Comparison of calculated and experimental data 
The adequacy of equation (9) to describe the formation of allyl radicals 

and the decay of vinyl groups is seen in comparative plots of calculated 
and experimental values. The' calculated values were obta ined  from 
equation (9) by the use of the Runge-Kutta numerical method for solving 
differential equations. Figure 4 shows the correlation between calculated 
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Dose, eV x 10 -20 

o . I 

20 30 

Figure 4--Comparative calculated and experimental 
radical formation data. (An--A), radical precursor 
concentration. Calculated values (line) are from equation 
(9). Values for constants are from Table 2. Points are 
experimental data from the following dose rate experi- 
ments, (eV/gmin×10-~): O, 0"72; ×, 1"09; [], 1"19; 

,5, 3-64 

(line) and experimental (points) values for radical formation in terms of 
( A o -  A)  which is the allyl radical precursor concehtration. The experimental 
points were obtained from four experiments involving different dose rates. 
The values for ~, kx and k~ka, listed in Table 2 under Radical Formation 
Constants, were used to obtain the calculated values. Similar calculated 
plots, Figure 5, were prepared for vinyl group decay from constants in 
Table 2 for the data of Charlesby et al? (dashed line) and Dole et al. 8 
(solid line). The superimposed experimental points follow the calculated 
values well at low radiation exposures in both figures. At high exposures, 
however, it appears that the calculated values for vinyl decay for the data 
of Dole et al. 8 and for radical formation are higher than the observed 
values, although they are not very far removed from the range enclosing the 
experimental error. 

An alternative equation for obtaining calculated values for radical 
formation and vinyl decay, and one which adds support to the hypothesis 
for a second order vinyl decay reaction, is obtained from the following. 
When equation (12) is rearranged to the following form 

[Vi] = [Vi0] / {k, [Vi0] D + 1 } (18) 
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Figure 5-----Comparative calculated and experimental vinyl 
group decay datn. Calculated values are from equation (9) 
and Table 2. Data from Dole et al.8: solid line, calculated 
values; (3, experimental points. Data from Charlesby et 
al?: dashed line, calculated values; e ,  experimental values 

and when the above expression for [Vi] is substituted into equation (9), 
the resultant equation obtained is 

d [A] d [Vi] ~>k, [Vi0] 
dD = dD - kl [Vi0] + k2k3D + k2k3k, [Vio] D ~ (19) 

The substitution has separated the variables and provided an equation 
which is readily integrated. The integrated form is given below. 

[ A ]  = [Vi0 - V i ]  = (c/q 11~) tan -1 {(2cD + b)lq 11~ } (20 )  

where c = k~ksk, [Vi0], b = k2k~, and q = 4klk2k3k, [Vi0] 2 - (k~k3) ~. 

Figures 6 and 7 provide comparative data between calculated values 
for [A] and i[Vi0-Vi] (lines) and observed values (points), respectively. 
The correlation between calculated and observed values for vinyl group 
decay is good; however, some deviation exists in the higher dose range for 
radical formation. 
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Figure 6---Comparative calculated 
and experimental radical formation 
data. Calculated values (line) are from 
equation (20). Average values for the 
constants which were used : 

k4=2"43 × 10 -1~ (mole eV) -1, 
[Vi0]=l-08× 10 -I mole/g.  'The values 
for the other constants are from 
Table 2. Dose rates for the experi- 
mental points, (eV/g m i n x  10 -st : 
©, 0"63; × ,  1"09; + ,  2-52; D, 3-38; 

A, 3"64 
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(3) Correlation between G (~o) and crosslinking 
The G values for crosslinking or polymerization, G (X), obtained for a 

series of saturated and unsaturated hydrocarbons provides additional 
evidence that underscores the conclusions in this study (especially the 
bimolecular character of the vinyl decay reaction) and relates them to 
crosslinking. For vinyl olefins, G (X)v~ attains a maximum value 17 of 6.0; 
thus, G ( ~ / 0 ~  G(X)vi. Centrally located vinylene group olefins and 
acetylenes, however, provide an average G(X)vl value of 3.6, thus 
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Figure 7---Comparative calculated and 
experimental data for reacted vinyl 
groups. Calculated values are from 
equation (20). Values for ~0k 1 and 
k~k 3 are from Table 2. Values for 
[Vi0] and k~ were obtained from the 
data of the following authors. Dole 
et al.8: solid line, calculated values; 
e, experimental data. Charlesby et 
al.S: dashed line, calculated values; 

©, experimental data 

G (ql0 ~ 2G (X)va. These results show that one alkyl ion causes vinyl 
group dimerization to take place as with polyethylene. However, two ions 
are needed for vinylene group hydrocarbon crosslinking or dimerization, 
i.e. each vinylene group requires activation by an ion prior to crosslinking. 
These results and other aspects of crosslinking related to this study will 
be discussed in greater detail in another publication. 

(4) G value for allyl radical [ormation 
The mechanism for radical formation which has been presented provides 

a basis for calculating G values for allyl radical formation, G (A), from 
vinyl group decay and vinylene group formation data. G (A) will not be 
constant since its value depends on both the vinyl and vinylene group 
concentrations and these will vary with dose. A maximum value for G (A) 
will be realized initially When the vinyl group concentration is a maximum. 
Since a 1:1 correspondence exists between allyl radical formation and 
vinyl group decay, G (A) can be obtained from the reaction constant 
for vinyl group decay and the initial vinyl group concentration. These 
values provide a mean G (A) value of 16. At higher doses after the vinyl 
groups have reacted, radical formation will be equivalent to vinylene 
group formation. Since G (V1) was found to have a value of 1"78 in the 
present study, this value would represent a limiting value for G (A). 

The above range of G values, 16 to 1-73 obtained at room temperature 
irradiations, is of interest since it can be compared with a G value based 
on a possible alkyl-allyl radical transformation at lower temperatures. 
Results from the present study and those from Ohnishi TM show that G (M) 
(alkyl radicals) can have values of 6.9 and 6.4, respectively. The previous 
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publication, Part I, shows that at very low doses a maximum value of 
0"039 is obtained for the ratio [A]/[M] where ~[A] is the  allyl radical 
concentration at room temperature following alkyl radical decay, and [M] 
is the initial alkyl radical concentration obtained at -185°C for liquid 
nitrogen irradiations. An alkyl-allyl radical transformation would provide 
a maximum G(A)  value of 0.27 (calculated from the above value of 
0.039). This value correlates well with the G (A) value of 0.31 obtained by 
Ohnishi TM under similar conditions. Since the calculated G (A) values of 
(16 to 1.73) from the present study are so much higher than the value of 
0.3 realized when alkyl radicals are formed initially, they provide additional 
evidence that allyl radical formation at room temperature does not involve 
an alkyl-allyl radical transformation in any large proportions, if at all. 

(5) trans-Vinylene formation 
It is assumed in the present study that the trans-vinylene group formation 

yield is constant with respect to dose and that these groups contribute to 
radical formation [equation (8)]. Support for these assumptions has been 
provided in terms of the "correlation between calculated and experimental 
data for several derived equations. Additional support is provided by 
showing that the radical yield obtained in this study for the linear radical 
formation process (Table 1) corresponds to the trans-vinylene yield. 

The trans-vinylene formation yield was found to be constant with dose 
for Marlex 50 polyethylene over a 3"3 x 1@ 1 eV/g range covered in the 
study. However, not all investigators have found the yield to be constant. 
Charlesby et al. 5 have collected the trans-vinylene formation data from 
a number of publications and discussed the  effect of dose on this process 
in the light of their own observations. The extent of the deviation from 
initial linearity varies with the polyethylene type and with the particular 
study. Reasons for these differences are also discussed by Sears 9. It is of 
particular interest to this study, however, that all investigators consider 
vinylene formation to be linear with dose and that deviations from linearity 
are due to secondary reactions. 

Infra-red techniques provided a G (VI) value of 1-75 in the present study. 
In addition to the i,r. techniques, i t  was also possible to determine G (VI) 
from the reaction constant for radical formation, Table 1, which is given 
in arbitrary units. The determination was made by converting the radical 
concentration in arbitrary units to conventional units, as before, from a 
conversion factor relating the maximum radical concentration in the high 
yield reaction to the vinyl concentration. The conversion factor, therefore, 
was obtained from a source independent of vinylene formation. 

A G (V1) value of 1"68 which was obtained by this method is in good 
agreement with the value of 1.75 realized by i.r. techniques. The agreement 
confirms the relationship between the linear radical formation and trans- 
vinylene formation reactions. The agreement also implies that all trans- 
vinylene groups form allyl radicals. 

S U M M A R Y  

A kinetic study of allyl-free radical formation in polyethylene by 2 MeV 
electrons shows that radical formation can be quantitatively related to vinyl 
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group disappearance and vinylene group formation. A mechanism is 
formulated and kinetic equations are derived which are based on a positive 
alkyl ion being formed initially, when radiation interacts with polyethylene, 
which exist under steady-state conditions. The charge associated with this 
ion is transferred and trapped by vinyl and vinylene groups. When vinyl 
groups trap the charge, the resultant vinyl ion reacts with a second vinyl 
group. The resultant divinyl or vinylene ion forms an allyl radical following 
charge neutralization. The derived kinetic equations are verified with 
experimental data from radical formation, vinyl decay and vinylene 
formation studies. G values obtained from this study correlate well with 
those obtained for lower molecular weight saturated and unsaturated 
hydrocarbons in radical formation and polymerization studies. 

The author is grateful to Louis H. Sanders for his technical assistance 
and to Frank W. Bolek for the preparation of a computer programme. 
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Effect of Uranyl Perchlorate on the 
Kinetics of Polymerization of Acrylamide 

E. A. S. CAVELL and A. C. MEEKS 

The effect of uranyl perchlorate on the mechanism and kinetics of the radical 
polymerization of acrylamide has been investigated in aqueous solution over a 
range of temperatures, employing 4,4"-dicyano-4,4t-azopentanoic acid as 
initiator. All measurements were made in the complete absence of light. 

With no azo-initiator present, uranyl perchlorate has been found to initiate 
polymerization of acrylamide, the rate of polymerization (R °) observed being 
approximately proportional to the concentration of the uranyl salt. The overall 
rate of polymerization (Rp) with the azo-initiator present is directly propor- 
tional both to the concentration of monomer and to the concentration of the 
azo-initiator. Linear termination of polymerization is indicated by the fact 
that (Rp--R°o) is approximately inversely proportional to the concentration of 
uranyl perchlorate. 

An electron transfer mechanism has been proposed for the termination 
reaction and a dimeric ion, produced by the partial hydrolysis of the uranyl 

salt has been suggested as the entity responsible for initiation. 

PHOTOCHEMICAL initiation of radical polymerization by uranyl ions (UO 2+) 
has been investigated by several authors 1"~, and has been shown to involve 
reduction of the uranyl salt to the 4-valent uranous state (UO2H+). The 
present investigation was undertaken in order to determine whether or not 
in favourable circumstances uranyl ions could also terminate polymerization 
in an analogous manner. Because of the instability of the 5-valent uranium 
ions with respect to their disproportion products, the significant oxidation- 
reduction equilibrium in aqueous acidic solutions is : - -  

UO~H + + H20 ~ UO~ + H30 + + 2e- 

for which the standard oxidation potential 3 (E °) is -0.334V at 25°C. Now 
in aqueous acidic solutions, both vanadyl ions 4 (E°=-0.361V) and cupric 
ions ~ (E°= -0-153V) have been found to terminate the radical polymeriza- 
tion of acrylamide, the termination reaction being first-order with respect to 
the metal salt. 

Thermodynamic considerations are not in themselves sufficient to estab- 
lish the actual occurrence of a reaction since the availability of a suitable 
mechanism is also an essential requirement. Nevertheless acrylamide was 
the obvious choice as monomer for the present study. As in previous in- 
vestigations, the water-soluble azo-compound, 4,4"-dicyano-4,4"-azopen- 
tanoic acid (ACV) was used to initiate polymerization. All measurements 
were necessarily made in the complete absence of light, in order to avoid 
complications from photochemical initiation by the uranyl salt. 

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

Commercial acrylamide was purified by successive crystallizations from 
benzene, followed by vacuum drying; m.pt 84-5°C. 4,4"-Dicyano-4,4"- 
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azopentanoic acid was prepared and purified as described previously s and 
water used as solvent was deionized by allowing it to percolate through 
Amberlite monobed resin MB-1. Ninety per cent perchloric acid (reagent 
grade) was twice distilled in vavuo before use. Uranyl perchlorate was pre- 
pared by repeatedly fuming uranyl acetate with perchloric acid until the 
odour of acetic acid was imperceptible. Stock solutions of uranyl per- 
chlorate were prepared and analysed gravimetrically by precipitating and 
weighing the tlranyl complex formed with 8-hydroxyquinolinC. 

Rates of polymerization were measured by the dilatometric procedure 
described in an earlier paper'. In order to exclude light as far as possible, 
all measurements were performed in a photographic darkroom. The bulb 
of the dilatometer was itself housed in an aluminium can, the inner surface 
of which had been suitably blackened. The can wag immersed in a thermo- 
stat and allowed to fill with water. The capillary of the dilatometer pro- 
truded through a small hole in the top of the can, which was sealed to 
prevent the ingress of any light. A low powered lamp was used when read- 
ings of the meniscus level, were actually being taken but this was switched 
off immediately the reading had been recorded. Satisfactory linear plots of 
contraction against time were obtained, indicating that the effect of any 
photo-initiation was negligible. A shrinkage factor of 0"050 millimole of 
acrylamide polymerized for a contraction of 1 mm in a capillary of 1 mm 
diameter was used to calculate rates of polymerization. 

R E S U L T S  
In spite of the complete exclusion of light, uranyl perchlorate in decimolar 
perchloric acid solutions is still able to initiate the polymerization of 
acrylamide under our experimental conditions. Rates of polymerization 
(R°p) obtained with no initiator other than uranyl perchlorate present are 
summarized in Figure 1, in which R° has been plotted against the concen- 
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merization (R °) with concentration of 
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tration of the uranyl salt f[UVi]). The slope of the linear plot shown is 
8.7 x 10 -3 sec -1. R°p also showed a noticeable tendency to increase when the 
concentration of perchloric acid was decreased, although the values obtained 
were not sufficiently reproducible to warrant the formulation of a precise 
functional relation between rate and hydrogen ion concentration. 
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EFFECT ON THE KINETICS OF POLYMERIZATION OF ACRYLAMIDE 

The approximate linear dependence of R° on the concentration of uranyl 

perchlorate does not in itself provide evidence that the uranyl salt is involved 
in the termination step of the polymerization reaction. However, when the 
azo-initiator ACV is also present, the retarding effect of the uranyl salt on 
the polymerization of acrylamide is immediately apparent, since the total 
rate of polymerization (Rp) observed is now only between a third and a 
quarter of the value, which would have been obtained under identical con- 
ditions had there been no metal salt present s. In the presence of a fixed 
concentration of uranyl perchlorate, R~ is directly proportional to the con- 
centration of ACV. This is illustrated in Figure 2, in which the best 
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Figure 2--Variation of rate of poly- 
merization (Rp) with concentration of 
azo-initiator ([ACV]). Temperature 
25°C; monomer concentration= 1 '00M; 

[HC104]=0'] 1M; 
[UO2(C104)~] = 1 '85 × 10-4M 

straight line through the experimental points has a slope of 1"57 x 10 -2 sec -1 
and gives a positive intercept on the ordinate axis corresponding to a rate 
of polymerization of 2.17 x 10 -6 mole/1, sec. This value is in fair agreement 
with the average value of 1'58 x 10 -6 mole/l,  sec obtained for R ° with the p 

same concentration of uranyl perchlorate present: These observations indi- 
cate that termination of polymerization by uranyl perchlorate does occur 
under our experimental conditions. This conclusion is confirmed by the 
fact that for a fixed concentration of ACV, (Rp-R6p) is approximately 

inversely proportional to the concentration of the uranyl salt, as shown in 
Figure 3, the straight line drawn having a slope 8"0x 10 -1° mole~/1. 2 sec. 
For the purpose of constructing this plot, R°p has been taken as being 
directly proportional to the concentration of uranyl perchlorate. 

The kinetic results summarized by means of Figure 4 show that in the 
presence of fixed concentrations of both ACV and uranyl perchlorate, the 
total rate of polymerization is also directly proportional to the concentration 
of acrylamide [ml]. This result demonstrates that the monomer itself is not 
involved in the rate determining step of either initiation process. The mean 
value of the ratio Rp/[ma] for the data illustrated is 5.27 x 10 -6 sec-1. 

The effect of temperature variation on both R e and Rp has also been 
p 

investigated, the initial concentrations of all reactants being kept constant 
for the various measurements involved. The apparent energy of activation 
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(EA) as calculated from the variation of Rp with temperature was found to 
be 23-9+0.6 kcal/mole. The corresponding value of the apparent energy 
of activation (E'x) calculated from the temperature variation of R°p is, 
however, less certain, although we estimate it to be about 13 kcal/mole. 

DISCUSSION 
Under our experimental conditions, uranyl perchlorate is evidently able 
both to initiate and to terminate the polymerization of acrylamide. Within 
the limits of experimental error, the rate of termination is directly propor- 
tional to the concentration of the uranyl salt, which implies that the rate of 
initiation must be approximately proportional to the square of its concentra- 
tion. Provided therefore that mutual termination may be neglected, the 
total rate of polymerization in the presence of ACV may be represented by 
means of equation (I), in which k~ and kt are respectively the specific rate 
constant for initiation and termination by uranyl perchlorate and the other 
symbols have their usual significance. 

Rp = kp [m,] { ki [ACV] + k~ [u~rI] 2} /kt [U ¥I] 

=R°p+ kp [ml] ki [ACV]/k~ [U v~] O) 

The propagation constant (kp) is known 5 to be 1.8 x 1@ 1./mole sec at 25°C 
and the rate constant for initiation by ACV (ki) may be taken as 4.62 x 10 -7 
sec -1 at the same temperature 8. The termination constant (k~) may, there- 
fore, be evaluated from the slopes of the plots shown in Figures 2 and 3, a 
mean value of (2 '47+0.39)x 103 L/mole sec at 25°C being obtained. By 
means of this value fo r  k~ we estimate from the slope of the linear plot 
shown in Figure 1, that the apparent fir.st order initiation constant (k)  is 
1-19x 10-3sec -1, and hence by appropriate substitution in equation (1), 
Rp/[ml] has been calculated to be 5"25 x 10 -6 sec -1, which is in excellent 
agreement with the value computed from the linear plot shown in Figure 4. 

The dependence of the rate of the initiation reaction involving the uranyl 
salt on the square of the concentration suggests that the agency responsible 
for initiation is a dimeric entity derived from the uranyl salt. Several such 

u 7'5 
01 

. d  

2-5 

2"0 4"0 
10-ff [U vI] t./mote 

Figure 3--Plot of (Rp-R°p) against 
the reciprocal of the concentration of 
uranyl perchlorate ([UVI]). Tempera- 
ture 25°C; [HC104]=0"llM; [ACV]= 
2'0x 10-4M; monomer concentration 

= I'00M 
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species have in fact been proposed by Sillen et al? as partial hydrolysis pro- 
ducts of uranyl ions, e.g. 

2UO~ + + 2 H 2 0 ,  ~ (UO2)2OH 3+ + H30 + 

The equilibrium constants for such hydrolyses are usually found to be small, 
being ca. 10-' for the example cited. The true first order initiation constant 

7.5 
. .2 

Figure 4--Variation of rate of poly- • 
merization (R~) with concentration of ~ 5"0 
acrylamide ([mtl). Temperature 25°C; ~- 
[HCIO4]=0'I 1M; [ACV]=2"00X 10-'M; 

[U02(C104)2] = 1 "85 X lO-4M × Q. 
2-5 

o 

o o 

i i I i i 
0"6 1.2 
[rnl],rnole/t. 

may, therefore, be much larger than the value quoted above for ~ .  In 
addition, since the concentration of dimer is inversely proportional to the 
hydrogen ion concentration, the explanation proposed is qualitatively con- 
sistent with the observed sensitivity of R°p to the pH of the solution. 

Termination of polymerization is probably principally due to oxidation 
of the polymeric radicals by the uranyl ions themselves, although the dimeric 
and other ionic species present may also be involved. The experimental 
data are not sufficiently precise for an unequivocal conclusion to be drawn. 

From equation (1) it follows that the temperature variation of the rate 
of polymerization (Rp) may be represented by means of equation (2). 

d ln{  k~ [ A - - ~  J ~ [UV~]2t RT~dlnRp=Ei+Ep-Et+RT2-d-T-dT 1+ (2) 

The energy of activation of the propagation reaction (Ep) is known s to be 
1.38 kcal/mole and that for the initiation reaction involving ACV (Ei) may 
be taken 8 as 26.05 kcal/mole. The temperature coefficient of the logarith- 
mic term on the RHS of equation (2) is numerically negative, because with 
increasing temperature ki increases more rapidly than ~ does, so that Et 
probably does not therefore exceed 3-5 kcal/mole. From a plot of log 
(Rp-R  °) against the reciprocal of the absolute temperature, Et has been 
estimated to be about 2.9 kcal/mole, although the uncertainty involved in 
this estimate is large because of the difficulty of obtaining reproducible 
values of R°r. However, the low energy of activation obtained for the termin- 
ation reaction is consistent with an electron transfer mechanism, and is 
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similar in magnitude to the energies of activation reported for the oxidative 
termination of the polymerization of acrylamide by other metallic ions of 
variable valency (Table 1). 

Table 1. Rate constants (kt) at 25°C and energies of activation (E O for linear 
termination of polymerization and standard oxidation potentials (E °) of metal ions 3 

Metal ion E °, ktx 10 -a E t Ref. 
volts L/mole sec kcal/mole 

Fe 8+ -- 0'771 2"8 2-35 5 
FeOH 2+ - -  21-2 0"37 5 
VO 2+ --0'361 2"8 1"2 4 
UO~2+ --0"334 2"47 ~,  2"9 present work 
Cu 2+ --0.153 1-17 5.4 5 

Comparison of the appropriate data summarized in Table 1 indicates 
that no obvious relation exists between the standard oxidation potential 
of a metal ion and the kinetic parameters of the corresponding termina- 
tion reaction and none perhaps should be expected, since the thermodynamic 
magnitudes of a chemical reaction are independent of its mechanism. The 
importance of oxidation potential for investigations of the present type is 
the indication which it gives of the thermodynamic feasibility of a given 
termination reaction. 

For a radical to be oxidized to the corresponding carbonium ion by 
means of a metal ion, the oxidation potential of the radical must necessarily 
be more positive than that of the reduced form of the metal ion concerned. 
The failure to satisfy this condition may explain the inability of uranyl ions 
to terminate the polymerizations of acrylonitrile, methyl methacrylate and 
methyl acrylate, reported by Mahadevan and Santappa ~. According to 
Haines and Waters 1° the oxidation potentials of the radicals, 

• C (CHs) (CN) CH2 CH~CO~H and .C (CH3)~CN 

are approximately -0"4V.  It seems likely, therefore, that the oxidation 
potentials of the polymeric radicals derived from all three monomers studied 
by Mahadevan and Santappa are such as to preclude their oxidation by 
uranyl ions. The cyano- and carbomethoxy- groups are usually considered 
to be more powerfully electron-withdrawing substituents than the acid 
amido-group 11, although the electron attracting characteristics of this last 
group may be modified considerably in aqueous, acidic solutions as a result 
of environmental interactions. Nevertheless the greater ease of oxidation 
of polyacrylamide radicals may well be the result of the weaker electron- 
withdrawing character of the acid amido-group. 

Department of Chemistry, 
The University, 

Southampton 
(Received August  1966) 
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Polymer Degradation 111 Distribution 
Changes on Polyisobutene Degradation 

in Laminar Flow 

R. S. PORTER*, M. J. R. CANTOW and J. F. JOHNSON 

Precisely established polymer molecular weight distribution changes with varia- 
tions in shear degradation history are extenMvely interpreted. The systems 
consist of solutions of polyisobutenes degraded in homogeneous, laminar-flow, 
shear fields. The polymer solutions studied were 9"6 volume per cent in 
n-hexadecane and 9"7 volume per cent in 1,2,4-trichlorobenzene. The procedure 
for preparing equilibrium shear degraded systems is described. A new com- 
puter programme is used to derive integral and differential distributions as well 
as molecular weight averages from number to Z+ I. The programme also 
computed distribution inhomogeneities and standard deviations [rom the 
different molecular weight averages. It is found that the standard deviation, 
derived from number and weight average, changes linearly with weight average 
molecular weight, A predominantly random mechanism o[ degradation in 
laminar flow shear is postulated to explain the results. The efficiency of bond 
rupture due to storage of shear energy in polymer bonds is shown to be low. 

Equivalent results were obtained in the two solvents. 

IN THIS laboratory some interesting features have been observed conceming 
changes in molecular weight distribution on exposure of polyisobutenes to 
high intensity and homogeneous shear fields in laminar flow. The polymer 
solutions were sheared at 9 6  and 9"7 volume per cent in n-hexadecane and 
in 1,2,4-trichlorobenzene. The source and definition of these solutions has 
been previously described 1. The interpretation and understanding of in- 
formation on shear degradation is of practical importance in the processing 
and use properties of polymers. 

Viscosity average molecular weights and complete molecular weight 
distributions have been determined on the original polymer and on each 
of the shear degraded p61ymer solutions. Proton magnetic resonance mea- 
surements have confirmed that the polymer was essentially pure polyiso- 
butene. This polymer has advantages for shear degradation studies because 
it is linear, amorphous, and not prone to crosslink on degradation. 

Details of the instrument used to perform the shear degradation experi- 
ments have been recently published 2. A special attachment has been 
developed for this rotational concentric-cylinder viscometer which permits 
a slow, regular, and controlled flow of test polymer solution through the 
rotating cylinders where the shear degradation is performed. This new 
technique provides extrusion of solution from the cylinders after it has been 
exposed to equilibrium conditions for shear degradation. The new equip- 

*University of Massachusetts, Amherst, Mass. 
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ment for extruding the polymer solution is illustrated in Figure 1. I t  is a 
motor-driven metal syringe which exposes the test fluid to shear rates only 
a fraction of those developed between the concentric cylinders. This is 
also confirmed by measurement on extruded solution which indicates no 
changes in polymer molecular weight. 

/ Rear view 

~ ¢ J  ~l~F plate 
. 20 pitdh ~,~(((3x-i~.rs, d~ /# /~ ] '~Mic rosw i tch  

141/2°P ress'/- ~ ~  [ll(,~t[ L L / ( ~  

~ r u  TO 
c~na~ge gear Syringe 

VlScometer 

5.300 in. p.d. 

Figure/--Motor driven syringe for high shear viscometer injection 

Table 1 shows clearances between the concentric cylinders in the rota- 
tional viscometer which were used in the laminar-flow shear degradation 
studies. The clearance, and therefore, the shear rate for a given speed of 

Table 1. Sample injection conditions for laminar flow shear degradation 

Viscometer cylinders 

Inner 
cylinder 

A 
C 
E 
3A 

Clearance,* 
cm 

7"74× 10 -4 
5'01 × 10 -~ 
3"56 x 10 -4 
1-32 x 10 -4 

Sample injection rate, cma/min 

0"151 [0"0754  1 0 ' 0 3 0 2  10.0151 
Viscometer residence time, sec 

1"81 
1 "74 
0"83 
0'31 

3"63 I 9'06 
2'35 I 5'87 
1 '67 4"16 
0"62 1"55 

18"1 
11"7 
8"33 
3"1 

*Same outer c linder. 

rotation may be varied by choice of inner cylinder. The speed of rotation 
may also be adjusted continuously from 20 to 2 000rev/min.  The shear 
volume has nominal dimensions of 1.0 in. in diameter and 1.88 in. in length. 
The residence time for an element of polymer solution in the shear volume 
at each of the four possible injection rates is also given in Table 1. From 
this matrix of residence times it was found that a minimum of about t w o  
seconds is required for equilibrium shear degradation. Attainment of  
degradation equilibrium was. ascertained by comparison of viscosities mea- 
sured during continuous injection versus viscosities measured without flow 
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through the shear volume. These measurements were made in situ in the 
concentric cylinder instrument ~. 

The shear degradation data on polyisobtitene appear to be the most 
definitive of any made under conditions of laminar flow in a high and 
homogeneous shear field 1,3. The gel permeation chromatographic fractiona- 
tion method used has been described 4. The dat~ are interpreted here with 
the aid of a recently published computer programme 5 which prints out 
directly complete integral and differential molecular weight distributions. 
Also computed have been the distribution index, U, and the standard 
deviation of the molecular weight distribution, o-. These measures of 
dispersion have been computed for the original and each of the shear 
degraded samples using molecular weight averages from number to Z + 1, 
see equations (1) and (2). 

U,=(Mw/Mn)- 1; Uw=(Mz/Mw)- 1; Uz=(Mz+i/Mz)- 1 (1) 

o-.={MwM.-M~.}t; crw={MzMw-M~,~}~; o'z={Mz+lMz-M~z} ~ (2) 

The change in distributions due to degradation has been followed in terms 
of these parameters. Distribution changes have also been evaluated in 
terms of rate of energy input and reduced variables for laminar-flow 
shear degradation. The results aid in evaluation of the extent, selectivity, 
and nature of polymer degradation in laminar flow shear. 

RESULTS AND DISCUSSION 
Tables 2 and 3 show a compilation of data on the original polymer and 
on this polymer degraded in a series of successively higher shear fields in 
laminar flow. The degraded polymers represent the equilibrium molecular 
weight distribution for shear degradation at the stated shear conditions. It 
has been previously shown that shear intensity can be st]ccessfully ex- 

)¢ 

t- O~ 

w 

O 
E 
"6 

~r 

4 
Run 58 

. . . .  Run 55 
- - - - -  Run  53 
- - - -  Run 52 

3 . . . . .  Run 39 

2 !i~ ~ ~ ~ 

1 

/ - I L " , ~ _  ' - m  . . . . . .  t . . . . . . . . .  
1 2 

M o l e c u l a r  w e i g h t ,  M x 10 "6 
Figure 2--Changes in differential molecular weight distributions with 

shear intensities 
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pressed for these systems in terms of shear stress divided by absolute 
temperature and polymer volume concentration 1,3. The general idea for 
use of standard deviations (see Table 3) to express distributions has recently 
been reintroduced for interpreting both temporary (Newtonian flow) and 
permanent (polymer degradation) viscosity changes with shear ~. 

Figure 2 shows the complete differential molecular weight distributions 
for the shear degradation series on polyisobutene. It may be seen that the 

% 
4 

~g 

u 

0 
E 

Distribution 
J gained 

t r i b u t i o n  

J 1 

1 2 3 

Motecutar weight, M x 10 -6 

Figure 3--Differences in differential distributions between 
(Run 39) and shear degraded polyisobutene (Run 58) 

original 

distributions move generally to lower molecular weights. The change in 
viscosity average molecular weight with the intensity of the shear field for 
these systems has been quantitatively predicted and correlated by the use of 
previously developed reduced variables 1"3. It is the goal of this study to 
evaluate the change in complete molecular weight distribution for the 
purpose of establishing the mechanism of degradation and predicting the 
course of reaction. 

Figure 3 represents a further interpretation in terms of distribution 
changes. This figure shows the distribution of polymer molecular weights 
which were reacted and the distribution of molecular weights which were 
formed in the most severe shear degradation experiments. The number of 
bonds broken to accomplish reaction may be calculated from the number 
average molecular weight for original and degraded polymer. This equation 

is n = w (1/Md - 1/Mo) (3) 

where n Ls the moles of broken bonds per cm 3 of solution, w is the weight 
of polymer per cm 3 of polymer solution, and Ma and M0 represent the 
number average molecular weights of the degraded and initial polymer, 
respectivelyT, E The absolute values and the change in the number of moles 
of broken bonds with shear intensity are shown in Table 4. Also given in 
Table 4 are the rates of energy input which provided the degraded solu- 
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tions. The force transmitted across a unit area perpendicular to the 
velocity gradient is equal to shear rate, S, times .shear stress, 7, as given 
in Table 48 . These results indicate that the number of broken bonds 
increases regularly with rate of energy input. At the highest rate, however, 
there is a marked decrease in efficiency and perhaps a limit in the bonds 
that can be broken in shear for this system. It is important to point out, 
relative to the degradation mechanism, that the low molecular weight limit 
corresponds closely with the minimum molecular weight needed to achieve 
entanglements in these systems, compare M~ 211 000 from shear degrada- 
tion, with an M~ of 175 000 from entanglement theory 9. 

The results indicate that both onset and terminal conditions for shear 
degradation are indicated by reduced variables1.. 8. A minimum value of 
60 dyne/cm~ x T[°K] is necessary to achieve shear degradation. It is thus 
a minimum stress, which increases with shear temperature rather than a 
minimum shear rate, as frequently stated, which is required to achieve 
degradation in concentrated polymer systems 1°. The negative temperature 
coefficient is consistent with a mechanical rather than thermally induced 
chemical reaction. 

From the known rate of energy input required to achieve degradation, a 
calculation may be made concerning the efficiency of energy input in 
achieving bond rupture. Since it takes a minimum of two seconds to achieve 
equilibrium degradation, then in the least and most severe measured shear 
degradation conditions 1.8 x 101° and 2-4 x 10 n erg/cm 3 or 0.43 and 
5"7 kcal/cm 3 were introduced. This may be compared with the moles of 
broken bonds for these experiments given in Table 3. The results indicate 
the inefficiency of bond rupture with over a million times the kcal being 
required to produce a mole of broken bonds as compared with the activa- 
tion energy to break a mole of C--C bonds of about 80 kcal. The efficiency 
is least at the highest temperatures. These results are consistent with the 
findings of inefficiency in capillary shear degradation experiments on com- 
parable systems 7. 

Table 3 provides a variety of parameters for evaluating the change in 
molecular weight distribution occurring on shear degradation. Tradition- 
ally, values of U or just M~,/M,~ have been used to express the molecular 
weight distributions. These data represent a crucial test for the use of 
M~/M,~ and U for expressing shear degradation because (a) the magnitudes 
of shear degradation are large and (b) M~ and M~ are determined by an 
internally consistent manner from the complete distribution curves. In 
general, however, values of U and of M,~/Ms derived here are found to be 
an imprecise and insensitive measure of the degradation in shear, see 
Table 3. This effect is due to the mechanism of degradation and the normal 
distribution of the starting polymer, Mw/Mn ,--., 2.0. For such polymers, 
Kotliar has shown from Monte Carlo calculations that this ratio is not 
expected to change, even with drastic degradation, if the reaction mechanism 
is entirely random 11,12 

The similarity of shapes of the molecular weight distributions for the 
original and for shear degraded polymer distributions is indicated by the 
general trend in every case for a decrease in U and an increase in cr for 
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comparison at successively higher molecular weight averages. For  a normal 
distribution polymer M~ : Mw : Mz = 1 : 2 : 3. This would mean for a random 
mechanism that U and o- should indeed change in this order found in 
Table 3. By theory, M~,/M~=2; Mz /M~=I '5  and o'~=M~; and 
o%, =0.7Mw= l'4o-n. These features are demonstrated experimentally by a 
comparison of the standard deviation of distributions in Table 3 with the 
average molecular weight for the original and shear degraded polyisobutenes 
in Table 2. Each of the standard deviations o-~, o-w, and o-z shows a 
regular trend with individual molecular weight averages M~, M~, and Mz. 
The ratios of tr to M are given irt Table 4. Each set of ratios is essentially 
constant, independent of the magnitude of the shear degradation reaction. 
This means that the o-s are linearly dependent on Ms with a zero intercept. 
This is illustrated particularly using the experimentally most reliable pair, 
o'n and M~, see Table 4. The expression relating the standard deviation of 
molecular weight distributions is 

o-~=KM~ (4) 

K=0-5 ,  within experimental error with zero intercept for M,~. This is just 
the ratio and .expression expected for random degradation of a normal 
distribution polymer, compare definition given earlier. For  this process 
o-n/Mn = 1 and o-w/M~, = 0"7, which is in the range observed experimentally, 
see Table 4. This is also borne out qualitatively by the approximate values 
described in Table 2. The Mw/M~ ratios in Table 2 are quite generally 
within 25 per cent of 2-0 and becoming closer with degradation. 

These results evaluating the distribution with shear degradation, strongly 
infer an essentially random process of bond breaking within a matrix of 
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entangled polymer chains TM. Because of statistical cooperation of segments 
needed to achieve flow, the longer molecules will have longer relaxation 
times and will be more prone to storage of shear energy and the subsequent 
higher probability of bond cleavage. 

It has been postulated that the preferential rupture of the large molecules 
in their central portions yields a narrowing of molecular weight distribu- 
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tionl~,ls. It has been pointed out that this postulate has not been adequately 
tested experimentally TM. The correlations developed here appear to indicate 
conclusively that the degradation mechanism is random and that there is 
no narrowing of the distribution in terms of U and in terms of triM. 
Equivalent results were obtained in the two solvents. 

Concerning the mechanism of shear reaction, it is well to restate that in 
some of these experiments bimodal distributions were apparently produced 1. 
This took the form of additional small, low molecular weight peaks which 
represented from 0 to 15 per cent of the total distribution, see Table l. 
An example of the bimodal distribution is given in Figure 4. The tests 
among which bimodal distributions were formed generally represented the 
most severe shearing conditions. The small peak had a negligible influence 
on calculations involving the higher average molecular weights. It markedly 
influenced calculations involving number average. The small peak, which 
averages ~ 10 per cent of the polymer, where found, was neglected in the 
calculations given in the table. High resolution proton magnetic resonance 
spectra are consistent with the conclusion that the second, small, low 
molecular weight distribution peak represents short fragments of poly- 
isobutene. If this bimodal distribution is confirmed in subsequent studies, 
it would be a,finding consistent with shear degradation through the stress 
on a network of entangled chains. The break of short chain ends, which 
appears possible only at extremely high shear, could explain the second, 
low molecular weight peak illustrated in Figure 4. 

Chevron Research Company, 
Richmond, Cali]ornia 
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Thermoelastic Measurements 
on Some Elastomers 

J. A. BARRIE and J. STANDEN 

Length versus temperature curves at a series o /  constant loads have been 
obtained for cis polyisoprene, polydimethylsiloxane and ethylene-propylene 
elastomers in the temperature range 25 ° to 100°C. Thermoelastic coefficients 
for these networks are evaluated and compared with values obtained by more 
direct procedures. The deviation o/  the stress~strain data f rom the simple 
gaussian theory is discussed briefly in terms of  the C 2 constant o/  the Mooney  

equation. 

RECENT modifications to the elastic theory of the gaussian network have 
provided a method for the evaluation of the temperature coefficient of the 
unperturbed end-to-end distance d log(~) /dT  from stress/temperature 
coefficients of the network l'z. The departure of real networks from the 
ideal gaussian behaviour has been the subject of much discussion and on 
this basis the validity of the analysis has been questioned 3. In the present 
investigation stress/temperature coefficients were obtained for several 
elastomers and the non-ideal behaviour of the networks measured in terms 
of the Mooney C2 constant. These results are of interest for comparison 
with existing literature data in that a less direct method of measurement 
was used. 

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

Natural rubber (NR) and cis polyisoprene (CP) crosslinked with two per 
cent of dicumylperoxide at 140°C for 60 minutes were ,supplied by the 
Natural Rubber Producers Research Association. Silicone rubber (SR) was 
prepared from a polydimethylsiloxane gum extracted to remove residual 
catalysP and crosslinked with dibenzoyl peroxide for 30 minutes at 141°C 
by the Natural Rubber Producers Research Association. A similar gum 
containing on average one vinyl side group per 100 Si atoms was cross- 
linked with 0"05 per cent of dicumyl peroxide for 20 minutes at 150°C by 
Midland Silicones Ltd. An ethylene propylene rubber (EP) was prepared 
from Enjay 404 gum by crosslinking with dicumyl peroxide for 45 minutes 
at 153°C by the Rubber and Plastics Research Association. 

Sheet thickness varied from 1 mm to 4 mm. Rectangular strips of approxi- 
mately 3 cm length were cut and then extracted with hot acetone for eight 
hours under a nitrogen atmosphere and finally outgassed under high 
vacuum (10 -8 cm of mercury). 

Measurements 
For each strip a series of length/temperature measurements was made at 

constant load and under high vacuum so as to minimize relaxation effects 
associated with oxidative degradation. The stretching apparatus is shown 
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in Figure 1, the temperature in which was controlled to within 0.01 deg. C 
with a silicone oil bath. 

b Figure /---Stretching equipment: a, double B45 socket in brass 
with water cooled jacket; b, support for upper clamps; c, clamps; 

d, rubber strip; e, weight 

The procedure adopted for all samples was as follows. The cross sectional 
area of the unstrained strip was obtained from length, weight and density 
measurements. A load greater than the maximum to be used was applied, 
the system outgassed and raised .slowly to the maximum temperature at 
which it was held for two hours before cooling slowly to 25°C. This cycle 
was repeated over a period of several days until the sample length was 
constant to within 0.01 cm on two successive days. The load was now 
reduced to the maximum value and after one day the length between the 
clamps at 25°C recorded with a cathetometer to within +0"004cm. In 
addition for one sample the length was recorded as the distance between 
ink marks on the rubber but no significant differences in the two methods 
of measurement were evident. The temperature was then raised to 35°C 
and the length recorded after a period of 45 minutes. The process was 
repeated at 10 deg. C intervals up to 75°C, then at 70°C and back in steps 
of 10 to 30 deg. C and finally 25°C. Above 85°C neither the natural rubber 
nor the silicone rubber was stable enough by the criterion adopted whereas 
the ethylene-propylene samples were sufficiently stable for measurements to 
be made up to 120°C. On completion of a temperature cycle the load was 
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changed to a smaller value, the system quickly re-evacuated and left over- 
night at 25°C. The temperature cycle was repeated and in this way 9 to 15 
loads were used per sample, a typical sequence being 111, 86, 61, 36, 11, 21, 
46, 71, 96 and finally 100g. 

R E S U L T S  
Analysis 

The first step was the evaluation of 10, the length of the unstrained 
sample. Each set of length (l) versus temperature (t°C) results at constant 
load was fitted with a cubic equation in t computed by the method of least 
squares. Points deviating by more than 2.5 times the standard deviation 
were culled but at most no more than one point was rejected in any set of 
twelve. Some typical curves are shown in Figure 2 and it is clear that 

"'011 - -  II { I I I  ~ - - , . I ~  II ,,~,~.,,__III n 

I 1 
45 65 

t ,  °C 

Figure 2--Typical  length 
versus temperature curves at  
four different loads: ©, tem- 
perature increasing; e ,  tem- 

perature decreasing 

within a temperature cycle hysteresis effects are practically negligible. By 
interpolation sets of length versus load results were obtained at several 
standard temperatures of 25 °, 40 °, 55 °, 70 °, -85 ° and 100°C. Length 
versus load polynomials were then computed which by extrapolation to zero 
load yielded l0 values for each of the standard temperatures. Cubic poly- 
nomials of elongation (o0 versus load were also evaluated using ~ = l x l~ -1. 
The calculations were carried out on the London University Computer and 
details of these and other programmes used are given elsewhere ~. 

Stress / temperature coe1~cients 
To facilitate the comparison of samples of different cross section the 

load (kg) was divided by the unstrained cross section at 25°C to give 
the stress [ (kg cm-2). Values of f for a ranging from 1-1 to 2"0 in steps of 
0-1 were computed by interpolation from the f versus ot polynomials at each 
of the standard temperatures to give values of (Af/AT)p~. Typical J versus T 
plots shown in Figure 3 indicate that in the temperature range investigated 
(AJ/AT)~+ may be identified with the stress-temperature coefficient (OHOT)~. 
The constant volume coefficient was then evaluated from 

Oln(f/T) I _ 1 1 { OJ~ 
1,,, - - T + - x  ( 1 )  
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where  )t is the coefficient of  l inear  expans ion  1. The  L H S  of  equa t ion  (1) is  
equa l  to  - d  log ( ~ ) / d T ,  values of  which  are  given in Table 1 along with  

values  of  (Of/OT)~,~ for  selected v a l u e s  of or. These  values of  d log <r~/dT 
are  averaged  over  the  whole  of  the t empera tu re  range as there was no 
signif icant  var ia t ion  with t empera tu re  except  for  e thy lene -p ropy lene  where  

1.4 

E 
Figure 3 --  Typical o 

ml '0  stress versus tempera- _~ 
ture plots at constant 

values of a 

06  

~ 2-0 

1"7 

~ 1 " 5  

_ ~ 1 . 3  

i i i 
25 45 65 

t,°C 

the values increased f rom , - - , - 2 0  x 10 -3 at  25°C to , ~ - 1 1  x 10 -3 at  100°C. 
Averag ing  was then c a r d e d  out  over  the o~; the averages  in parentheses  in 
Table 1 were ob ta ined  by  averaging over  the comple te  set of  a values and  
no t  jus t  the selected ot value.s. T h e  accuracy  of  the results  is difficult to  
es t imate  by  this indi rec t  p rocedure  bu t  is in the  region of  50 per  cent  or  
more.  A compar i son  with  o ther  l i tera ture  values  ob ta ined  b y  different 
exper imenta l  techniques as in Table 2 shows reasonab le  agreement .  N o  

Table 1. Tension/temperature results (Temperature range 25 ° to 70°C) 

dlogt,  r~5×104 (Of )  ×10~dlog~r2c~×l@ /O,~ ×103 dlog X 10 ~ 
~ -O-T/,~ " ~  dT 

cis Polyisoprene (CP); h=2"2× 10 -4 
CPI CP2 CP3 

1 "2 4"74 1 "6 4'2 6"9 5"2 2"5 
1"4 7'35 5'1 6"97 7"5 7"97 5"4 
1"6 9"26 6"0 8"86 7"9 10"30 5"5 
1 "8 11 "27 5"3 10"38 8"1 13"92 1 "7 

4'5 (3"7) 7"6 (7"6) 3'6 (3"8) 

Natural rubber (NR); X=2"2 × 10 -4 
ct NR1 NR2 NR3 
1 "2 4"06 3'5 4"70 2"5 4"01 4"7 
1 "4 6'99 4'3 7'22 5"6 6"51 6'5 
1 "6 8'72 6"1 9'22 6"2 8"22 7"5 
I '8 9"23 9"0 12"34 3'1 9"87 7"1 

5"7 (6"7) 4"3 (4"1) 6"4 (6"1) 
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Silicone rubber with one per cent vinyl groups (SR1, 2), without (SR3, 4); 
k=3.2× 10-4 

ot SR1 SR2 SR3 
1 "2 0"80 3"5 0"91 1 "7 1 ;54 0'60 
1 "4 1'30 5"5 1"41 5"1 2'39 3'90 
1 "6 1 '64 6"8 1"72 7'1 2"84 6"8 
1 "8 1-94 6'9 2"09 6"4 3.16 8"3 

5.7 (5'4) 

ct SR4 
1 "2 1 '28 4'9 
1 "4 2"08 6"9 
1 "6 2.62 8"1 
1 '8 3"14 7'9 

5'1 (4"5) 4'9 (6"0) 

7.0 (6"6) 

Ethylene-propylene rubber (EPR); k = 1'8 × 10 -t 
a EPRI  EPR2 EPR3 

1"2 9'48 --8"8 9'21 --7"8 9"37 --8-1 
1"4 13"71 --3"7 14"17 --5'0 14'69 --5"9 
1"6 19'02 --6"8 20"39 --9"7 20"72 --9-3 
1'8 33'17 --24"0 33'01 --24"0 30-79 --18"0 

--11 (--17) --12 (--17) --10 (--14) 

M e a s u r e m e n t s  E P R I  a n d  E P R 2  a r e  for  the  s a m e  s a m p l o  u s i ng  respec t ive ly  m a r k s  o n  the  c l a m p s  a n d  on, 
the  rubbe r .  E P R 3  m e a s u r e m e n t s  w e re  m a d e  in  the  r a n g e  50 ° ~o 100°C.  

comparable  data were available for e thylene-propylene rubber  bu t  a nega- 
tive coefficient is in line with the results for polyethylenC ,9. 

Table 2. Comparison of d log (~>]dTS< 1() a values 

Sample This work Literature data 

Natural rubber 0.56 0-55 +_ 0.86; 0-41 +_ 0.047 
cis Polyisoprene 0"51 - -  
Silicone rubber 0.57 0.46_+0.158; 0.75_+0.157 
Ethylene-propylene rubber -- 1 '6 
Polyethylene - -  -- 0'97 + 0" 19; -- 1 '2 i 0"157 

Stress~strain  i so therms  

For  these measurements  the stress was referred to uni t  unst ra ined cross 
section at t °C  by convert ing the cross section, at 25°C for the expansion of 
the rubber .  As expected the results do not  conform to the simple gaus- 
sian network expression f / d # = G  where t h denotes a - t ~  -2 and G is a 
constant.  In  the range or= 1 to 2 the reduced stress for all samples 
decreased with increasing a by abou t  10 to 20 per cent, In  the range 
a - t = 0 ' 5  to 0.75 the results were reasonably represented by the Mooney  
equat ion 

f / t h = 2C1 + 2 G a  -~ (2) 

101 



J. A. BARRIE and J. STANDEN 

"7 

50 

4'C 

30 

0'4 

o 

I I I ,I 

0"5 0-6 07  08  
~-1 

Figure 4 - -  Typical 
Mooney plots : a, 
EPR1 at 70°C; b, 
EPR1 at 25°C; c, CP2 
at 70°C; d, CP2 at 

25 °C 

as  s h o w n  b y  .some typ ica l  example s  in  Figure  4. T h e  va lues  of  the  con-  
s tan ts  2Ca a n d  2(72 are  c o m p a r e d  wi th  exis t ing  l i t e ra tu re  d a t a  i n  T a b l e  3. 

D u e  to s l ight  e r rors  i n  l0 s ma l l  b u t  s ign i f ican t  res idua l  va lues  of  f were  
o b t a i n e d  wi th  m o s t  samples  for  ot = 1. A c c o r d i n g l y  the  va lues  of 10 were  
a d j u s t e d  b y  progress ive ly  a l t e r ing  a i n  smal l  s teps so  as to f ind those 
va lues  g iv ing  the  smal les t  va lues  of  f a t  ot = 1. F o r  o n l y  one  sample  was  
the  co r r ec t ion  fac to r  g rea te r  t h a n  one  p e r  cen t  a n d  for m o s t  samples  it  was  

Table 3. Mooney constants 2C 1 and 2C 2 

°C CP1 CP2 CP3 NRI  NR2 NR3 

2C 1 25 1 "8 1 "8 1 '9 1 "4 1 "9 1 "7 
70 2'0 1 '9 2-3 2'1 2"1 1 "9 

2C 2 25 1 '3 1 "4 1 "5 1 "7 1 '1 1 "3 
70 1 "4 1 "7 1 "4 1 "9 1 '2 1 "3 

2C 1 25 
70 

2C 2 25 
70 

2C1 

2Cz 

30 
60 
30 
60 

SR1 SR2 SR3 SR4 EPRI EPR2 EPR3 
0"30 0'34 0"48 0'55 2'1 2'4 2"6 (55°C) 
0"32 0"35 0"53 0"61 2'8 2"2 3'1 (100°C) 
0"25 0'24 0'50 0"36 2"4 2"9 2'2 (55°C) 
0"26 0"25 0'54 0'37 2"4 2"2 2'4 (100°C) 

Selected literature values 
Natural rubber Silicone rubber 

2"51° 1 '9211 2'6 TM 0"7011 
2"73 0"98 (149°(2) 
0"86 1 '60 1 '70 (25°(2) 0"60 
0"90 0'62 (149°C) 
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less than 0.5 per cent. Even so the linearity of the Mooney plots was 
much improved particularly in the region or- l> 0"75 where the function 
~b becomes increasingly sensitive to changes in ~. However, the values 
of 2(71 and 2C~ were not substantially altered as a result of these 
corrections.. 

D I S C U S S I O N  
Although a more indirect procedure has been used in the measurement 
of stress/temperature coefficients the agreement with data obtained by 
more direct methods is satisfactory. The correction term ~ in equation 
(1) follows from the use of the simple gaussian theory and its importance 
can be judged by comparison with the values of d log (~o)/dT in Table 1. 
The use of the gaussian theory in this fashion is open to criticism as the 
stress-strain data follow more closely the Mooney equation. Ryong- 
Joon Roe s has shown that with the Mooney equation an additional term 
appears on the RHS of equation (1) of the form h (1-tz2)/{(C1/C2) a+ 1}. 
From an analysis of volume dilation data on natural rubber he suggested 
that in the absence of suitable data the coefficient/~2 ~ -1 .  From Table 
3 the ratio C1/C2 for most of the rubbers is approximately unity and 
it is clear that the magnitude of this new term is comparable with that of 
h itself in the range of a investigated. On the other hand Allen et al. TM 

by direct measurement of both constant volume and constant pressure 
coefficients concluded that for natural rubber the correction term of 
equation (1) was correct within experimental error. 

This problem of the correct equation of state for a real network has 
been the subject of much discussion, in particular the origin of the C2 
term. On the one hand non-equilibrium effects have been held respon- 
sible 11,a4,a5 and on the other molecular interpretations have been advanced 
for the departure of real networks from the simple gaussian theory a8-19. 
The (?2 constants of Table 3 tend to increase slightly with an increase of 
temperature. However, this in itself cannot be taken as evidence for the 
absence of non-equilibrium effects as it may be shown that non-equili- 
brium behaviour can lead to either a decrease or an increase of Cz with 
temperature 1~. The force/elongation curves .showed little if any sign of 
hysteresis and in this respect it appears unlikely that non-equilibrium 
effects are entirely responsible for the departure from the simple theory. 
The Mooney equation is only of limited applicability as it fails to 
describe a rubber under unidirectional compression 2°. Even in the limited 
range of simple extension it is probably not unique as the results of this 

investigation were equally well fitted by a quadratic of the form 
]=a~b+b~b 2. The nature of the deviations from the simple gaussian 
theory must still be largely regarded as open to question and in this 
respect the accuracy of the coefficients determined from equation (1) and 
similar relations will ultimately be governed by the validity of the equa- 
tion of state used to describe the real network at equilibrium. 
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The Hydrodynamic Properties of the 
System Poly c -Methyl Styrene- 

Cyclohexane* 
J. M. G. COWIE, S. BYWATER and D. J. WORSFOLD 

The theta temperature for the system poly a-methyl styrene-cyclohexane has 
been determined as 37 ° +0"5°C. The samples used in the determination were 
prepared by anionic polymerization in tetrahydro/uran and have a syndiotactic 
diad content o/0"68. The dependence o/intrinsic viscosity on molecular weight 
has been measured in cyclohexane at 37°C and was found to be 
[~]=7.8×10-~M °'~. Examination o/ the solution properties indicates that the 

l v  

Kurata-Yamakawa theory is valid in the vicinity of the theta temperature, but 
that in non-ideal solvents the polymer is best represented by either the Peterlin 
or Ptitsyn-Eizner coil models. The ratio (<S2>o~/MW) I/2 was found to be 
0"281 × 10 -8 cm which after correcting/or sample heterogeneity gives 

( < ~>ow / Mto) 1/2=0"269 × lO-S cm. 

THE dilute solution properties of polystyrene and poly a-methyl styrene 
polymers of narrow molecular weight distribution, which were produced 
by anionic catalysis, have been reported previously',L These measurements 
were made in a non-ideal solvent toluene, but for a comprehensive study 
of the hydrodynamic properties of any polymer molecule, data in a theta 
solvent are desirable where inter- and intra-molecular interactions have 
been eliminated and the conformation of the chain is more readily deter- 
mined. As sample heterogeneity can have a marked effect on the values 
of the various hydrodynamic parameters obtainable in these studies, the 
use of polymers with (Mw/Mn)<l.lO helps to minimize these errors 
and should make the comparison of experimental results with theory much 
more reliable. 

The theta temperature for the system poly a-methyl styrene-cyclohexane 
has been obtained and the results have been analysed using the more 
recent polymer solution theories 8:. 

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

Sample preparation 
The poly a-methyl styrenes were prepared in tetrahydrofuran (THF) 

solution at -78  °, using butyllithium as the initiator, in an all glass 
apparatus. Polymer Corporation monomer was fractionally distilled, 
degassed on a vacuum line and then distilled on to butyllithium. When 
the yellow colour of poly or-methyl styryllithium appeared the residual 

*Issued as N.R.C.  9411. 
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monomer was distilled on the vacuum line to an evacuated storage vessel. 
From here monomer was distilled as required to vessels fitted with a 
breakseal, which were glassblown on to the reaction vessels. The tetra- 
hydrofuran was purified as described before ~, and distilled on the vacuum 
system to an evacuated reaction vessel containing a fragile bulb of butyl- 
lithium solution. The reaction vessel was then sealed. For  molecular weights 
in excess of 0.5 x 106 the reaction vessel was washed as described else- 
where ~,6. The monomer side arm breakseal was then broken, the solution 
cooled to - 7 8  ° , and the initiator bulb was broken open. The reaction 
mixture was left overnight, and finally precipitated with methanol. 

Sample analysis 
Molecular weight determinations by both light scattering and osmometry 

on several samples showed 2 that the technique produced polymers with 

Mw/Mn < 1.10. 
The microstructure of the samples was obtained by measuring the relative 

amounts of the iso-, syndio- and hetero-tactic forms from the proton 
resonance spectra, as described previously 7. A typical analysis showed the 
relative contents to be" isotactic 0.08, heterotactic 0.48, syndiotactic 0.44. 

Solvents 
Reagent grade cyclohexane and toluene were fractionally distilled and 

the middle fractions were used in all physical measurements. The cyclo- 
hexane fraction used was analysed by gas chromatography and found to 
be 99.99 per cent pure; the major impurity was 2,4-dimethylpentane. 

Physical measurements 
Viscosity and light scattering measurements were carried out as detailed 

elsewhere 8, 9. 

Refractive index increment 
Measurement of the refractive index increment (dn/dc) was made in a 

modified Brice-Phoenix differential refractometer t° at 37°C. A value of 
0 .199ml/g  was obtained for poly a-methyl styrene in cyclohexane, at 
h = 4  358A. 

R E S U L T S  

Determination of the theta temperature 
The theta temperature of the system, defined as the temperature at 

which the second virial coetiicient Az is zero, can be determined conveniently 
by light scattering techniques. A sample of M~=9.6 x 10' was used for 
the initial determination, and data were plotted as (c/19o) against concen- 
tration for each temperature, as shown in Figure 1. Two other samples 
(M---'~= 1.25 x 106 and 1.54 x 106) were also examined but A~ was obtained 
from the zero angle line of the respective Zimm plots. The second virial 
coetficient was then plotted against temperature, shown in Figure 2, and 
the theta temperature obtained was 0 =  37.0 ° +0.5°C. A previous approxi- 
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mation of 38°C was found to be slightly high 11, but the new value is in 
reasonably good agreement with values of 36°C and 36.2 ° + 1.0°C reported 
by Kotera et al. TM and Comet  and van Ballegooijen TM respectively. 

Figure /---Plot of (c/19o) against 
concentration for sample txD in 
cyclohexane at several temperatures 

0'70 

0"68 % 

× 0"66 -% 

"b- o6~ 

062 

0'60 

~ 46.3oC 

42"7 °C 

" . , ~ _  ~ 32.6 °c 
" ~  

0.2 0.6 1.0 1-4 
Concent ra t ion ,  ( g /m [ )  x 102 

Intrinsic viscosity/molecular weight relations 
Weight average molecular weights (Mw) were obtained from light scatter- 

ing measurements in cyclohexane and plotted against the intrinsic viscosity 
[~7] measured in both cyclohexane and toluene at 37°C. Detailed results 
are shown in Table I and the data are best represented by 

I t / ]  =7"80 x 0-~M °'5 1 w ( 1 )  

in cyclohexane and 

in toluene. 

[7] = 1.00, x 10 w 

o6! 

Figure 2--Variation of second virial 
coefficient with temperature of samples 

Nos. 1 and 6 in eyclohexane 
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where 
:[n] = x c l f f , ~ a ~  (3) 

K = (qb0 / q) (<R~>0~ / M,Y/~ (4) 

Here, ot ~ is the expansion factor, ¢R~W 2 is the z-average root  mean  square f o g  

unperturbed end to end distance, and qb0 is a constant  under  theta con- 
ditions. As the value of D0 is normal ly  calculated f rom number  averages of  

Table 1. Molecular weights and intrinsic viscosities in cyclohexane and toluene for 
poly a-methyl styrene at 37°C 

Sample M w x 10 -6 ['O] [7] 
No. cyclohexane toluene 

7 
6 
2 
1 
8 
3 
5 

aG 
etD 

4"00 
1'54 
1"40 
1 '25 
0"84 
0"66 
0"48 
0"22 
0'096 

1.60 
1-01 
0.93 
0.90 
0.69.~ 
0'64 s 
0"52 
0.36~ 
0.23.~ 

5.40 
2.92 
2.60 
2.45~ 
1-80 
1-58~ 
1-14 
0.73~ 
0-37~ 

(RZ) 1/~ and M, a factor  q is introduced to correct  for  sample heterogeneity 
when light scattering data  are used in equat ion (4). I f  a Z imm-Schu lz  15 
exponential  distribution is assumed for each sample, the conversion factor  
may  be defined as 

q = (h + 1) -1F (h + 1)IF (h + 1.5)]-1[F (h + 3) /F  (h + 2)] 3/~ (5) 

where the breadth parameter  h = [ ( M w / M , ) - l ]  -1. Of  course this distri- 
but ion may  not  be the mos t  representative one for the samples used here, 
but  should give a reasonable estimate of the order  of magni tude  of the 
correction. For  anionically polymerized samples one can use h =  10 which 
gives q = 1.15. Table  2 contains values of  D0 calculated f rom equations (3) 
and (4); an average uncorrected D0 of 2-43 x 10 ~1 was obtained which after 
correction became 2.79 x 1@ 1. 

Table 2. Hydrodynamic parameters for poly c~-methyl styrene-cyclohexane at 37°C 

Sample /R~--'xlp A 10 zl X ~n 10 alx cb. ~o~ ~ 10 a X A, cm 
No. x'" " 0z' 

1 409 
848 
804 
825 
608 
550 
468 

2.29 
2.55 
2.50 
2.07 
2.61 
2.56 
2-44 

2-63 
2.93 
2-87 
2.38 
3.00 
2.94 
2.81 

0.704 
0.683 
0.679 
0.738 
0.662 
0.677 
0.676 

In  the F i e r y - F o x  dilute solution theory the polymer  was assumed to 
have a gaussian distribution of  chain segments. This was replaced in later 
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theories 3,16 by a non-gaussian distribution which resulted in the expression 
of the intrinsic vi'scosity 3 as a power series in z, the excluded volume 
parameter, 

It/] = [~/]0 (1 + p (X) z - . . . . )  (6) 

where X is the draining parameter and the function p (X) increases with 
X or M to an asymptotic limit of 1.55. The intrinsic viscosity at the theta 
temperature was then defined as 

[,1]0 = (~/~Na / 100 x 6a/8) [XFo (X)] ((R~>So/~/M) (7) 

where NA is Avogadro's number, and XFo (X) approaches 1.259 at X = oo. 
Thus 

~o = (~/SNA / 100 x C/~) [XFo (X)]x=~, = 2-87 x 108a (8) 

and the data in Table 2 are in agreement with this value indicating that 
the polymer behaves as an impermeable coil in cyclohexane. 

Consideration of the excluded volume and its effect on the hydrodynamic 
radius, by Kurata and Yamakawa 17, has resulted in the modification of 
equation (3) to 

[ v ] = ( ~ o / q )  8 3/~ ~,8 ( (n  )o~ /Mw) ct (9) 

where as.,8 = or3 (10) 

and a3, = [7]/[7]0 (11) 

Thus equation (10) implies that the hydrodynamic radius of the polymer 
chain will increase less rapidly than the statistical radius, with increase in 
the excluded volume. This is confirmed for the present system by plotting 
log a~ against log a,  for sample 6, from the results of Table 3. A slope 
of 2-27 was obtained (see Figure 3) which can be corrected for sample 
heterogeneity by using 17 

p (X) (h + 1) 2 (h + 2) [F'(h + 1)] 2 Slope F (h + ~) F (h + O  (12) 

which for h= 10 and p (X)= 1.55 gives a slope of 2"30, reasonably close 
to the value predicted by equation (10). 

Table 3. Temperature dependence of hydrodynamic parameters of poly a-methyl 
styrene No. 6 in cyclohexane 

Temp. °C <R2>lz/2 , .4 [r/] A~ × 10' ml g-S 

37"0 
38"5 
40'2 
43 "7 
47"5 
51 "5 

848 
864 
870 
899 
933 
965 

1"00 
1-04 
1"06 
1"15 
1.24 
1 "34 

0'000 
0"068 
0" 163 
0"258 
0"416 
0"512 

In the final column of Table 2 are listed values of the parameter A 
defined by 

A = [<R~>o~ / Mw]'/" = [Ko I'i'o] , "  (13) 
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The average was A=0.688x 10-Scm obtained from the experimentally 
determined coil dimensions. It is also possible to estimate A from K0 in 
equation (2), and if the theoretical value of qb0=2.87x 10 '1 is corrected 
first for sample heterogeneity, then A =0.678 × 10 -8 cm is obtained. These 
values are in reasonable agreement with the result of Cornet TM who estimated 
A =0.667 x 10 -8 cm from viscosity measurements in concentrated solutions 
where perturbation of the polymer chain is supposed to be negligible. This 
value for A is considerably lower than the corresponding value for poly- 
styrene, indicating that the a-methyl group may play a significant role in 
deciding the conformation of the polymer chain. However, it should be 
remembered that the microstructure of the polymers differs from that of 
the polystyrene, and this problem will be examined in detail in a future 
publication. 

Figure 3--Log-log plot of ot a against c~; 
n 

the observdd slope is 2"27 

0.10 

0 

0.05 

/ 
/ 

/ 
I I I I I 

0-01 0.03 0"05 
tog ~t 

Second virial coefficient (A~) 
The excluded volume z was related directly to the second virial coefficient 

by Zimm TM, who proposed the equation 

A2 = ½N aBh (z) (14) 
where 

h (z)= 1 - 2.865z+ 18-51z~-...  (15) 

Here N,t is the Avogadro number, B is a parameter related to the Flory 
interaction parameter X, and z can be described effectively in terms of the 
radius of gyration (s~) ~/~ by 3 

(s~> = (s~>0 [1 + 1.276z - 2.077z ~ + . . . ]  (16) 

By combining equations (14), (15) and (16), and neglecting the triple contact 
terms, it is possible to arrive at an approximate form incorporating the 
double contact terms viz. 

(~>=(~)o~l  F A~V11/~ ./ M \3/~q A~VPI ~ M 3/,~ 
+ 1 . 2 7 6 1 ~ 1 = = - - - |  / + 1 " 5 7 9 [ ~ ( < - - ~ 0  ) ] } (17) 

k L ,, \<~>oI J 
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T H E  S Y S T E M  P O L Y  A L P H A - M E T H Y L  S T Y R E N E , - C Y C L O H E X A N E  

Substitution of the experimental value for ((~>0=/M~) obtained here reduces 
equation (17), after correcting for heterogeneity', to 

a ~ - 1 = 4-51 (A 2Ma/~) + 18.9 (.4 ~/~/2)~ (18) 

which predicts essentially a linear relationship between (s ~) and .42 for 
any given molecular weight in the vicinity of the theta temperature, or low 
a,  with increasing deviation at higher ot values. The validity of equation 
(18) is examined in Figure 4, in which the points are calculated from data 

3.0 

2.5 

2.0 

e l  l 

1.5 

1.0 

0.5 

2 d 

o/ 

S s 

' I I I I 
0.05 0.15 0.25 

A2MI#2 

Figure 4 - - D e p e n d e n c e  o f  a s on  A s. 
Cu rve  1 theore t ica l  line u s ing  single 
contact approximation, curve 2 con- 
structed using double contact approxi- 

mation 

obtained for sample 6 in cyclohexane and samples 1, 2, 3 and 6 in some 
non-ideal solvents; details are given in Table 4. The broken line, curve 1, 
was calculated from equation (18) using only the single contact approxi- 
mation and fits the data only in the low range of oz. The theoretical line 
for equation (18) is denoted as curve 2 and shows remarkably good 
agreement with the experimental results over the whole range examined. 

The Flory parameter 
The Flory parameter was originally defined as a universal constant, but 

examination of equation (10) indicates that 

=d~0 (a~/or) 3 (19) 

which suggests that • will be dependent on both molecular weight and 
solvent power. Equations (10) and (19) predict an unlimited decrease in d~ 
as the expansion factor approaches infinity ~, i.e. 

¢ =qb0a -°'57 (20) 

whereas a similar relationship proposed by Kurata, Stockmayer and Roig TM 

a3 - an = 1.10g (a~) Z (21) 

predicts d~ should reach an asymptotic limit. Here g (otn)=8a3/(3a2 + 1)~/~. 
Ptitsyn and Eizner ~° used a somewhat different approach by generalizing 

the Kirkwood-Riseman theory and using the factor E to describe the 
excluded volume effect, where R2= K~M 1+'. They arrived at the relation 
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qb (~) =~o  (1 - 2.63E + 2.86e ~) (22) 

which shows that the decrease in • will be limited only by the limiting 
value of e which is adopted. 

In  Table 4 are listed values of (~/q~0) and a for poly o~-methyl styrene 
in a range of solvents. 

Table 4. Molecular parameters for poly a-methyl styrene in various olvents 

MeasuJ 
Sample ment 

No. I temp., ' 
I 

37 
37 
37 
37 
37 
37 
37 
37 
,10"2 
43-7 
47'5 
51 '5 

e -  

C 
Solvent 

Toluene 
Toluene 
Toluene 
Toluene 
Toluene 

THF 
Dioxa'n 

CCI~ 
Ethyl benzene 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 

u 

254 
349 
588 
613 
551 
571 
509 
588 
539 
355 
367 
381 
394 

A~XI~ 

2"07 
2"12 
2"09 
2"00 
2"02 
2"06 
1"73 
1"79 
1 "82 
0"16 
0"26 
0"42 
0"51 

1"33 
1"55 
1"79 
1"77 
1'64 
1"70 
1"51 
1"75 
1"60 
1"03 
1"06 
1'10 
1'14 

(¢~1%) 

0.91 
0-67 
0.50 
0.53 
0.50 
0.49 
0-56 
0.47 
0.50 
0.99 
0-97 
0-94 
0.92 

These can be compared with the theoretical relationships if a suitable 
interconversion of ot and E can be made. This can be done in several ways ~1. 
According to the Flory theory E cannot be greater than one fifth if the coil 
expansion is due only to the excluded volume effect, thus 

E = ( c : -  1) / (5a 3) (23) 

but if the Kura t a -Yamakawa  approach is used ~=0.5 is the limiting value 
and 

E=0-5 (or ~ -  1)1o: (24) 

By taking these two extreme cases we can plot ~ / ~ 0  against ~, as shown in 
Figure 5, where the open circles represent E calculated according to equation 
(24), while the solid circles are obtained for ~ using equation (23). These 
experimental values can now be compared with three theoretical treatments. 
Recently, computer calculations of the intrinsic viscosity of coiling macro- 
molecules using the Kirkwood-Riseman adaptation of the Oseen approxi- 
mation have been made by Ullman n. He considered a gaussian coil, the 
Kura t a -Yamakawa  model, and a coil expansion model proposed by 
Peterlin. F rom his tabulated results it is possible to construct the theoretical 
dependence of ~ / ~ 0  on ~ for the K - Y  approach (dotted line) and the 
Peterlin coil model (solid line), while the broken line in Figure 5 was 
calculated from the P - E  equation (22). 

Recent views on the dependence of a on z, proposed by Ptitsyn ~ and 
Stockmayer and Fixman ~, favour a limiting value of ~=1 /3 .  Thus 
Tschoegl ~ has shown that 

~=½ (1 - 0 . 7 8 6 / a  2) - 1/30-3o: (1 -0 .786 /o : )  1/~ (25) 
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if the Ptitsyn relation is used, and points calculated according to equation 
(25) are shown as triangles on Figure 5. 

Figure 5--Variation of (e~/qb0) with E. 
Solid line is the Peterlin coil model (P), 
broken line (P-E) the Ptitsyn-Eizner 
theory, dotted line (K-Y) the Kurata- 
Yamakawa theory. For limit of e=1]2 
(--©--), limit e=1/3 (__A__) and fimit 

E=I/5 (--o--) 
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D I S C U S S I O N  
The theta temperature of the system poly or-methyl styrene-cyclohexane 
has been found to be 37°:+0.5°C which is about one degree higher than 
other reported values. This slight discrepancy may be due to differences 
in sample tacticity although this cannot be substantiated as no details of 
material preparation have been given in the other references 1~'1~. The 
samples used in this study have approximately 64 per cent syndiotactic 
placements (diad analysis), whereas the syndiotactic content of cationically 
prepared samples is considerably higher ~. By analogy with polymethylmetha- 
crylate, it seems likely that the theta temperature may decrease slightly 
with increasing syndiotacticity 26. 

The Kurata-Yamakawa (K-Y) theory using a single contact approxi- 
mation has proved adequate in predicting the solution properties of the 
polymer in the vicinity of the theta temperature. As the solvent power 
increases, however, the agreement deteriorates somewhat. This is most 
obvious when examining the dependence of (~/~0) on ~. The K - Y  theory 
is most suitable at low e, and the agreement is not unreasonable in good 
solvents if E is allowed to approach one half. Under the same limiting 
conditions the P - E  equation is also a moderately good approximation at 
high E, and it is interesting to note that a recent treatment by Bloomfield 
and Zimm ~7, who treated the molecule as a 'pearl necklace' with beads 
connected by Hookean springs, produces a curve which is almost identical 
with the P - E  curve. If a limit of e equal to one fifth is imposed then the 
K - Y  is still a good fit at low e but deviates badly in good solvents, and 
the Peterlin coil model is now the closest approximation to the experimental 
points. However, E = ~ as a limiting value is invalid for the K - Y  treatment 
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and makes any comparison meaningless under these conditions in good 
solvents. On the other hand if E approaches one third as predicted by more 
current views ~,~4, then the experimental points scatter between the Ptitsyn- 
Eizner and Peterlin models, while at low ~ the Kurata-Yamakawa approach 
remains the best fit. 

In the K - Y  theory, however, it has been shown that if the double contact 
terms are used, the agreement between theory and experiment at high ot 

is much better. The dependence of A2 on (s~> is predicted well in non-ideal 
solvents when the double contact approximation is employed. Unfortunately 
this does not agree with recently reported data on polystyrene ~8 where a 
linear relationship was found to be valid over a wide range of thermo- 
dynamic conditions. 

It is thus extremely difficult to decide if extrapolation of the K - Y  theory 
beyond the immediate vicinity of the theta temperature is a valid procedure, 
and whether or not there has been a fortuitous cancellation of errors which 
has resulted in the appaJ:ent experimental coincidence with theory. 

The characteristic ratio ((S~)o~/Mwy/~ of the polymer was found to be 
0.281 x 10-Scm which can be corrected for sample heterogeneity (h=10)  

to give ((s2)ow//~)~/2=0"269x 10 -8 cm. This is lower than the value 
reported by Berry 28 for polystyrene of 0.276 x 10 -8 cm, obtained for very 
sharp fractions. However, as the microstructure of the polymers may differ 
no direct comparison may be made at this time. 

The authors wish to thank P. M. Toporowski [or valuable technical 
assistance. 
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ANNOUNCEMENTS 

U N I V E R S I T Y  O F  B R A D F O R D  S C H O O L  O F  P O L Y M E R  

S C I E N C E  

A Symposium on 'Structural Analysis of Polymers' will be held on 24 and 
25 February 1967. 

Papers will include a general introduction, infra-red and u.v. spectroscopy, 
n.m.r, spectroscopy, X-ray diffraction, crystallinity in polymers, and DTA 
with particular reference to transitions in polyamides. Fee for the Sym- 
posium £5 0s. 0d. 

Further details and forms of application may be obtained from the 
Registrar, University of Bradford, Bradford, 7. 

F O U R T E E N T H  C A N A D I A N  H I G H  P O L Y M E R  F O R U M  

The Fourteenth Canadian High Polymer Forum will be held 24 to 26 May 
1967 at the Universit~ Laval in Quebec City. The Forum is sponsored by 
the National Research Council of Canada in cooperation with the Chemical 
Institute of Canada, and is concerned with all aspects of Polymer Science. 
The Chairman is Dr H. DAOUST, Department of Chemistry, University of 
Montreal, Montreal, Quebec. 

The Forum Lecturer is to be Professor SEIZO OX~AMUP, A, Department of 
Polymer Chemistry, Kyoto University, Kyoto, Japan. His subject will be 
'Some Aspects of Ionic Polymerization'. 

Persons wishing to contribute papers should contact the Program Chair- 
man, Dr D. M. WILTS, Division of Applied Chemistry, National Research 
Council, Ottawa, Ontario. Titles, authors' names, and abstracts of 200 to 
300 words should reach Dr WILES no later than 15 February 1967. 

Those wishing to attend the Fourteenth Forum will be requested to pre- 
register and should apply to Dr J. F. HENDERSON, Secretary-Treasurer, 
14th Canadian High Polymer Forum, Research and Development Division, 
Polymer Corporation Limited, Samia, Ontario, Canada. 
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The Crystal- Crystal Transition 
Poly[3,3-b is (chlorome thvl)- 

oxacyclobutane] 
J. R. COLLIER* and E. BAER 

The trans[ormation fl to ct ]orm 'Penton't was studied using differential thermal 
analysis and X-ray techniques. This trans[ormation which starts around 115°C 
is rapid when accompanied by annealing of the [3 form, and the amount trans- 
formed increases with the annealing temperature. However, the c~ to [3 
transformation does not occur even after long annealing times. Samples 
crystallized ]rom the glassy state were predominantly [3 with a small amount of 

c~, while samples crystallized from the melt were essentially all ct form. 

PoLv[3,3-bis(chloromethyl)oxacyclobutane], trade-name Penton, has pre- 
viously been shown to exist in two crystalline modifications 1-3. The a form, 
which is obtained by crystallization from the molten state 1 and from 
solution 4, has an orthorhombic unit cell and the symmetry of a Pn~m space 
group 3. Crystallization from the quenched glassy state 1, or from the melt 
under pressure ~ yields the fl form, which has a monoclinic unit cell and a 
Bm space group ~. In both forms the molecular chains have a zig-zag 
configuration with the same chain axis repeat distance 2'~. However, the 
chlorine groups are in a trans relationship to the main chain in the fl 
form and are gauche in the a form ~. Sandiford t reported that the fl form 
is monoclinic with two molecules per unit cell and calculated a theoretical 
crystal density of 1.469 g/cm ~ which is equivalent to that of the a form 3,~. 
However, the lattice parameters of Wasai et al? gave a theoretical density 
of 1-455 g /cm 3 for the fl form. This density is surprisingly low since the 
low temperature form usually has the higher density ~. 

Imura and Kondo ~ have reported that the fl form transforms to a around 
130°C. However, the reported diffractometer scans indicate that the tran- 
sition was not complete at 130°C and that more fl had transformed at 150°C. 
The object of this investigation was a more detailed study of the fl to a 
crystal-crystal transformation in Penton. 

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

The samples used in this investigation were extruded pellets of Penton 
9215 (lot number 90189) which were generously supplied by t h e  Hercules 
Powder Company. Using a platen press these pellets were moulded into a 
film, cooled from the melt to 154°C and then held at this temperature for 
16 hours to ensure complete crystallization. Selected samples were remelted 
at 230°C for one hour and then quenched to the amorphous glassy state 
in ice water. The quenched samples were then crystallized isothermally at 
predetermined temperatures above their glass transition temperature. Unless 
otherwise specified in the text, crystallization from the glassy state was 
performed at 25 ° C. 

*Present address: Dept.  of Chemical Engineering, Ohio University, Athens, Ohio. 
1"Registered trademark Hercules Powder Company. 
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X-ray scans and differential thermal analysis (DTA) thermograms were 
obtained using a General Electric XRD-6 Diffractometer and a DuPont 
900 Differential Thermal Analyzer respectively. Unless the effect of heating 
rate was being considered, the DTA thermograms were run at a heating 
rate of 10 deg. C per minute. The reported D TA  curves were normalized 
but no correction for heating rate was introduced. 

R E S U L T S  A N D  D I S C U S S I O N  
Evidence for ~ and fl crystallographic forms 

Discrimination between the ~ and fl crystallographic forms of Penton 
can be achieved with a reflecting X-ray diffractometer. In Figure 1 are 
shown three normalized X-ray patterns of samples which have been 
subjected to different thermal histories. Curve I is typical for a sample 
crystallized from the amorphous glassy state at 25°C. The first peak at 
20= 14"4 °, is due to the (210) reflections of the ot form; and the two 
stronger peaks at 20 = 15.0 ° and 15.6 ° are assigned respectively to the (020) 
and (110) reflections of the 73 form using the lattice constants of Sandiford 1. 
In this sample, the X-ray pattern indicated that the polymer went pre- 
dominantly into the monoclinic fl form. However, a detectable amount of 
the orthorhombic o~ form was also observed. Curve II was obtained after 
annealing the glass crystallized sample of curve I. That  some of the /3 
material originally present is transformed to o~ during annealing at 150°C 
was evidenced by the more intense a peak. Since the intensity of and area 
under the/3 peaks on the original scans decreased relative to the amorphous 
scattering and the a peaks, the ot material was not due to additional 
crystallization from amorphous polymer. Samples crystallized from the 
melt exhibit strong a peaks as shown by curve III. Whether small amounts 
of the /3 form were also present cannot be resolved due to experimental 
limitations. 

The same samples were used for both the X-ray scans of Figure 1 and 
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Figure /--Effect of crystallization and 
annealing temperatures on the X-ray 
patterns of Penton. T= is the crystal- 
lization temperature, T A is the annealing 
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the normalized DTA thermograms of Figure 2. Samples isothermally 
crystallized from the melt, which according to X-ray analysis are essentially 
or, exhibited only one DTA melting peak at 167.5°C as is shown in curve 
III, Figure 2. However, when crystallized from the glassy state (curve I) 
two definite peaks at 159"0 ° and 164.5°C were present. By annealing at 
150°C (curve II) the first of the two peaks decreased in relative intensity 
and the shoulder around 149°C, believed to be due to the /3 to a trans- 

Figure 2--Effect of crystallization and 
annealing temperatures on the DTA 

scans 
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T e m p e r a t u r e ,  °C  

formation, became more pronounced. The X-ray scans of the same annealed 
sample indicated that some of the /3 form had transformed to ot during 
annealing. It appears that the first peak is due to the melting of the /3 
form; consequently, the higher temperature peak inust be due to the melting 
of a material. 

These assignments are validated by the heating rate studies shown in 
Figures 3 and 4 of unannealed and annealed glass crystallized samples 
respectively. In both of these figures the intensity of the /3 peak relative 
to the ot peak increases with increasing heating rate. This is in agreement 
with the above mentioned assignment since the amount of the /3 material 
transformed to cz should decrease as the heating rate increases thereby 
giving a stronger /3 melting peak. Further confirmation of the /3 peak 
assignment was achieved by heating a sample in the DTA unit at 10 deg. C 
per minute through this peak and then cooling back to room temperature 
before reaching the a peak. The subsequent DTA scan for this sample 
showed only the higher temperature peak indicating that the /3 material, 
which had not transformed, did melt during the initial heating and upon 
cooling recrystallized into the a form. 

The shoulder observed around 155°C especially in the annealed samples 
was attributed to the /3 to a transformation. Annealing produces an 
increase in surface area 8 and according to McCrone 6 this in turn accelerates 
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Figure 3--Effect  of heating rate on the 
DTA thermograms of Penton crystallized 

from the glass at 25°C 

the rate of transformation. At faster heating rates the fl to a shoulder is 
less evident since there is insufficient time for the transformation. This is 
consistent with the observation of a relatively intense fl peak at fast heating 
rates. Further confirmation of this assignment was obtained by heating 
a glass crystallized sample in the DTA apparatus through this shoulder at 
10 deg. C per minute and then, before reaching the fl melting peak, cooling 
to room temperature. The DTA thermogram which was then obtained at 
50 deg. C per minute exhibited a strong a melting peak and only a slight 
indication of a /3 peak. This implies that during the initial heating and 
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Figure 4--Effect  of heating rate on the 
DTA scans of Penton crystallized from 
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cooling step, most of the /3 material transformed to c~ while the sample 
was in the temperature region in which transformation is quite rapid. 

The effect o[ annealing temperature on the a to/3 concentration ratio 
Figure 5 illustrates the time dependence of the /3 to c~ transition at two 

annealing temperatures. In this and succeeding figures the relative extent 
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Figure 5--Effect of annealing time on the ratio of ct 
to/3 forms. Samples were crystallized from the glassy state 

at 25°C and sequentially annealed for the time specified 

of transformation is represented by the ratio of the (210) ot peak intensity, 
I~, divided by the intensity of the (020)/3 peak, lpl. The atomic positions 
assigned by Wasai et al. 3 are questionable since they catalogued only one 
reflection in the 15.0 ° to 15.6 ° , 20 region. Two peaks were observed in 
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Figure 6--Effect of annealing temperature on the a to /3 
intensity ratio. Samples crystallized from the glassy state 

and annealed for 36 h at various temperatures 

this region of diffractometer scans but due to their proximity and intensity 
they appear as one ring in an unoriented pattern and one spot in a fibre 
pattern. Consequently, the atomic positions which were assigned on the 
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basis of a fibre ;pattern do not account for the 15.6 ° peak and predict a 
zero intensity for such a peak. Therefore, an intensity ratio of two strong 
peaks, one from each crystal form cannot be converted to an exact concen- 
t ra t ion ratio because the theoretical intensities are not available. Since 
X-ray peak intensities are directly proportional to the actual amount of 
material present, and the magnitude of the proportionality constant is 
dependent on the particular crystal form, the intensity ratio is directly 
proportional to a molar  concentration ratio but not equal to it. Con- 
sequently, even when a concentration ratio cannot be calculated due to a 
lack of crystallographic data, an intensity ratio can be used to observe 
the extent of a crystal--crystal transformation. Satisfactory results were 
obtained using this technique to investigate the /3 to ot crystal-crystal 
transformation in polypropylene 9. 

As is shown in Figure 5, the /3 to ot transformation in Penton proceeds 
to a constant la/lol value which is dependent upon the annealing tempera- 
ture. A similar result was, observed in the transformation o f /3  to ot form 
polypropylene 9, and the transformation of form I I I  to form I" of poly- 
butene-11°,1~. As would be expected, the time required to reach this value 
decreased as the annealing temperature was increased. Two hours were 
necessary at 134°C and only 14 minutes at 150°C. In order to obtain 
constant concentrations at temperatures lower than 134°C an annealing 
time of 36 hours was used, and for temperature above 150°C samples were 
annealed for 30 minutes. 

Figures 6 and 7 show the effect of annealing temperature on the Is/lot 
ratio for samples which had been sufficiently annealed to assure a constant 
concentration ratio. It  appears from these data that a gradual onset of the 
/3 to oz transformation probably occurs between 81 ° and 115°C and that 
the amount of/3 form transformed to ot is a strong function of the annealing 
temperature. 

The D T A  scans in Figure 2 showed that when sufficient time for trans- 
formation was not allowed at a heating rate of 10 deg. C per minute, some 
of the /3 material would melt before it could transform to a.  For this 
reason, the investigation of the transformation at annealing temperatures 
greater than 154°C was carried out by successive annealing treatments on 
the same sample. After annealing a glass crystallized sample at 157°C 
for half an hour this sample was removed for X-ray measurements at 
room temperature. Since ot material does not transform to /3, cooling the 
sample to room temperature does not change the relative concentration. 
After removing a small amount of material for D T A  thermograms, the 
sample was again placed in an oven which had been preset to a temperature 
two degrees higher than the previous annealing temperature and the 
identical procedure was repeated. The results of these sequential experi- 
ments shown in Figure 7 indicate that the limiting ratio continues to 
increase up to an annealing temperature of 173°C at which point complete 
conversion/3 to a was effected. 

Mechanism of crystal-crystal transformation 
As was mentioned eadier the fl to t~ transformation in Penton is quite 
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Figure 7--Effect of annealing temperature on the t~ 
to /3 intensity ratio. Samples crystallized from the 
glassy state and sequentially annealed for 30 min at 

various temperatures 
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similar to the fl to ot transformation in polypropylene 9 and the form III  
to form I" transformation in polybutene-11°,11. The amount of material 
transformation in all three cases proceeds to a limiting value which is 
controlled by the annealing temperature. However, some polymer crystal- 
crystal transitions proceed kinetically to complete conversion at all allowed 
temperatures as does the form II to form I transition in polybutene-1 lx,13. 
Therefore, there is more than one mechanism for polymer crystal-crystal 
transformation. 

The observed transformation in Penton probably proceeds by a crystal- 
crystal mechanism and not by a crystal-melt-recrystallization mechanism 
since the rate increases with annealing temperature (Figure 5), and no 
observable exothermic DTA peak occurs between the fl and ot melting 
peaks (Figures 2 and 3). Also, as temperature increases, the rate of crystal- 
lization has been noted to pass through a maximum below 140°C and then 
decrease with any further increase in temperature 14. However, the rate of 
transformation was observed continually to increase with temperature. 
Furthermore, this transformation begins in the same temperature region 
as the onset of annealing of the fl form (Figure 8), which suggests that 
segmental chain mobility may be necessary before the transformation is 
energetically favourable. If this annealing motion is required for the 
forward transformation of fl to a,  then a sample crystallized from the 
melt, which is predominantly a,  would not be expected to transform 
partially to ft. 

Effect of annealing on the melting of a and fl forms 
The melting of the ct and fl forms was also studied by using the same 

annealed samples. The onset of annealing of the fl material occurred near 
l l 5 ° C  as was evidenced by the increasing fl melting peak temperature 
(Figure 8). However, the last trace of the fl form as detected by DTA did 
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not disappear until annealing at 167°C. This DTA measurement of the 
annealing temperature necessary for complete conversion is slightly lower 
than the 173°C revealed by X-ray analysis. This disagreement results from 
the fact that as the annealing temperature increased, the fl peak decreased 
in relative intensity but increased in peak temperature, while the ot peak 
temperature remained essentially constant. Therefore, a small peak corres- 
ponding to the'trace of fl material which remained after annealing at 167°C 
was effectively masked by the intense ot peak. 

The ot melting peak temperature increased with annealing temperature 
between 165 ° and 185°C. Since samples crystallized from the melt into the 
o~ form usually melt around 165°C, the sequential annealing technique 
allowed an increase in the perfection of the polymer morphology as has 
been observed in other crystalline polymers 8. 
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Figure 8--Effect of annealing on the DTA peaks 
of Penton samples crystallized from the glassy state 

and annealed, c~ r, recrystallized cz material 

Theoretically the melting point should increase with annealing tempera- 
ture up to the equilibrium melting point which was estimated to be 191°C 15. 
However, as expected due to experimental limitations, the highest melting 
peak observed was 185°C. The appearance of an additional peak at 164°C 
corresponds to some material which was melted during annealing at tem- 
peratures greater than 165°C and recrystallized into the ot form while 
cooling to room temperature. The intensity corresponding to the annealed 
ot peak continually decreased while that of the recrystallized ot peak 
increased with annealing temperature indicating that an increasing amount 
of the material melted at progressively higher annealing temperatures. 

C O N C L U S I O N S  
Crystallization of Penton from the glassy state yielded predominantly the 
fl form with a detectable amount of ot material also present. However, 
crystallization from the melt gave essentially all ot material. When a glass 
crystallized sample is annealed the fl form transforms to cz by a crystal- 
crystal transformation mechanism. The reverse transformation ot to fl was 
not observed in either melt or glass crystallized samples. 
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The amount  of  material  converted f rom fl to a form during annealing 
of  glass crystallized samples, was strongly dependent on the annealing 
temizcrat:.:re. As expected, the time required to reach the conversion 
characteristic of  the particular annealing temperature decreased with 
increasing temperature. 

The fl to ot t ransformation began slightly below l l 5 ° C  and continued 
as a result of sequential annealing to complete conversion at !73°C.  This 
t ransformation appears to proceed by a crystal-crystal  mechanism which 
is energetically favourable only when accompanied by concurrent  annealing 
of  the polymer  to a more perfect morphology.  

Sequential annealing of glass crystallized samples showed that the melting 
point of a material  increased significantly with annealing temperature. 
The highest melting point  observed by this technique was 185°C which 
is only a few degrees lower than the predicted equilibrium melting point 
of  191°C. 

The authors are  indebted to the Manu[acturing Chemists' Association 
[or their generous financial support and to Mr James Byrd who assisted 
with the X-ray diffractometer scans. 
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Thermal Degradation of Vinyl Polymers 
I Thermal Degradation of Polystyrene- 

Poly(a-methylstyrene) Mixtures 
D. H. RICHARDS and D. A. SALTER 

Thermal degradation o/  polystyrene (PS) has been induced at temperatures 
at which it is normally stable (260* to 287°C) by using poly(a-methylstyrene) 
(PMS) as a radical producing agent. P MS  degrades at these temperatures in a 
kinetically simple manner. The decompositions were [ollowed by measuring 
the monomers evolved [rom the mixtures by gas-liquid chromatography. 

Experiments where the P MS  molecular weight was varied over a wide range 
established that, whereas the degradation of  PMS  was unaffected by the 
presence o[ PS, the PS degradation varied as an inverse [unction o/  PMS  
molecular weight. These observations were taken to mean that the system 
was heterogeneous, consisting o f  micelles o f  PMS  embedded in a PS matrix. 
The PMS could then only initiate PS by completely unzipping to produce 
monomer  radicals which could diffuse into the PS matrix. The heterogeneity 
o/ the system was confirmed kinetically. I t  was [ound that the rate constant 
o[ primary scission o / P M S  was given by the expression 5× 10 is exp (--65 000/ 
RT)  and that the degradation o[ the polymer was unaffected by the type o[ 
catalyst used in its synthesis. The depropagation of  PS was [ound to be 
described by the equation k J k ~ = 6 5 e ~ p ( - - l O  SOO/RT) where k a and k t are 

the rate constants o[ depropagation and termination respectively. This equa- 
tion was shown to h o l d / r o m  5 000 up to 100 000 molecular weight o[ PS. 

THE thermal degradation of polystyrene has been studied by a number of 
authors and the results have recently been reviewed by Wall and Flynn 1 who 
point out that many important questions remain unanswered. It is uncertain 
whether the initial rapid decrease in molecular weight is caused by scission 
of weak bonds, intermolecular chain transfer or both. Strong support for 
chain transfer is obtained from work on poly(ot-deuterostyrene) ~, but 
evidence for the presence of thermally active weak links 3-s is equally con- 
vincing. Gordon 6 interpreted the results of Grassie and Kerr 7 by assuming 
the initial scission to be terminal, but had also to postulate some random 
or weak link scission and/or chain transfer. Later work 8 indicates that, at 
medium molecular weights, terminal scission predominates with very short 
zip lengths but that, at high molecular weights, random initiation becomes 
significant. 

One of the main factors preventing the quantitative analysis of the 
degradation kinetics is the uncertainty of the position and nature of the 
initial scission. We have adopted a fresh approach to try to overcome this 
difficulty, viz. to induce decomposition of polystyrene at temperatures at 
which it is normally stable. Three methods have been used: the first intro- 
duces into the system a radical producing agent which initiates the poly- 
styrene by hydrogen abstraction. The second and third methods (see suc- 
ceeding papers) involve the synthesis of polystyrene with weak terminal 
bonds and with weak bonds at specific points along the polymer backbone 
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respectively. The last two methods thus enable the position of initial 
scission to be established. 

Poly(cx-methylstyrene) was found suitable for the first method and also, 
as a block copolymer with polystyrene, for the second 9. The third approach 
involves t h e  reaction of low molecular weight 'living' polystyrene with 
iodine--a process which we have found to result in a Wurtz type of conden- 
sation with the formation of weak links at the coupling points 1°. This paper 
is confined to a detailed discussion of the first method. 

Poly(ot-methylstyrene) (PMS) was chosen because it degrades at tempera- 
tures about 50 deg. C lower than polystyrene (PS) and in an apparently 
simple manner. Low temperature studies (220 ° to 240°C) by Bywater 
et al. u,12 and high temperature studies (270 ° to 290° .C) by Madorsky ~.14 and 
WaIF 5, indicate random initiation and extremely large zip length (1 340 
monomer units at 270 ° to 290°C), with negligible chain transfer. Thus 
PMS with low degrees of polymerization should exhibit proportionality 
between their molecular weights and initial rates of monomer evolution. 
If, however, chain transfer to PS takes place, this linearity will be affected 
so that measurement of ot-methylstyrene evolution should allow the evalua- 
tion of the rate of production of PS radicals. Simultaneous measurement 
of the styrene evolved would then enable the behaviour of these radicals to 
be studied. 

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

Synthesis o[ polymers 
All polymers were prepared by the 'living' polymer technique 16. Sodium 

naphthalene was catalyst for PS, and cumyl potassium lr or disodium ot- 
methylstyrene tetramera8 was used for PMS. The polymerizations were 
carried out in a vacuum with tetrahydrofuran as solvent. 

Polystyrene--Polymers were prepared with molecular weights up to 
92 000 as measured by viscometry TM- They were 'killed' with methanol to 
produce --CH2 ~b end groups. 

Poly(cz-methytstyrene)---Polymerizations were performed at -78°C 
(when the equilibrium monomer concentratio# ° is less than 0.005M) for 
times greater than five half-lives 2~ after which methanol was added to 
produce - -CH (CH~) ~b end groups. Polymers were prepared with viscosity 
molecular weights ~ ranging from 7 000 to 1 210 000, 

Degradation experiments 
Degradations were performed in modified U-tubes based on Jellinek's 

design S. The appropriate volumes of 5 per cent w/v benzene solutions of 
PMS and PS were introduced into one of tho arms so that the total weight 
added was 0" 1 g. Preliminary experiments showed that this weight was in 
the range where the rate of monomer evolution was proportonal to the 
weight of the sample. The polymer mixture was freeze-dried under vacuum 
and then slowly heated to 180°C when a pressure of 10 -~ mm of mercury 
was obtained before sealing. This procedure was carried out simultan- 
eously on up to fifteen U-tubes. Each U-tube was placed with the arm 
containing the sample in a salt bath at the required temperature and the 
other arm immersed in liquid nitrogen. At the required time the cold 
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fingers were sealed and the styrene and c~-methylstyrene monomer contents 
analysed by gas-liquid chromatography using a Perkin-Elmer model 451 
fractometer. 

Jellinek's system has been criticised by Atherton ~ on the ground that loss 
of polymer from the reaction zone occurs by sputtering. This has now been 
avoided by blowing an inch diameter thin-walled glass bulb in the U-tube 
arm containing the polymer. 

Degradation experiments were performed between 260 ° and 290°C to 
study the effect of molecular weight changes of PMS on the breakdown 
pattern of the mixtures. Fifteen U-tubes, each containing 0.086 g of PS 
of 60 000 molecular weight and 0.014 g of PMS of differing molecular 
weights ranging from 7 400 to 1 210 000, were degraded at each tempera- 
ture. The reaction times were arranged so that less than five per cent of the 
lowest molecular weight PMS was decomposed. The PMS samples used 
were prepared using 'tetramer' as catalyst. 

Two experiments were carried out at 270°C to determine the effect of 
concentration on the breakdown. In the first, PMS of 1 210 000 molecular 
weight was mixed with 400 000 molecular weight PS in all proportions, and 
in the second, the molecular weights of PMS and PS were 195 000 and 
44 000 respectively. 

To discover whether the degradation was affected by the nature of the 
PMS catalyst, comparative measurements were made on mixtures where 
the PMS component had been prepared using either 'tetramer' or cumyl 
potassium as initiator. 

Degradation measurements were performed on mixtures containing PMS 
of 7 400 molecular weight, but with PS of molecular weights up to 92 000 
to evaluate the effect of the viscosity of the medium on the rate of termina- 
tion of polystyryl radicals. 

R E S U L T S  

The quantities of monomers resulting from typical degradations between 
260 ° and 287°C are given in Table 1. The styrene produced must have 
resulted from interaction of PS with the degrading PMS as no styrene was 
obtained from pure P S  under these conditions. The a-methylstyrene 
evolved increases initially with PMS molecular weight and then levels off at 
high values whilst the ,styrene decreases to extremely low values at medium 
and high molecular weights. These trends will be discussed later. 

Figure 1 shows the amounts of cx-methylstyrene evolved in an hour at 
270°C against the weight fraction of PMS present. The two graphs refer to 
differing molecular weights of the components but both exhibit linearity. 

Table 2 compares the a-methylstyrene evolution from polymer mixtures 
with PMS prepared using either 'tetramer' or cumyl potassium as catalyst. 
The rate is seen to depend only on the molecular weight, and not on its 
mode of synthesis. 

The results in Table 5 indicate that the rate of styrene evolution at 
constant PMS molecular weight is independent of the molecular weight of 
PS used as diluent. 
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Figure /--Rate of a-methylstyrene 
evolution against concentration of 
PMS in PMS-PS mixtures at 
T=270°C. 1, PMS----1 210000 and 
PS=400 000; 2, PMS=195 000 and 

PS=44 000 

D I S C U S S I O N  
It is convenient to discuss the degradation behaviours of the two polymer 
components separately and to consider the PMS degradation first. 

P o l y ( a - m e t h y l s t y r e n e )  degradat ion 
A simple picture of the kinetics of degradation of PMS can be obtained 

with the following assumptions: (a) the initial scission is random and 
produces two polymer radicals which subsequently depropagate, (b) no 
chain transfer to another PMS chain occurs, (c) the "degree of polymeriza- 
tion is sufficiently small to assume that each chain unzips completely after 
scission, (d) monomer radicals left after unzipping diffuse out of the system. 

The total number of inter-unit bonds in W~ g of PMS is 

( W ~ / M a )  {(2M~/m~)-2} moles 

where M~ denotes polymer molecular weight and mo is the monomer mole- 

Table 2. '  Comparison of rates of monomer evolution from PMS prepared with 
'tetramer' and cumyl potassium as catalyst, T=260°C, t= 5 h 

Cumyl potassium 

Mol. wt c~ mg 

26 700 
56 200 
87 000 
87 000 

186 000 

0"585 
1'17 
1 '37 
1 '21 
1 "95 

Mol. wt 

23 000 
65 000 
82 000 
82 000 

195 000 

"Tetramer' 

c~ mg 

0.54 
1.13 
0.93 
0.95 
1.87 
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cular weight. Therefore at normal polymer molecular weights, the number 
of inter-unit bonds must be 

2W~ / m~ moles 

If k~ is the rate constant of initiation, then the rate of chain scission is 
2k; W~/m~ moles/sec [from (a)] and the rate of monomer evolution is 
given by 

- dW~/dt = 2k~W~Mo/m~ [assuming (c)]. 

Whence by integration, 

In (W° / Wo)= 2k,M~t/m= 

o r  
log (W°J W~)= 7.36 x 10 -3 k,tM~ 

At unit value of t, a plot of log(W°JWo) against M~ should be linear 
with a gradient of 7.36 x 10 -3 k~ passing through the origin. 

At sufficiently high m61ecular weights, condition (c) no longer holds and 
the residue contains increasing amounts of low molecular weight polymer. 
The kinetic picture then becomes much more complex although a general 
theoretical analysis has been developed by Simha, Wall and Blatz 2~. 

Much information can be obtained from the simple picture above, how- 
ever, and Figures 2 and 3 show the curves obtained when log (W°/W~) is 
plotted against M for a time of one hour. Figure 2 shows that at high 

0.4 

i ° 

~ ~ ~ o  ° o 
~' ~ 03 BO°C 
,,,,..-, 0 

,t- 

,eL 
6. Figure 2- -Ra te s  of evolution of c~- 

~ -% 02 methylstyrene against molecular 
~ weight of PMS in PMS-PS mix- 

tures at various temperatures. 

, , , , , , 

0 400 800 1200 
10-3M(= 

molecular weights the curves become parallel to the abscissa indicating a 
zip length much smaller than the polymer chain lengths. A linearity exists 
up to 60 000 molecular weight (Figure 3) for all temperatures studied (the 
complete graph at 287°C is not shown), and the rate constants for primary 
scission were calculated from the slope (Table 3). An Arrhenius plot 
(Figure 4) of these results gives an activation energy of 65 kcal, and a 
frequency factor of 5 x 10 TM sec -1. 
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Figure 3--Rates of evolution 
of ct-methylstyrene against 
molecular weight of PMS in 
PMS-PS mixtures at various 
temperatures. Low molecular 

weight range 

Table 3. Values of k i determined as a function of temperature 
T°C 260 268 270 274 280 287 

108ki(sec -1) ~ ~ 2-25,2"18,2:18 3"96 5.87,5-80,5-201 17"3 

Brown and WalP  examined the degradation of pure PMS (sodium initia- 
ted) at these temperatures using a different experimental technique. They 
used material between 79 000 and 480 000 molecular weight, and so did not 
cover the linear portion of the rate versus molecular weight curve. They 
analysed their results using the theory of Simha, Wall and Blatz 2~ and also 
obtained Arrhenius plots of the initial rates of a number of different 
molecular weight samples. These showed the activation energy to be 
molecular weight independent and equal to 65 kca~, and the frequency factor 
to be approximately 10 TM which is in excellent agreement with our results. 

The degradation of PMS is,therefore unaffected by the presence of PS, 
although decomposition of PS is induced by PMS, especially at low DPs. 

Figure 4--Arrhenius plot to determine acti- 
vation energy of primary scission of PMS 

chains 

7.O 

-+" ~'5 U~ 
2 

~,.0 

1-76 
I 

1.80 1.85 
103/T 
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These observations may be reconciled if only the monomer radical produced 
after complete unzipping can initiate PS decomposition. Then the rate of 
PS initiation would decrease with increasing PMS molecular weight, as is 
observed. 

PS is said to exhibit chain transfer on degradation due to the suscepti- 
bility of the tertiary hydrogens to radical attack 1 and the absence of 
hydrogen abstraction by the degrading PMS radicals can therefore be most 
reasonably explained if the system were heterogeneous and consisted of 
micelles of PMS in a matrix of PS. Degradation of PMS would take place 
within the micelles until the monomer radicals were produced. These could 
then diffuse out into the matrix (they should have about the same diffusion 
constant as the monomer) and attack the PS. 

Microscopic examination of castings of PMS and PS mixtures showed no 
heterogeneities, but the sensitivity of this method is governed by the differ- 
ence in refractive indices of the components, which is probably very small. 
Baer ~ has recently observed that mouldings of PMS-PS mixtures are cloudy 
whereas similar block oopolymers are transparent. Furthermore, the 
mixtures exhibit two damping maxima whereas the block copolymers 
exhibit only one. This is strong evidence of heterogeneity at room 
temperature. 

No reported information on the heterogeneity of the system under melt 
conditions has been found, but experiments where mixtures of a given PMS 
and PS, with compositions varying between the extremes, were degraded 
(Figure 1) shed some light on this problem. Molecular weights of PMS were 
chosen at which bimolecular radical termination predominates (Figure 2) 
and so, in a homogeneous system, a n increase in PMS concentration should 
result in a decrease in the zip length and give a plot of monomer evolution 
against PMS concentration which curves toward the abscissa. In a hetero- 
geneous system increase in PMS concentration would merely increase the 
size and/or number of micelles present and leave the zip length unaffected. 
The rate of monomer evolution would then be proportional to the PMS 
concentration, as it is. 

The good agreement with Brown and Wall 15 confirms their analysis of 
the PMS degradation process at high molecular weights. Thus, in the 
absence of chain transfer and assuming all depropagating radicals terminate 
bimolecularly, the initial rate of monomer production is given by 
dm/dt= (W~k2/rr~)(2kdk4) ~ where ks and k~ are rate constants of depropa- 
gation and termination respectively. The overall activation energy is then 
E = ½E~ + E2- ½Eo compared with E =E~ at low molecular weights. In the 
intermediate range E should vary between these values, and Brown and 
Wall have interpreted its observed invariance to mean that ½E~=E~-½E4. 
This is confirmed by our direct measurement of E, 

Assuming the termination step to be diffusion controlled and its activation 
energy to be that of viscous flow, i.e. about 20 kcal as has been found for 
poly(methylmethacrylate) ~, the value of E2 "~ 43 kcal is obtained. Further, 
as E2=Ep-AHp (subscript p refers to the propagation reaction) and 
AH, = 9 kcaP °, Ep is approximately 34 kcal. 

Recently, WalP 1,32 briefly referred to preliminary experiments on the 
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photo-initiated thermal decomposition of PMS where he obtained the rela- 
tion E2-½E4-----25 kcal. Substitution in the above energy equation with 
E =  65 kcal gives E~ = 80 kcal. This is in disagreement with our result and 
Wall 33 has suggested that at low molecular weights the cage effect, i.e. the 
activation energy of viscous flow, may be absent. This seems unlikely and 
his latest findings are inconsistent with his observed invariance of E with 
molecular weight. A more detailed discussion on these points must, how- 
ever, await publication of the experimental evidence on which the recent 
results are based. 

The PMS used in the experiments so far discussed was prepared using 
'tetramer' as catalyst. This has the structure TM Na+-C (CH3)~b--CH2--CH2 
--C---(CH3) q5--C (CH3) ~b--CH2--CH2--C (CH3) ~b-Na + and is present in 
the middle of each polymer chain. The degradation behaviour of the 
polymers could be influenced by the presence of head-head linkages as we 
have recently found that PMS consisting almost entirely of head-head 
bonds degrades to produce less than one per cent of monomer 3.. Thus, 
polymers initiated with cumyl potassium, possessing only head-tail bonds, 
could exhibit different degradation characteristics. Table 2 compares the 
degradation rates of these two types of polymers. It is evident that the 
catalyst has little influence and, although no explanation can be given, this 
is in line with previous results obtained u at 230°C. 

Polystyrene degradation 
If it is assumed that all a-methylstyrene monomer radicals formed within 

the micelles emerge and chain transfer to PS, then quantitative information 
can be obtained about PS degradation. The zip length of PS is said to be 
very small (about five monomer units at 330°C ~5) and so the termination step 
with 60 000 molecular weight material may be assumed to 'be exclusively 
bimolecular. Indeed, we have confirmed this directly in studies on PMS-PS 
block polymers of similar compo.sition 9. The degradation scheme may 
therefore be written as : 

o~" + P• --->- P~ + PIN-,I + crH 

kcl 
P." ----~ P?._II+ S 

k t r  

P'cn- ~) + PN > P~ + PeN ~ + PIn-~l H 
k t 

P~ + P; ~ Polymer 

where c~. denotes o~-methylstyrene monomer radical, S is styrene monomer, 
P is polystyrene or its radical, and ktr is a chain transfer constant. 

Under conditions where PMS radicals unzip completely, the rate of 
formation of PS radicals equals the rate of formation of PMS radicals, viz. 
twice the rate of scission of PMS, and it may be readily shown that rate of 
production of styrene (g/sec) from sample (g) is given by 

(sec- 1) = ka (2 W, W~m,k, / m~kt)~ 
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where W~ is weight of PMS=0-014 g and W, is weight of PS=0"086 g. 
Substituting these values and the monomer molecular weights into the above 
equation, we get ~ (h-1)=166 k~ (kdkt) ~. Here ~ is the initial rate of 
styrene evolution, whereas Table 1 gives styrene rates averaged over the 
experimental time. However, as less than about five per cent of the PMS of 
lowest molecular weight is decomposed in this period, the error involved is 
quite small. 

Table 1 indicates that the rate of evolution of styrene decreases with 
increase in PMS molecular weight even in the range where the or-methyl- 
styrene rate increases linearly. The assumption that all the monomer 
radicals attack the PS is therefore incorrect and some termination by 
dimerization takes place. Any .significant reaction between the monomer 
radicals and the degrading PMS radicals would result in deviations from 
proportionality of o~-methylstyrene evolution with molecular weight. They 
must therefore terminate by mutual reaction or by hydrogen abstraction 
from PS and it is apparent that the proportion which recombines increases 
with PMS molecular weight. This is explicable if the micelle size increased 
with molecular weight. Further, increase in chain length, by lowering the 
mobility of the monomer radical by increased viscosity, would lessen its 
probability of escape from the micelle. Whatever the explanation it is 
reasonable to suppose that the maximum probability of hydrogen abstrac- 
tion is obtained by extrapolating to zero PMS molecular weight. 

It is found that plots of log rs against molecular weight are approximately 
linear up to 100 000 (Figure 5) and the rates at zero molecular weight (~) 
are listed in Table 4. There is some evidence to support the assumption 
that P, represents the condition where all the monomer radicals chain trans- 
fer from preliminary work on the degradation of block polymers of the 

Table 4. Extrapolated rates of styrene evolution as a function of temperature 

T°C 260 268 . 270 274 280 287 

105rs/h ~ 10"5 12'6, 13"0 16'5 20,22 40 

1.3 

f; 
"5 0.9 

~, 0"5 

0.1 

I I 1 I T I I I o I 
0 20 40 60 80 

lO-3Mcx 
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type PS---PMS--PS 9. Here problems of heterogeneity and monomer  radical 
transfer do not arise, and similar rates of styrene evolution to those 
obtained by extrapolation have been found. Experiments with PS with 
backbone weak links also give similar values 1°. 

The overall activation energy for styrene evolution is given by 
1E 1E and, with E i=65  kcal /mole  and E~ again taken as E=E,~+~  ~ - ~  t 

20 kca l /mole  the equation becomes E = E d + 2 2 . 5  kcal. An Arrhenius 
plot of P is shown in Figure 6 and E was found to he 43 kcal /mole  so that 

1.4 
o~ 
0 

o ~ ~.0 

0'6 

1"8-- 

O 

I 1 [ 1 E I r I I I P 
1.77 1'80 165 

103/T 

Figure 6--Arrhenius plot to determine acti- 
vation energy of depropagation of polystyryl 

radicals 

Ed ~---20"5 kcal /mole,  which is in reasonable accord with the published 
figure of 24 kcal/mole.  

The depropagation and termination rate constants for PS degradation are 
then related by the expression 

kd/k~ = 65 exp ( -  10 5 0 0 / R T )  

Finally, it is necessary to determine whether this relation is independent 
of PS molecular weight. Table 5 shows that between 5 000 and 100 000 

Table 5. Variation of styrene evolution as a function of PS molecular weight 
MW~=7 400, T=278°C, t=2'5 h, Wt of PS=0'086 g, wt of PMS=0"014 g 

Mol. wt 
PS 

4 730 
8 900 

15 850 
40 800 
69 300 
76 700 
92 000 

S mg 

1 '96  
1 -72  
1 '68 
1"61 
2 "09 
1 "85 
1 '54  

c~ mg 

1 "87 
1 "78 
1 '82  
1 '73 
I "85 
1 "81 
1 "70 

s/a 

1 . 0 4  
0.96 
0.92 
0.93 
1.12 
1-02  
0.91 

molecular weight approximately, the amounts of c~-methylstyrene and 
styrene monomers evolved and hence their ratios are independent of PS 
molecular weight. Therefore, the equation evaluated above is valid within 
this molecular weight range. Fox and Loshaek s6 have shown that the 
isothermal viscosity/molecular weight dependence of polystyrene is 
log~1--3-4 log Z + K  when the molecular weight (Z)~> 1 000. Thus if the 
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terminat ion  step involved gross polymer chain motion,  k, should be an 
inverse funct ion of Z. The depropagat ion step is unl ikely to be affected 
by the med ium viscosity, and  so  ka/kt~ should increase with the molecular  
weight. This  is not  observed and  so the te rminat ion  step mus t  be deter- 
mined  principally by  the segmental  jump frequency J which is molecular  
weight independent  at constant  temperature  and density. 

Crown Copyright ,  reproduced wi th  permission of the Controller, Her  
Majes ty ' s  Stat ionery O ~ c e .  

Explos ives  Research and Deve lopmen t  Establ ishment ,  
Min is t ry  o l  Avia t ion ,  

Wal tham A b b e y ,  Essex  
(Rece ived  Sep tember  1966) 
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Thermal Degradation of Vinyl Polymers 
H The Synthes& and Degradation of 

Polystyrene Containing Thermally Weak 
Bonds 

D. H. RICHARDS and D. A. SALTER 

By reacting 'living' polystyrene with iodine, polystyrenes have been synthesized 
which possess thermally weak links at known positions along the polymer chain. 
The thermal rupture of these links produces radicals which depropagate to,give 
monomer. Diluting the system with 'normal' polystyrene showed that cage 
recombination plays a significant role in the radical termination step. Measure- 
ments of the rates of monomer evolution agree with the theoretical analysis 
of the degradation mechanisms involved. Rate constant ratios were obtained 
which, although complicated by the complexity of the termination process, are 
in reasonable agreement with those [rom previous work on polystyrene- 
poly(c~-methylstyrene) mixtures. The nature o[ the links ]ormed in the iodine 

coupling reaction is discussed. 

IN THE previous paper 1 it was pointed out that the quantitative analysis 
of the kinetics of thermal degradation of polystyrene was hampered by 
uncertainty of the position and nature of the initial scission. Three methods 
were outlined for overcoming this difficulty, all based on inducing decom- 
position of polystyrene at temperatures at which it is normally stable. 
The first of these, in which a radical producing agent [poly(ol-methylstyrene)] 
was introduced into the polystyrene melt was described in detail. The 
present paper is concerned with the second method which involves the 
synthesis and subsequent thermal degradation of polystyrene with weak 
bonds at specific points along the polymer backbone. 

The synthesis of these 'weak link' polystyrenes (PS0) was based on the 
observation that reaction of the 'living' polymer with iodine resulted in 
chain extension. It seemed reasonable that the following reaction sequences 
are involved. 

"~H~--CH~b--CH.,--CH~b-Na + + 12 > ~'CH2--CH~b--CH2--CH~bI + b 

+ "~'VCH¢---CHz---CH¢ 

,CH~--CH~--CH~--CH~--CH~--CH~--CH6--CH~'~v < 

For living polystyrenes with two active ends per chain the degree of 
chain extension is unlimited under controlled conditions. The new bonds 
formed differ from the head-tail links of the polymer backbone and should 
therefore have different thermal properties. Since the C ~ C  bond dissocia- 
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tion energies in the molecules thCH.~--CH2t h and thCH~--CH3 are 47 and 
63kcal/mole respectively 2, the head-head coupling points should be 
relatively thermally unstable. The polymer should consequently exhibit 
low temperature degradation and initiation should occur at well defined 
sites. Under these circumstances the kinetic analysis is much simplified. 

This approach has the further advantage that 'normal' polystyrene (PS) 
may be used as a diluent, because degradation studies can be conducted 
at temperatures at which it is stable. Thus problems of inhomogeneity are 
eliminated and, moreover, the use of PS with the same molecular weight 
as the 'weak link' material (PS0) enables the effect of radical concentration 
changes to be studied at approximately constant bulk viscosity. Previous 
studies 3,4 where diluents such as naphthalene and tetralin were used are 
suspect because of the unconsidered effect of the large drop in viscosity on 
reactions which are undoubtedly diffusion controlled. 

E X P E R I M E N T A L  
Preparation of 'weak link ~ polystyrene (PSo) 

All the polystyrene samples used in this investigation were prepared by 
the 'living' polymer technique s using sodium naphthalene as catalyst. The 
living polymer solution in tetrahydrofuran was divided into two portions 
and the first terminated with methanol to produce ---CH2t h end groups 
(normal polystyrene). The second portion was reacted with a solution of 
iodine in tetrahydrofuran using the apparatus shown in Figure 1. The 

A 

B 

Living 

i -potystyrene rodine 
otution 

Figure / - -Apparatus  for titra- 
tion of 'living' polymer with 
iodine solution under high 

vacuum conditions 

apparatus was evacuated through A and flamed before sealing at B. The 
living polystyrene and iodine solutions were introduced into flasks C and 
D respectively and the constrictions at E and F sealed off after 'cleaning' 
by refluxing solvent through them. Small aliquots of iodine solution were 
added to the polymer solution via the capillary tube by slowly tilting the 
apparatus, and after each addition the flask C was shaken vigorously. 
The whole operation took about one hour and, as the reaction neared 
completion, the characteristic, red colour of the living polymer decreased 
until the solution became colourless at the end point. This polymer, and 
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the sample killed with methanol, was precipitated three times with methanol 
and dried overnight in a vacuum oven. 

Analysis of polymer 
Molecular weights were determined viscometrically at 25 °C with toluene 

as solvent and using the equation of Waack et al). 
The residual iodine content of polystyrene was determined by oxygen 

flask combustion and subsequent titration of iodine with thiosulphate. 

Polymer degradation experiments 
The apparatus for these experiments consisted essentially of modified 

U-tubes. They have been described previously, as have the methods of 
introducing and then degassing the polymer samples 1. One arm of the 
evacuated tube held a known weight of polymer (10 mg) and was immersed 
in a salt bath at the required temperature, whilst the second arm was 
immersed in liquid nitrogen. On completion of the experiment, the second 
arm was sealed off and the contents analysed. 

Experiments were designed either to determine the effect of dilution 
on the monomer evolution or to study the rate of monomer evolution with 
time. In the former case up to fifteen U-tubes were used per experiment 
and each tube contained a mixture of PS0 and PS which ranged between 
the two extremes of concentration. The molecular  weights of the poly- 
styrenes were 17000 and 19000 respectively. Complete homogeneity of 
the samples was ensured by shaking the benzene solutions of the mixtures 
for four days before freeze drying. All tubes were removed simultaneously 
from the salt bath after the required degradation time and the amount of 
distillate determined. The study of the rate of monomer evolution against 
time was conducted at different temperatures and again fifteen U-tubes 
were used per experiment. Ten tubes contained PS0 and the other five 
contained PS to act as blanks. Samples and blanks were removed from the 
bath at convenient time intervals and the distillates analysed. 

Analysis of degradation products 
The main product in the thermal degradation of polystyrene is monomer 

(~-~42 per cent) although significant quantities of dimer, trimer, etc., are 
also formed. However, as the fraction of monomer is insensitive to changes 
in degradation conditions, its determination gives a reliable measure of 
the polymer degradation. 

Styrene monomer was measured by dissolving the distillate in a suitable 
solvent and determining the optical density at the absorption peak 
( ~  254 m/z) with a Perkin-Elmer 137 U.V. spectrometer. The most suitable 
solvent was spectroscopically pure methanol, but some measurements were 
made with chloroform. Polystyrene also absorbs in this range, but it has 
an extinction coefficient one tenth of that of monomer and has a broader 
absorption curve. It is estimated from the peaks obtained that less than 
two per cent of the absorption is due to polymer fragments. 

Molecular weights of the residual polystyrene in preliminary experiments 
were estimated by viscometry 5 although the equation used was derived for 
polymers with Poisson distribution. 
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T H E O R Y  

Monomer evolution as a function ol time 
Assume the following degradation mechanism 

k i 

Polymer ~ 2P. 
k d 

P,'---+ P,-I" + m 
k t 

P~" + Pz" --->" Polymer 
k e 

[P~'+ Pz'] > Polymer 

where P. is a polymeric radical and m is the amount of styrene monomer. 
The two termination steps are the normal bimolecular reaction (k,) and 

a 'cage' termination step (ko). This latter reaction is the recombination of 
radicals originating from the same polymer molecule and is consequently 
first order (pseudo-unimolecular). 

If the initiation step is/ lue to scission of weak bonds (concentration=x0) 
then, with short zip lengths, and under steady state conditions it may be 
shown that the amount of monomer (m) evolved after time t is given by 

k,ka I k~T*l In [(1+ {4k,k,xo/~} exp {-k/t})l/~+ l]  
m =   -i-z i 

+ (1 + {4k, ktxo/k~c}) ' /2- (1 + {4k,ktxo/~} exp { -k2t}) v~ (3) 

The derivation of this expression, and of others below, is given in the 
Appendix. The equation is too complex to be of great computational 
value, and so two extreme cases are considered. 

Bimolecular termination predominating (k,---~O) 
Equation (3) can be reduced to 

m =2ka (xo/k,kt) 1/2 (1 - exp { - k,t/2}) (4) 

Total monomer evolved (m~) is given by 

mo~ = 2kd (Xo/ k,kt) ~/~ (5) 

and the rate constant of initiation may be expressed in terms of the 
half-life of the reaction, for which 

1 - exp { - ½k,t~} = ½ 
so that 

k, = (2 In 2)/t~ = 1.386/t~ (6) 

Cage termination predominating (k~-->-O) 
Equation (3) can be reduced to 

m = (kaxo/k,) (1 ~ exp { - k,t}) (7) 

Total monomer evolved 
moo=kdxo/ kc (8) 

and 
kjfO.693 / t ~ (9) 
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The effect of  dilution 
Both equation (4) and equation (7) can be expressed as 

m = m~ (1 - exp { - 0.693 t~ tt)) (10) 

Thus, under these conditions, the nature of the termination step cannot 
be established by studying monomer  evolution with time. However,  if the 
initial weak bond concentration, x0, is varied, then at constant degradation 
time equation (4) gives mC~_xo ¢ whereas equation (7) gives rr~x0.  The 
termination step may therefore be determined by measuring monomer  
evolution as a function of dilution. 

R E S U L T S  AND D I S C U S S I O N  
Synthesis  of  weak  l ink polys tyrene (PSo) 

Comparison of the molecular weights of methanol a n d  iodine terminated 
"living' polystyrenes from the same batch gives the degree of chain extension 
obtained. If  each coupling point constitutes a thermally weak bond, the 
number of weak links per molecule, or per gramme of material, may be 
readily determined. The relevant data for a number of polystyrenes are 
given in Table  1. Polymers B and C were analysed for iodine after three 
precipitations from methanol and the results, Table 2, establish that the 

Table 1. Molecular weight increases obtained by reacting 'living' polystyrene 
with iodine 

Living 
polymer 
batch no. 

A 
B 
C 
D 

Mol. wt 
MeOH killed 

M0 

15 850 
7 260 
4 730 

109 000 

Mol. wt 
I S killed 

M 

27 600 
17 400 
20900 

280 000 

Fractional 
increase 
M/Mo 

1"74 
2-40 
4"42 
2"56 

No. o] weak links 

per chain 
M / M  o -  1 

0"74 
1"4 
3"42 
1'56 

per gramme 
M - - M  o 

MMo 

2-68 × 10 -5 
8"05 X 10 -s 

16'4 × 10 -s 
0"56 × 10 -5 

Table 2. Iodine analysis of iodine killed 'living' polystyrenes 

I~ found 
Batch no. g atom / g polymer 

B 0.39 x 10 -s 
C 0.56 × 10 -~ 

No. of weak links 
mole / g 

8"05 × 10 -5 
16.4 × 10 -5 

No. of polymer 
ends, mole / g 

11 .5x  10 -5 
9.6 x 10 -5 

iodine contents are far less than the number of weak links created so that 
the coupling reaction involves carbon-carbon bond formation. The residual 
iodine concentration is also much less than the number of polymer ends 
and so the terminal groups are not alkyl iodides. This discrepancy is 
probably due to termination by impurities, perhaps water, introduced from 
the iodine solution, and methods of drying this material further are at 
present being investigated. 

Thermal  degradation of  weak  l ink polys tyrene (PSo) 
Preliminary experiments, Table 3, showed that PS0 samples were less 

thermally stable than PS although, at the temperatures used, both polymers 
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Table 3. Comparison of degradation of iodine killed and methanol killed poly- 
styrenes of similar molecular weights. T=329°C, wt of sample=100 mg, S=styrene 

monomer distillate (mg) and M = molecular weight of residue 

Time (h) 

Polymer 

tleOH 
killed 
killed (B) 

0"0 0"5 1"0 3"1 4"3 5"3 

S M S M 

0"0 20000 0'6 18800 
i 

0.0 117400 5'6 7260 

S M S M S M! S M 

1.3 16 200 6.2.  - -  • 12.7 - -  17.5 - -  

7"6 5000 14"7 - -  28"8 - -  4 650 22-7 

exh ib i ted  apprec iab le  s tyrene evolut ion.  Fur the rmore ,  the molecu la r  weight  
of the PS0 decreased  very much  more  rap id ly  and  level led off a t  a value 
equiva lent  to the chain  length be tween the coupl ing  points.  These  facts 
p r o m p t e d  a de ta i l ed  s tudy of  the degrada t ion  of  these po lymers  at  lower  
t empera tu res  where  decompos i t ion  of  the cont ro l  is re la t ively  much  less. 

Effect  o f  di lut ion 
Dilu t ion  exper iments  were conduc ted  between 276 ° and  289°C using 

PS0 'B '  (Table  1) with  PS of 19 000 molecu la r  weight  as di luent .  Some of 
the results  are  given in Table 4 and the ' no rma l i zed '  values have  been 

Table 4. Monomer evolution at constant temperatures and times as a function of 
weak link concentration. Total weight of polymer=10 rag, F=fract ion of weak 

link polymer B present 

0.00 
0"07 
0"14 
0-21 
0-28 
0"35 
0'42 
0-49 
0"56 
0"63 
0"70 
0"77 
0"84 
0"91 
1"00 

276°C 

2"0 h 

S (rag) 

0"007 
0'032 
0.O45 
0"053 
0"051 
0"078 
0-089 
0.084 
0'086 
0.124 
0"141 
0'150 
0.156 

0"169 

F 

frO0 
0"09 
0"16 
0"23 
0'30 
0.37 
0.44 
0'51 
0.58 
0"65 
0"72 
0.79 
0.86 
0.93 
1.00 

285°C 

0"92 h 

S Crag) 

0"005 
0'031 
0"041 
0"065 
0"079 
0.081 
0"088 
0"089 
0"118 

0"133 

0"139 
0"131 
0"133 

289°C 

0"67 h 

F 

0"00 
0"07 
0'14 
0'21 
0'28 
0"35 
0'42 
0'49 
0"56 
0"63 
0'70 
0"77 
0"84 
0"91 
1"00 

S (rag) 

0"008 
0'028 
0"049 
0'050 
0"071 
0'062 
@094 
0'110 
0"118 
O" 128 
0'138 
0"113 
0"141 

O" 145 

p lo t ted  in Figure 2 agains t  in i t ia l  weak  bond  concentra t ion.  This  plot  
should  b e  l inear  when the cage reac t ion  p redomina tes  and curved towards  
the abscissa  when the b imolecu la r  t e rmina t ion  step is significant. 
A p p a r e n t l y  cage r ecombina t ion  is p r edominan t  in this  system at low weak  
bond  concentra t ions ,  bu t  a t  high concentra t ions  b imolecu la r  t e rmina t ion  
becomes  increas ingly  impor tant .  This  t rend  is expl icable  if a t  low weak  
l ink concent ra t ion  the average dis tance  be tween radica l  pairs  p roduced  by  
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Figure 2--Effect of weak link con- 
centration on styrene evolution 
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weak link scission is much greater than the average distance between the 
two radicals composing each pair. The probability of recombination of 
radicals originating from the same molecule is then much greater than the 
random recombination assumed in the 'normal' bimolecular process. An 
increase in weak link concentration, by increasing the equilibrium radical 
concentration, reduces the average distance between radical pairs and hence 
the probability of cage recombination. Similarly an increase in the reaction 
temperature should also increase the probability of bimolecular termination. 
Both these effects are observable in Figure 2 although the experimental 
points exhibit considerable scatter. 

These trends would also occur if the first order termination step were 
a unimolecular process of the type : 

f 
~'VCH~--CH--CH~--CH~--~VCH--CH + CH3--CH" 

I I I I 
4, 4, 4, 4, 

This is kinetically identical to the cage reaction and its significance 
cannot be determined in the present work. However, in the degradation 
of polystyrene-poly(ot-methylstyrene) block polymers of the type PMS-PS- 
PMS% polystyryl radicals are produced by the complete unzipping of the 
PMS of molecular weight 6 000 and so no cage reaction can take place. 
Under similar temperature conditions (290 ° C), where the rate of polystyryl 
radical formation is in the range in which the weak link system produces 
principally first order termination, the termination step was found to be 
second order. This is explicable only if unimolecular reactions of the kind 
given above are absent. 

The presence of a cage reaction does not exclude the possibility of an 
intermolecular chain transfer occurring. The cage reaction concept has 
merely to be extended to include recombination of radicals produced from 
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the primary macroradical pairs. Because PS is used as solvent, the dilution 
process leaves the probability of intermolecular chain transfer unchangedL 

The cage effect in polymer thermal degradation has not been generally 
considered and the present work appears to be the first direct demonstration 
of its significance, although a cage reaction was recently postulated in the 
thermal degradation of poly(tetrafluorethylene) 8. Normal polystyrene 
degrades predominantly by terminal scission up to medium molecular 
weights, although at higher values random initiation becomes importantt  
With terminal scission one of the radicals is either a monomeric or a 
polymeric radical of very low molecular weight which can diffuse away 
from its partner very easily. Therefore, cage effects would be much less 
important in this case and Grassie and KerP ° have suggested that terminal 
initiation might be favoured principally because the presence of a cage 
effect would facilitate recombination of internally formed macroradicals. 

Monomer evolution with time 
If either of the termination steps predominates then the rate of monomer 

evolution against time is given by equation (10) and the intermediate case 
[equation (3)], although more complex, should approximate to this curve. 
Examples of tuns at various temperatures are given in Figure 3. The solid 

0.6 

°o5 
E 0"4 

0"1 

I , I  I I I I I , ~ [ I 
0 4 8 12 :I " 20 

Time, t h 
Figure 3--Evolution of styrene from weak link polymer 

as a function of time 

lines represent curves calculated from equation (10); m~ was taken as the 
value of m for which the experimental points are asymptotic, and t~ was 
then found as the time taken to evolve ½m~ monomer. The experimental 
points corresponded closely to the calculated curve in all cases and the 
hypothesis of weak bond scission is supported for the following reasons: 
(a) scission is restricted to specific bonds because only about five per cent 
of the polymer appears as monomer after degradation is complete, (b) the 
fact that each weak link produces on average about six monomer units 
supports the view that the scission involves a free radical mechanism, 
(c) the assumption of a small zip length is justified and is in accord with 
Wall's assessment 11 rather than Grassie's figure of about 1 000. 

The evaluation of m~ and t~ enables the various rate constants to be 
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determined although the interpretation of these terms depends on the 
nature of the predominating termination step. Table 5 lists the rate constants 

Table 5. Rate constant evaluations based on the predominance of (a) cage 
termination and (b) bimolecular termination 

T°C 

280 
285 
286 
287 
292 

mo~ (mg) 

0"47 
0'48 
0"41 
0"40 
0'35 

t½ (h) 

2"0 
1'3 
1"5 
1"4 
0'7 

Cage 

k i × 10 ~ kd/k c 

0"97 5~4 
1-48 5"5 
1"28 4"7 
1"37 4"6 
2"75 4"O 

Bimolecular 

k ix lO 4 kd/kt½×lO z 

1"93 3"5 
2"96 44 
2'56 35 
2'74 3'6 
5"50 4'9 

ReL (1) 

kd/kt½ × 103 

5.5 

5.8 
6.1 

calculated assuming first that the cage reaction and secondly that the 
bimolecular reaction predominates. The last column gives values obtained 
from previously reported work 1. The units are base moles-seconds. 

If the cage reaction takes place exclusively at all temperatures then 
k~/kc decreases with temperature, i.e. E~ < Ec. If the termination is diffusion 
controlled, the energy Ec is likely to be that of viscous flow, estimated at 
about 20 kcal /mole for poly(methylmethacrylate) TM. However, Ed has been 
variously estimated as 20.5 and 24 kcal/mole 1 and certainly must exceed 
the 16.4 kcal/mole given as the heat of polymerization 13. Cage termination 
therefore appears not to be predominant at all temperatures studied. If the 
cage reaction took place by the radical pairs unzipping to each other then 
E,z = Ec and kd/kc would be temperature independent. 

The assumption that the bimolecular process is the exclusive termination 
step gives values of ka/k~ which increase with temperature, i.e. Ed ~ ½E,. 
Thus taking E t=20kca l /mo le ,  Ed 2> 10kcal/mole. This does not conflict 
with the values quoted in the previous paragraph. 

These observations and the dilution experiments indicate that the 
termination reaction is complex and so any activation energies calculated 
from rn~ would have little kinetic significance. However, bimolecular 
termination appears to predominate at the higher temperatures and, on 
this basis, the values for kd/k~ may be compared with those obtained 
previously using a mixed polymer systemk In this latter work the problem 
of cage recombination does not arise. The results, Table 5, are generally 
in agreement although the 'weak link' results are lower. This is under- 
standable as cage recombination, becoming more prominent as degradation 
proceeds, reduces the amount of monomer evolved and hence the value 
of k~/k~. This agreement, and similar results from work on styrene-a- 
methylstyrene block copolymers ~ support the postulated kinetic scheme. 

The evaluation of ki is also affected by the nature of the termination 
step although if either of the two possibilities predominates, the activation 
energy is 55 kcal. 

The nature of the weak  l inks 
The chemical nature of the weak bonds formed by the coupling reaction 
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has nc direct bearing on the degradation kinetics previously discussed 
unless more than one type of weak link results. It is important, however, 
in deciding what types of molecular structure to avoid in the synthesis of 
polymers of maximum thermal stabilities. 

Consideration of the three main canonical forms of resonance of the 
polystyryl anion suggests the following links to be possible. 

~ C H  -- C H ~  ~ C H  ~ C H  

H ~  

CN~ 

A B C 

~ C H  • " 'C  H CH ~ ~ C H  

D E" F 

Forms B to F are probably unstable and would quickly rearrange to 
form the corresponding benzenoid structures. For example, B and D would 
become 

CH~ 

0 

and ~ C H  z respective!.y. 

The most probable of these structures appears to be A above, as this 
is the type of bond produced by the reaction of benzyl-metal compounds 
with benzylhalides 14. However, Cameron and Grassie 1~ have copolymerized 
styrene with traces of stilbene to produce polymers with head-head bonds 
as in A. These were found to degrade in a manner similar to 'normal' 
polystyrene which suggests that this bonding is not thermally activet. 

tThere is, however, the possibi l i ty  that  the  addi t ion  o f  st i lbene t o  the styryl radica!  took place via the 
benzene ring so that h e a d - h e a d  bondings  w e r e  n o t  f o r m e d .  
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Further, polystyrene produced by free radical mechanism should contain 
one of these bonds per chain (in the absence of chain transfer) and should 
consequently exhibit low temperature degradation characteristics. This 
has not been reported. 

Cameron and Grassie ~6 proposed structures involving ortho- and para- 
quinonoid groups, similar to B and F above, to account for the 'naturally 
occurring' weak bonds in thermally polymerized polystyrene, i.e. 

~CH2-CH H~.. /CHz"~,',~%,~ ~CH2-CH 
~cH~C'~)  and [ ~  H~.c/CH2 - 

\ ,  

They assumed six-membered rings, involving the starred ~-hydrogens, 
to be formed in the transition state before hydrogen transfer resulted in 
chain scission at the points indicated. These structures differ from B to F 
in that the bonding is still essentially head-tail. It is difficult to visualize 
an equivalent non-radical scission for head-head structures and, as indicated 
earlier, the six monomer units produced per scission require a radical 
mechanism. 

Investigations involving n.m.r and i.r. analysis of polymers of this type 
to identify the linkage have been inconclusive, although no i.r. bands 
corresponding to disubstituted phenyls could be detected. Similar experi- 
ments conducted on poly(ot-methylstyrene) produced from the disodium 
tetramer 17 by the iodine reaction and which should have predominantly 
head-head links confirm that the concentration of disubsdtuted phenyls 
is below the detection limits of the methods and the spectra have been inter- 
preted on the basis of head-head bonding TM. Some u.v. absorption measure- 
ments on this material, however, indicate a factor of three increase in the 
base-mole extinction coefficient at maximum compared with 'normal' 
poly(ol-methylstyrene). As the shapes of the absorption curves are very 
similar this suggests the presence of substituted diphenyl linkages. Ramart- 
Lucas ~9 has investigated the spectra of the series ~---(CH~),,--~b and shown 
that when n > 0, ~ . . . .  values are very similar, but that when n =0,  e ..... 
increases by a factor of 100. The position of the maximum is moved only 
slightly and the absorption curve is of similar shape to the others in the 
series. It is therefore calculated that less than one sixteenth of the linkages 
created by the iodine reaction with the tetramer produces substituted 
diphenyls. It  seems likely that the polystyrene-iodine reaction would behave 
similarly. 

Crown Copyright, reproduced with permission of the Controller, Her 
Majesty's Stationery Office. 

Explosives Research and Development Establishment, Ministry of Aviation, 
Waltham Abbey, Essex 

(Received September 1966) 
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A P P E N D I X  

Monomer  evolution as a function of time 
Let us assume the following degradation scheme 

k i 

Polymer > 2P. 
k d 

P~" > P',-1 + m 

~t 
P~'+ Pz" > Polymer 

k c 

I Pk'+Pz" I >Polymer  

where the symbols have been previously explained. If the concentration 
of weak bonds present at .time t = x  then, under steady state conditions, 

dP. /dt  = 2k~x - 2ktP ~" - 2kcP" = 0 

kc {( 4 k , k t x ) ~ - 1  }for real values of P. (l) • 1 +  k--7 

dm kckd 1 + - 1 (2) 
N o w - ~ - = k d P ' =  2kt ~ ] 

Again, - d x / d t - - k ~ x  so that, if x0=weak bond concentration at t=O, then 

x =xo exp { - kd} (3) 

Substituting (3) in (2) d---i = ~ 1 + exp [ - k,t] - 1 
c 

If, then, m = total monomer evolved in time t 
t 

m = ~ exp 

0 

t 

1+ k---7 

N o w  

4k~kt , ) ~ 
f ( l + - - ~ e x p  ~ - k,t} dt=f(l+ae-b~)'dx=A 

and, if we substitute ae -~  = f -  1, 

then - bae -b~ dx = 2y dy 

i.e. d x = {  - 2 y / b  (y2_ 1)} dy 

2 /" y2 2y f dy 
so that A = b J y2 _ 1 dy = b y~-~ 1 
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This last integral may be evaluated readily using partial fractions to give 

X = - ( l / b )  {2y+ In [ ( y -  1)/(y+ 1)]} 

= b {  In (1 + ae-b0i+ 1 ( 1  + ae-~) i - 1 - 2 (1 + ae-bX)i} 

Re-introducing limits and substituting for a and b 

4kikt ~ t ) ½ 
1 + k---~--xoe- kck~ { 

m =  ~ In ( 4kikt ) ~ l + ~ xoe-~ t 

( 4kikt k t ) ½ 
- 2  1+ k---~---c xoe -~ +2  

which can be simplified to 

1+ k---~ xoe i} +1 
k,ka { 

m= k-~ In ( 4k'kt ) ~ 
1+ ---~--xo +1 

+ 1+ k------T-~ - 
c 

+1 1+ - - ~  xo -1  

1 + 4k,k~. ~ 

4k,kt k,) ~ } 
1 + k---~--xoe- (5) 

Bimolecular termination predominating (kc > O) 
From equation (5) with this restriction 

kckd { kit 
m = ~ k t  ---~--+ 

[ 2kd \ k~kt ] \ 

= 2ke ~ kikt ] 

Cage termination predominating (kt > O) 
From equation (5) with this restriction 

f kiktxo ~t 
m k,ka ] 1 + . - - - ~ e -  

=K£-,{ In / - - ~  
[ l + g  

ani5 expanding the logarithm to one term 

k.kd { k,ktxo . k t 2kiktxo } 
m =  ~ -Uffte- ,  - 1)+ - -g- - ( l  -e-~, ') 

= kdxo (1 -e-k?)  
k. 
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Thermal Degradation of Vinyl Polymers 
III A Radiochemical Study of 

Intermolecular Chain Transfer in the 
Thermal Degradation of Polystyrene 

D. H. RICHARDS and D. A. SALTER 

The importance o] an intermolecular chain transfer reaction in the thermal 
degradation o] polystyrene has been established by a radiochemical method. A 
polystyrene containing a specific number of  thermally weak links at known 
points along the polymer chain was prepared by an adaptation o] the Szwarc 
'living' polymer technique, It  was thermally degraded at moderate temperatures 
(280 ° to 285°C) in the presence o[ carbon-14 labelled 'normal' polystyrene as 
diluent. Measurement o] the activity o] the monomer  in the distillate showed 
that, with a kinetic chain length o[ about three monomer  units, 1"2 chain 
transfers occurred per radical. Some evidence is also given to indicate that 
weak link scission plays a significant role in the early stages o/  polystyrene 

degradation. 

THE mechanism of thermal decomposition of polystyrene has been discussed 
in previous papers 1,~. The existence of intermolecular chain transfer in the 
degradation process has not as yet been established, although often postula- 
ted. This paper describes a direct measurement of intermolecular chain 
transfer in this system 

The chain transfer step is thought to take place via the tertiary hydrogens 
of the polymer by the following mechanism : 

-- CH2--?H -(~ + ~CH2--C.H--CH2--C. H ~  ~ -- 

CH2--(~H 2 -I- .~VC, H2-- ~ - -  CH2---CH - -  

"'"CH2--C =CH 2 + 'CH~ 
I i 

(1) 

(2) 

Thus a transfer reaction results in the splitting of a polymer chain and 
the regeneration of a macroradical. Wall has invoked this step to account 
for the ob.served very rapid decrease in molecular weight of polystyrene in 
the initial stages of degradation 3 and has obtained strong evidence of its 
existence by showing that in the degradation of  poly(ot-deuterostyrene) this 
decrease is halved and a higher monomer yield is obtained (70 per centy. 
The replacement of the tertiary C--H bond by the stronger C--D bond has 
apparently largely inhibited both inter- and intra-molecular transfer. 

This view is challenged by Grassie et  al. who believe that the initial 
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molecular weight decrease is primarily due to the decomposition of weak 
bonds in the polymer molecule. These weak links are assumed to be formed 
during the polymerization process, and these workers have produced 
evidence correlating the initial rate of molecular weight decrease with the 
temperature of polymerization ~. They further argue that the chain transfer 
step cannot account for the relatively high value at which the molecular 
weight of residual polystyrene levels off in the later stages of the reaction 6. 
Dilution experiments to resolve these different points of view have produced 
conflicting results r,~ and suffer from the disadvantage that the naphthalene 
and tetralin used as solvents drastically reduce the bulk viscosity of the 
system. Since it has been shown ~ that bulk viscosity !s an important factor 
in determining the degradation pattern where diffusion processes are in- 
volved, direct inferences from the dilution experiments therefore cannot 
easily be drawn. 

These problems have now been overcome and a method has been devised 
to estimate the extent of chain transfer based on the following argument. 
Consider a system consisting of polystyrene possessing thermally weak 
bonds (PS0) mixed with carbon-14 labelled polystyrene without weak links 
(PS). At a temperature at which only PS0 degrades significantly, inactive 
styrene will be produced in the distillate in the absence of chain transfer. 
If, however, chain transfer is appreciable, both types of polymer molecules 
will be susceptible to random attack by the primary, inactive, macroradicals 
resulting in the production of some radioactive monomer. The specific 
activity of the distillate compared with the original specific activity of the 
mixed polymer system will then be a direct measure of the degree of chain 
transfer. 

EXPERIMENTAL 
Polymer synthesis 

Synthesis of weak link polystyrene (PS0)---The synthetic method has been 
described in detail previously ~. It consists of slowly titrating iodine into 
'living' polystyrene 9, both being dissolved in tetrahydrofuran. Chain exten- 
sion occurs with the formation of thermally weak links at the coupling 
points. The number of weak links may be determined by knowing the 
degree of chain extension, and their relative positions along the chain is 
deducible from the chain length of the original living polystyrene. These 
polymers degrade in the temperature range 260 ° to 290°C where normal 
polystyrene is relatively stable 2. The details of the weak link polymer used 
are given in Table 1. The molecular weights were determined visco- 
metrically TM. 

Table 1. Analytical data on weak link polystyrene (PS 0) 

Mol. wt living PS=7 260 
Mol. wt weak link PS= 17 400 

No. of weak links=8"05× 10 -5 mole/g 

Residual Is= 0'39 × 10 -s mole / g 
No. of polymer ends= 11.5 × 10 -s 

mole / g 

Synthesis o~ /3-14C-styrene--The synthesis is based on the reaction of 
benzaldehyde with l~C-methyl magnesium iodide followed by hydrolysis of 
the product to yield /3-phenyl ethanol On dehydration with potassium 
bisulphate fl-l~C-styrene is formed in about 60 per cent overall yield. 
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Polymerization of/3-1¢C-styrene--The radioactive styrene was dried over- 
night with crushed calcium hydride in a vacuum, distilled into an ampoule, 
and sealed in vacuo. Thermal polymerization of the monomer at 182°C 
produced a polymer which, after being precipitated three times from 
methanol, was shown viscometrically TM to have a molecular weight of 42 300. 

Mixing and degradation techniques--A solution of 5 mg of polymer per 
ml of benzene was made of each of the two polystyrenes and the required 
amounts were introduced into a glass tube with a thin walled bulb at one 
end such that the total weight of added polymer was 10 mg. For any 
experiment up to eleven tubes were used with varying proportions of the 
two components. The solutions were cooled and the tubes evacuated and 
sealed before being shaken for two days to ensure complete mixing of the 
polymers. Each tube was then cut open and the contents frozen in liquid 
nitrogen before being sealed on to a vacuum line and freeze dried. Oil baths 
were placed around the tubes and the temperature raised to 180°C over 
about an hour, when a pressure of 1 × 10 -5 mm of mercury was recorded. 
The tubes were sealed, removed, and after cooling were again opened and 
each joined to shaped glass tubes to form the second arms of O-tubes. 
These completed 0-tubes were re-evacuated and the polymers again taken 
up to 180°C before removal from the vacuum line. 

The degradation technique has been fully described previously 1. The 
polymer arm was immersed in a salt bath at the required temperature and 
the other dipped in liquid nitrogen to collect distillate. After the required 
time the second arm ~vas sealed off and removed for product analysis. 

Product analysis--The contents of the ampoules were washed out with 
chloroform into weighed stoppered bottles and the total weight determined. 
0"5 ml of the solution was then diluted with scintillator solution and counted 
and the remainder weighed before being diluted to 10 ml with more 
chloroform for spectroscopic analysis. 

Measurement o[ total styrene--Total styrene was determined from the 
ultra-violet absorptions of the chloroform solutions using a Perkin-Elmer 
137 u.v. spectrometer. The peak heights were measured at 254 m/z and 
compared with a standard styrene solution. Polystyrene also absorbs in 
this range, but with an extinction coefficient one tenth that of monomer 
and with a broader absorption curve. From the shapes of the peaks 
obtained it is estimated that the contribution due to the distilled polymer 
fragments are negligible ( <  2 per cent). 

Measurement of radioactive styrene--Carbon-14 activities of the 
distillate and polymer were measured using a Tritium Scintillation Counter 
Type 6012A (comprising a liquid measuring head and a coincidence control 
unit) and a 1700 scaler, both supplied by Isotope Development Ltd. The 
scintillator solution was the hydrocarbon based N E  211 supplied by Nuclear 
Enterprises Ltd. The counting efficiencies for polymer and monomer were 
shown to be the same by experiments which indicated that the addition of 
small amounts of polystyrene to a scintillation solution containing active 
styrene left the counts unchanged, as did the converse procedure. The 
activity of the l~C-labelled polystyrene was found to be 1 800 counts/sec mg. 
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It is obvious that the activity is not specific to monomer and that small 
polymeric fragments in the distillate will be counted with equal efficiency. 
This may be corrected for, however, by a method described under 
T a b l e  2(b). 

Table 2. Degradation of mixtures of weak link polystyrene (PS 0 and l~C-labeUed 
polystyrene (PS); T = 2 8 8 ° C  

(a) Spectroscopic analysis 

Sample 
r i o .  

5 

6 
7 
8 
9 

10 
11 

a 

Wt fraction 
PS(I) 

1'0 
1'0 
1'0 
0"875 
0"750 

0"625 
0"500 
0'375 
0'250 
0'125 
0"0 

b 
Opt. dens. 

1 "07 
1"10 
0'99 
1"33 
0"96 

0"94 
1-22 
1 "2~ 
1'42 
1'40 
1.37 

d e 

Wtsoln Total wt 
(g) (g) 

1"2776 2'0424 
1'0622 1'8267 
0'9705 1-7230 
1"1998 1'9498 
1"1421 1"9131 

0'8406 1"5988 
0'9873 1"7313 
1'0278 1-7779 
1"0152 1-7564 
1'0254 1'7600 
1"0374 1'8098 

g 

W8 

- -  0 " - - ~ - -  - -  
0"134 
0'125 
0"154 
0'293 

0"319 
0"380 
0"393 
0"438 
0"424 
0"426 

h 

AW8 

0 
0 
0 
0.043 
0'197 

0-239 
0"316 
0'345 
0.406 
0"408 
0'426 

Standard (7.125 mg styrene/D 0'99 O.D. 
Column a gives the weight fractious of active polystyrene present in the mixtures (/ fia theory) and b 

gives the optical densities in 1 cm silica cells of chloroform solutions of distillate of total volumes as 
listed in c. Co lumn 'e  tabulates the weights of chloroform containing the total  distillate a~d d gives the 
weights of these solutions diluted to perform the spectroscopic measurements. Thus the optical densities 
which would have been obtained from the total distillates may be calculated and converted into weights 
of monomer by comparison with the standard (column g). Finally, the blank due to 'normal '  thermal 
decomposition o f  Ithe 14C-polystyrene is subtracted from the total styrene evolution by averaging the 
results obtained from samples 1, 2 and 3 (W° s) and subtracting f ×  W* s from column g to give column h. 
This last column then represents the amounts of styrene monomer evolved as a direct consequence of 
weak link scission. 

(b) Radiochemical analysis 

a b 

Sample Wt  soln 
no. C ts / sec (g) 

1 96"7 0"765 
2 117 0"765 
3 118 0'763 
4 111 0"750 
5 173 0"771 

6 189 0.758 
7 157 0"744 
8 125 0"750 
9 94 0"741 

10 44 0.735 
11 1.3 0"772 

c 

Total wt 
(~) 

2"0424 
1 "8267 
1 "7230 
1 "9498 
1"9131 

1 '5988 
1"7313 
1 "7779 
1 '7564 
1 "7600 
I "8098 

CO/S 

262 
279 
266 
288 
428 

e 

AClS 

o 
o 
o 

49 
223 

399 228 
365 227 
297 193 
222 152 
105 68 

3"1 0 

g 

~W* (~) 

0'031 
0"142 

0'146 
0"145 
0"123 
0"097 
0"043 
0 

h 

W(g) 

0"172 

' i  
AW* 

s 

AW 8 

0"466 
0"462 

0"392 
0"292 
0"229 
0"155 
0 '067 

1.14 
1.60 
1-68 
1.40 
1.57 
1.63 
1.16 

Standard 8 310 cts /sec=4.6 mg styrene. 
Column a gives the counts per second obtained from those fractions of total distillate calculated from 

the ratios of results in columns b and c. Column d gives the counting rates for the total distillates. The 
activities from the distillates produced directly by weak link scission (column e) are calculated by averaging 
the  C o / S  obtained from the first three samples (c) and subtracting fc  from the remaining values in 
column d. Reference to the activity of tthe ~andard  polystyrene sample enables the weights of radioactive 
distillates to be calcu.lated (column g). Similarly, column h shows the average weight of distillate 
obtained from the active sample only, i.e. the blank, and this is significantly higher than the figure obtained 
bY spe~troe~opic raeasta'ements [Table  2(a) column g]. As explained in the ~ext, this discrepancy is due 
t o  the radiochemical method ,not being specific for 'monomeric styrene, and the ratio of the two values 
obtai,ned (0'74) may be used as a correction factor to convert the active distillate weights (AW*) to active 
monomer weights (AW*). The ratios of these results with total monomer weights are given in column f. 

$ 
Finally, use is made Jof equation (4) to convert ~hese fi~lres into values of ,n which are listed ~n 
column L 
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T H E O R Y  
Two important parameters which characterize the degradation patterns of 
polymers are the zip length and the kinetic chain length. The former gives 
the average number of monomer units which unzip from a macroradical 
before it is removed either by termination or by chain transfer. The kinetic 
chain length gives the average number of monomer units produced by the 
primary and secondary macroradicals before termination by interaction 
with another radical. Thus, if no transfer occurs then the zip length and 
kinetic chain length are equal. Similarly, the relative values of these 
parameters give a direct measure of the degree of intermolecular chain 
transfer. 

Let x denote zip length, and y the kinetic chain length, then, if the 
average number of chain transfers per radical is n, 

y -- (n + 1) x (3) 

Let I be the weight fraction of 14C-labelled polymer in the mixture. 
Then average number of active monomer units produced in the kinetic 

lifetime of a radical 
yl = ]nx (4) 

Therefore, the fraction of monomer units evolved which derive from 
radioactive polymer is given by 

y l / y  = f n / (n  + 1) (5) 

The ratio y l / y  can be determined as the ratio of the specific activity of 
the monomer evolved to that of the 1'C-labelled polymer. In the nomen- 
clature of Table 2, this is obtained experimentally as the ratio 6f the weight 
of labelled styrene evolved (AW*) to the total weight of styrene evolved, i.e. 

AW*/AW~ =fn / (n  + 1) (6) 

R E S U L T S  AND D I S C U S S I O N  
The results of a typical degradation experiment are given in Tables 2(a) and 
(b). Detailed explanations of the derivations of the columns are given under 
each table. Table 3 lists the values of n obtained from a number of experi- 
ments, and the results indicate significant chain transfer with n having an 
average value of 1.2. 

Table 3. Values of n obtained at various temperatures 

,---zS_. 
0"875 
0'750 
0"625 
0'500 
0"375 
0'250 
0"125 

284 

1 '52 

1 "58 

1 "78 

286 

1 "31 
1 '50 
1-27 
1 "40 
1 "07 
0.97 
1 "07 

288 
m 

0'95 
0'97 
0'98 
1-25 

I "07 

288 

1 "14 
1 "60 
1 "68 
1 "40 
1 "57 
1 "63 
1-16 
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The main factor determining the sensitivity of this method is the size of 
the radioactive polymer blank, i.e. the amount of styrene directly produced 
from the PS at the experimental temperature. Table 2(a) shows that this 
lies between a quarter and a third of the styrene evolved from the PS0, and 
so is a severe limitation on the sensitivity, as comparatively large correction 
factors have to be applied. Polystyrenes of similar molecular weights 
synthesized by the 'living' anionic technique produce a blank about one 
twenty fifth of the present blank at the same temperature. It appears that 
the mode of synthesis is of prime importance in producing thermostable 
polymers. The polymerization temperatures of the thermal and anionic 
polymerizations were 184°C and 0°C respectively and so the probability 
of forming weak links in the former case is greatly enhanced. This fact, 
therefore, supports the weak link theories of Grassie and Kerr s. 

Despite the high blank, a reasonably consistent value of n is obtained of 
about 1"2. Thus with a kinetic chain length of about three units ~ a zip 
length of about 1"4 units is obtained. The fact that a radical cage termina- 
tion reaction a plays a significant role in these systems does not affect the 
analysis and the results are equally applicable to polystyrene even if only 
one macroradical is produced in the primary scission, i.e. in terminal 
scission. 

Wall et al. n have analysed the results of polystyrene degradation at 353°C 
by computer using the theory of Simha, Wall and Blatz TM. They find it 
necessary to introduce a chain transfer constant such that one transfer step 
occurs for every seven radicals produced. As the zip length under these 
conditions is assessed at about three units, the degree of chain transfer they 
assume is considerably less than in the present work. If both results are 
valid then the activation energy of depropagation (Ea) must be about 
17 kcal/mole greater than that of chain transfer (E~r). Ed has been estima- 
ted as 20-5 and 24 kcal/mole TM so that Etr could not exceed about 7 kcal/ 
mole. This result is improbably low and casts doubts on the accuracies of 
the chain transfer estimates. It is perhaps significant that Wall et al. could 
obtain reasonable agreement with experiment only over the first fifty per 
cent decomposition and over a very limited initial molecular weight range. 

No data for the thermodynamics of the chain transfer reaction have been 
reported although the bond dissociation energy of Leigh and Szwarc I~ 
indicates that the analogous model system 

CH3--CH" + CH3---CH--CI~ ~ CH~--CH~ + CH3--C---CH~ 
I J ) I 

4, 4, 4, 4, 
should be exothermic with a value of 1,0 kcal/mole. Thus the stabilities 
of the two radicals are similar, but in the polymer chain transfer reaction 
the splitting of the polymer chain causes the process to be irreversible. It is 
possible that the activation energy of chain transfer might be significantly 
lowered if the transition state involves the polymer scission process and 

the polymer radical ~ (~ ~ has no independent existence [cf. reactions 
I 

4, 
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(1) and  (2)], i.e, "~'~ CH" + ~'~" CH2-- CH--CH 2- CH 

1 
H-~ .H~_ /CH 2 " ~ I  

H-..-CH 2 J .... /C . , . . . t  
.jCH2 Y-' 

CH 2÷ ~CH 2-C~cH 2 +.CH 

Despi te  this difficulty in quant i ta t ive  cor re la t ion  with o ther  workers  the 
present  work  establ ishes that  the chain t ransfer  step p lays  an  impor t an t  
role in the thermal  degrada t ion  of polystyrene.  The  indicat ions  ob ta ined  of 
' na tu ra l ly  occurr ing '  weak  l ink scission suggest that  this mechan i sm also 
cont r ibutes  to the character is t ics  of  the ear ly stages of the degrada t ion  
process.  

Crown Copyright, reproduced with permission of the Controller, Her 
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A Complex Plane Representation of 
Dielectric and Mechanical Relaxation 

Processes in Some Polymers 
S. HAVR1LIAK a n d  S. NEGAMI 

In a previous paper it was shown that the complex dielectric constant data of 
polymers can be represented by an empirical dispersion function. In the present 
work it is shown that the complex polarization of  the same data can be repre- 
sented by a function o/  the same form but with different v a l u e s / o r  the con- 
stants. This means that a quantitative evaluation of  Scaife's remarks can be 
made. The dispersion parameters for eighteen polymers were determined for 
the e* (to) or the p* (to) data. In general, as the ratio %/%0 increases, the 
p* (to) data become broader and faster than the e* (to) data, thus l - - a ,  fl and 
¢o decrease. The normalized loss maximum was found to be temperature 
dependent [e*(to) data] for  eleven polymers where %/%c~2"0. However, 
the normalized loss maximum [E* (to) da t a ] /o r  the two acetates was found to be 
independent of  temperature while the normalized loss maximum for the p* (to) 
behaved in a way similar to the other polymers. This observation can be 
traced to a fortuitous compensation o/  effects encountered with large disper- 
sions. For those cases where the method o f  reduced variables is applicable 
~* (to) calculated from the dispersion [unction is in good agreement with the 
shifted values o /~*  (to). The two parameters a and fl are shown to be uniquely 
related to distribution of  relaxation times. The agreement between the distribu- 
tion function calculated from the dispersion ]unction is in good agreement 
with the approximate methods used to calculate the [unction from the shifted 
data. A complex plane plot o f  the complex compliance is not at all similar to 
the dielectric dispersions. An  empirical transformation procedure is constructed 
by analogy with the one used to calculate the complex polarization in order 
to normalize the mechanical data. The locus o /  this complex deformation re- 
sembles the dielectric dispersion with nearly the same values of a, ~ and r 0. 
A t  very low frequencies, deviations f rom the assumed behaviour were observed. 
With polyisobutylene and poly(n-octyl methacrylat~) the deviations were in 
terms o f  another dispersion. With poly(vinyl acetate) and poly(methyl acrylate) 
the deviations could be attributed to another low frequency dispersion. The 
similarity between the dielectric and mechanical dispersions suggests that the 
following mechanical model can be considered: a spherical inclusion containing 
the specimen of  interest is perfectly bonded to an otherwise continuous homo- 
geneous elastic continuum. Under these conditions the complex distortion of  
the sphere subjected to a periodic tensile field at infinity is very nearly the 
empirical complex deformation with Poisson's ratio o f  ½ for both media. It 
can also be shown for this model that i f  the distortion of  the sphere is time 
dependent, then there will be in-phase and out-of-phase components to the 
distortion in a periodic field. In other words it is not necessary to postulate an 
internal viscosity to account for a macroscopic viscosity. The equilibrium dis- 
tortion of  the sphere is shown to be related to the square of  the asymmetry 
of  the orienting segments. The decay o/  the distortion w i t h  time o f  the re- 

moval o f  stress field is interpreted in terms o f  transition probabilities. 

I. I N T R O D U C T I O N  
A COMPLEX plane plot of  either a dielectric or mechanical dispersion 
(relaxation process) is an isothermal plot of the real part of the experimental 
quantities against their imaginary counterparts for each frequency of 
measurement. In the dielectric case one such plot is constructed for each 
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temperature of measurement. In the mechanical case the data from different 
temperatures are first superimposed in such a way as to obtain a single 
master curve for the frequency dependence of the real and imaginary parts 
of the experimental quantities. It is possible to construct a complex plane 
plot of the data at this single or reference temperature. The shape of the 
dielectric relaxation process for simple inorganic or organic systems may 
take either orie of two forms; a circular arc 1, which is the most common 
shape, or a skewed semi-circle ~, which is observed infrequently. Cole and 
co-workers 1,~ have been able to represent these two dispersions with two 
empirical dispersion functions which represent the data with high accuracy. 
A complex plane plot of polymeric dielectric dispersions is neither of the 
two simple shapes observed in the case of small molecules but rather a 
combination of the two shapes. In other words, the loci of polymeric dis- 
persions are circular arcs at low frequencies and linear at high frequencies. 
A complex plane plot of the complex compliance for most polymeric dis- 
persions is not any of these three shapes. Generally 3 the locus appears to 
be approximately linear at high frequencies, then at some lower frequency 
the locus passes through a maximum in the loss compliance and almost 
invariably terminates at some finite value of the loss when the equilibrium 
value of the real compliance has been reached. 

The authors' have studied the shapes of dielectric dispersions for twenty 
one polymers and found that they all have approximately the same shape, 
i.e. linear at high frequencies and a circular arc at low frequencies, in order 
to represent this behaviour quantitatively the authors postulated an 
empirical relaxation function of the form 

~*(o~)-  ~ = [1 + (io~%)~1-a~] -~ (1) 

This relaxation function has two intriguing features associated with it. First, 
and most importantly, it represents the experimental quantities almost with- 
in their reliability. Secondly, this function could be considered as a general- 
ized way of writing the two known and well documented dispersion 
functions of Cole 1' 2. For example, when /3 = 1 and 0 ~ ot ~ 1 in equation 
(1), the circular arc expression is obtained and when or=0 and 0 ~ / 3  ~ 1, 
the skewed semi-circle is obtained. In addition it was shown' that the five 
parameters in equation (1) have the same counterpart as they do in Cole's 
dispersion functions. This latter feature implies that as the kinetics of the 
relaxation process for small molecular systems become known because the 
three dimensional details of local structure are known, then it should be 
possible to transfer this kinetic scheme to polymeric behaviour. 

Recently criticism has been made concerning the u se  of the complex 
dielectric constant to represent the relaxation behaviour of simple systems. 
It was proposed by Scaife 2 that the customary method of representing the 
dielectric data be replaced by the use of a polarizability plot, in which the 
imaginary coordinate of the complex polarizability of a dielectric sphere 
of unit radius is plotted against its real counterpart. This quantity is chosen 
because, in a sphere, long-range dipole--dipole coupling vanishes and, there- 
fore, the complex polarizability will be a good measure of the intrinsic 
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properties of a substance. According to Scaife, this method gives proper 
weight to all polarization mechanisms and provides a ready means of com- 
paring the dielectric behaviour of different substances. 

There are several objects to this work. The first of these is to study the 
changes in the shape of the relaxation curve when the data are treated in 
the manner suggested by Scaife. The second object is to construct empiri- 
cally an analogous transformation procedure for mechanical dispersions and 
assess its influence on the shape of these mechanisms. Finally, dielectric 
theory should be adapted to mechanical behaviour consistent with the 
extent to which these mechanisms are analogous. 

I I .  D I E L E C T R I C  R E L A X A T I O N  

(A) General background 
Before reporting the experimental data in detail, a discussion of some of 

the features of the complex plane method of representing dielectric data 
seems to be worthwhile because this method is rarely used to treat poly- 
meric dispersion data. First of all, based on some very fundamental assump- 
tions regarding cause and effect, linearity and superposition, it can be 
shown that 8 

e*(¢o) - e~= S B(t) exp ( - i¢ot) dt (2) 
0 

The function B(t) which must contain the instantaneous and equilibrium 
responses of the system is only a function of time and has been interpreted 
in two ways. The earliest and most commonly accepted interpretation is 
that it is related to the distribution of relaxation times. In other words, the 
equilibrium and instantaneous responses of all of the elements o f  .the system 
(assuming a single relaxation process) are the same but they take different 
times to come to equilibrium. The more recent interpretation of B(t) is that 
it represents the interaction of the moving species with its environment; 
i.e. a time dependent correlation function. In th~ former interpretation it 
can readily be shown that ~ 

E ' ( t o )  g ( o J )  - e ~  +'~ 1 = = S F("r/ro) × - -  d In ("r/To) (3a) 
~0 - E ~  -oo 1 + ¢o~'fl 

and 

~'(eo)= ~"(¢o) = SF(r/r0)-~ x _~T d In ("r/r0) (3b) 
~o - ~ - ~  1 + o~"r ~ 

In equations (3a) and (3b) F(r/%) is only a function of relaxation time 
and is referred to as the distribution of relaxation times. We see from these 
equations that both the reduced real and imaginary parts are uniquely 
determined by functions of time alone. If, as it is customary to assume, 
F(z/ro) is independent of temperature while T0 varies with temperature, then 
a complex plane plot of all of the reduced experimental data from different 
temperatures must fall on to a single line. It is important to note the 
difference between this construction and the one used in the Time Tempera- 
ture Superposition Method (TrSM). In that method the data must be 
shifted on to an unknown curve so that any changes in shape may be 
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compensated for by overshifting or undershifting the data. In the present 
method, the data either fall on to a single line or they do not. 

A second distinguishing feature of the complex plane method is that 
the frequency dependence of the real and imaginary parts is not lost as 
might be supposed. This point has been studied in some detail by Mopsik 7, 
who showed that a semicircular locus in a complex plane must originate 
from a Debye relaxation process. This point has also recently been shown 
by Fang s. Therefore, according to Mopsik, any analytic function that can 
represent the shape of the relaxation data in a complex plane must be 
uniquely related to the distribution of relaxation times because the relation- 
ship between E*(co) and F(~'/Zo) is unique. This is so because the relationship 
between any function and its Laplace transform is unique. Therefore the 
relationship between real and imaginary parts with F(~'/%) must also be 
unique, 

The'foregoing discussion implies that one need only check the shape of 
the data in a complex plaqe plot against one that has been calculated for a 
particular relaxation function in order to test its validity. Ir~ general this is 
true; however, a much more quantitative check can be made by calculating 
¢*(ro) with the aid of the assumed dispersion function and comparing it to 
the experimental value. This procedure, if repeated for each frequency of 
measurement, can provide a quantitative statement for the accuracy of 
representation. In this way an assumption basic to the understanding 
of polymers, i.e. whether or not the distribution of relaxation times is in- 
dependent of temperature, may be studied. One may question the wisdom 
of studying such a tenaciously held hypothesis by means of an empirical 
function. This question is of no concern so long as the accuracy of repre- 
sentation is constantly checked. 

(B) Isothermal data 
In Figure 1 we have represented the frequency dependence of the complex 

dielectric constants for three systems as black circles; in Figure l(a) it is the 
poly(carbonate of bisphenol), in Figure l(b) it is poly(vinyl acetate) and in 
Figure l(c) it is glycerol. These systems were chosen, not because they are 
the best examples of the dispersion functions, but because they represent a 
large range of equilibrium values of the dielectric constant. The tempera- 
tures shown were chosen because the relaxation process was centred in the 
available frequency range, which minimizes errors due to extrapolations 
in order to obtain some of the dispersion parameters. Equation (1) is tested 
for accuracy of representation by comparing calculated and experimental 
values of c*(co) for the entire experimental frequency range. The ¢*(co) were 
calculated by the method described in Appendix A and the results for the 
three polymers are represented as open circles in Figures l(a)-(c). As can 
be seen from these figures the differences between experimental and calcu- 
lated results are small. The parameters for these three polymers, together 
with the parameters used to describe the relaxation behaviour of sixteen 
other polymers, are given in Table 1. The accuracy of representation for 
these other systems is equally good. 

The complex dielectric constant can be transformed into the complex 
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~"~[  o ~ - " " " ' ' - " " ~ - - - .  o ,,', 

0"05[" ~_ _ . ,~ ,~"  Poty (carbonate) ~ o  ° 
, , , 

3'2 3"3 3-4 3'5 3"6 
e'(o~) 

2.0 (b) 

1.0 

d Co J) 

30 -(c) 

10 o f  Gtycerot V 
/ , r:-50*c 

o 20 4b 6b i 
e(w) 

Figure I----Complex plane plot of dielectric constant for three 
materials: (a) poly(carbonate of bisphenol) at 164°C;. (b) 
poly(vinyl acetate) at 66°C; and (c) is glycerol at --50°C. 

Numerals on curves denote frequencies in kc/s 

Table 1. Dispersion parameters used to represent dielectric data as e* (to) or p* (to) 

Polymer 

poly(nonyl 
methacrylate) 9 

~oly 
(carbonate) 4 

~oly 
(m-chlorostyrene) 10 

poly 
(vinyl laurate) n 

Method 

p* 

p* 

E* 

p* 

p* 

Equil. 

3.510 

0'454 

3'637 

0-468 

3"695 

0"4725 

3-80 

0'483 

lnstan. 

2"44 

0" 322 

3" 128 

0'416 

2"355 

0" 3420 

2"34 

0"310 

0"520 

0"475 

0"285 

0"290 

0"422 

0"548 

0'413 

0"437 

2~rr o × 
1 - a  10 s 

(see) 

0" 790 2- 5 

0"820 2"0 

0- 795 6-' 9 

0"780 6-0 

0" 368 1400 

0' 30 250 

0" 862 0 '  67 

0'790 0 '40 

T°C 

42' 8 

164"0 

74.7 

6.2 
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Table 1--continued 

Polymer Method Equil. Instan. B 
27rr o X 

1--~ 2 10 a 
(sec) 

T o c  

poly(n-octyl e* 
methacrylate) ~2 

p* 

3-86 2.58 0"455 0-843 0"715 
21 

0.488 0.343 0 '408 0"859 0 '10  

poly(isobutyl ~* 
methacrylate) a 

p* 

3"97 2"38 0 '489 0"724 1 '6  

0"498 0 '313 0"425 0"732 1"15 
102"8 

poly(n-hexyl ~* 
methacrylate) 12 

p* 

poly(cycloheyxl ~* 
methacrylate)~ 

p* 

poly(vinyl ¢* 
decanoate) 11 

p* 

poly(n-butyl ~* 
rnethacrylate) 9 

p* 

poly(vinyl e* 
octanoate) l~ 

p* 

poly E* 
chloroprene la 

p* 

poly(vinyl 
formal) 14 

poly(methyl 
acrylate) 4 

4 '03 2"45 0"468 0 '796 1"1 

0.504 0"325 0 '447 0"747 1-0 
40"0 

4 '24  2"46 0"247 0"842 30 

0"521 0.323 0"231 0-77 20 
121 

2"2 

59"0 

- 6 " 1  

26  

4"24 2.515 0-528 0"796 1'43 

0.521 0 '325 0"426 0 '797 1"1 

4-28 2.41 0 '526 0"676 4"2 

0"521 0.318 0.509 0"651 2.5 

4"61 2.51 0 '488 0"869 3"3 

0.549 0.334 0"532 0"753 1"6 

5 '96 2.44 0"470 0.540 5 '0  

0.617 0.310 0-254 0"63 3"33 

C* 6"45 3"00 0"458 0 '584 0"285 
130'0 

p* 0.641 0.404 0'461 0"555 0.083 

~* 6'480 3"705 0"392 0"655 13 
30"0 

p* 0-646 0.466 0"336 0 '630 7"5 

poly(trifluoro mono- ~* 6 7 2'  5 O. 48 1" 0 - -  
chlorocthylene) 15 -- 30 

p* 0 '653 i. 0"290 0-291 0"956 - -  
i 

poly(vinyl ~* 8- 62 2- 74 0"45 O- 910 6" 7 
acetate) le 66 

p* 0"722 0"431 0"395 0"827 2 ' 2  

~* 12"30 4"0 0"331 0"940 3"23 
~opolymer 4 145 

p* 0.793 0.480 0-300 0.730 0 .9  

c* 63"9 4"10 0"603 1"000 0"78 
glycerol 17 50 

p* 0"955 0"465 0'443 0"810 0.05 
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polarization [p*(oJ)] of a unit sphere imbedded in a vacuum (i.e. e~= 1) 
by means of the following expression ~ 

E*(co)- 1 
p*(a)) -- E*((o) + 2 (4) 

which becomes after separating real and imaginary parts 

p'(og) ---- [E'((O) - 1] [cd(a)) + 2] + e"((o) 2 
[~'(co) + 2] 2 + E"(w) 2 (4a) 

3E"(w) (4b) 
O"((o) = [E'(w) + 2]2+ ~"((o) 2 

The experimental quantities in Figures l(a)-(c) were transformed into 
p*(co) by using equations (4a) and (4b). The results of this transformation 
are shown in Figures 2(a)-(c) and are represented by the full black circles. 
To measure the extent to which the curves have been modified it is neces- 
sary to rewrite equation (1) in the form 

p * ( t o )  - p , ~  = [ 1 + (icor0) (~-~)] -p  ( 5 )  
P0 - p ~  

The five dispersion parameters have the same significance in the polariza- 
tion plot as they did in the dielectric constant plot. Equation (5) can be 

/ 
o oo , . , ~ "  . _ .~'~,~,~,. 

F I Z =® I I T:164;C I ~ I 
0"410 0'420 0'430 0"440 0"450 0'460 0"470 

p' ((~) 

0'I0 F 
0.08 l- . % . . . . - , , - - - - - ~  -.<" 

O O or , , ; , \ 
0"4 05 0.6 0.7 

p' (o~) 

I o -/ 0.~ o , . , . )  ";,,,,, 
O /  GLycerot 

T= - 50 °C ~'- 
o , / " ,  ) I l i ~ l ) I 

0'5 0"6 0'7 0"8 0'9 
p'(w) 

Figure 2--Complex plane plot of polarization for the same 
three materials as in Figure 1: (a) poly(carbonate of bisphenol) 
at 165°C; (b) is poly(vinyl acetate) at 66°C; and (c) is glycerol 

at --50°C. Frequencies in kc/s 
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separated into real and imaginary parts obtaining equations that are analo- 
gous to equations (60) to (63). The differences are that p*(co) replaces ¢*(oJ), 
p0 replaces E0, and p~ replaces E~. The graphical significance of the five dis- 
persion parameter s is the same as before and is determined in the same 
way. These parameters, which are listed in Table 1, together with equation 
(5) are used to calculate the complex polarization. T h e  results are shown 
as the open circles in Figure 2. As can be seen from that figure the agree- 
ment between calculated and transformed results is as good as the agree- 
ment between the calculated and experimental values in the complex 
dielectric constant case provided of course the appropriate dispersion 
parameters are used. The parameters that were used to represent the 
dielectric constant and polarization data are not the same (see Table 1). 
As the dispersion becomes larger, i.e. as e0/~o increases, the differences 
between 1 - ot or T0 become larger. For the polycarbonate where ~/e ,o= 1" 161 
the time parameters are almost the same, while for glycerol where ~/eoo= 
15"34 the time parameters are quite different. The effects for other systems 
are intermediate to these two extremes. 

(C) Variable temperature data 
The temperature dependence of five dispersion parameters used to repre- 

Figure 3 I T h e  dispersion 
parameters used to represent 
¢*(oJ) and p*(oJ) data for 
poly(vinyl acetate) are plotted 
as functions of temperature in 

degrees Centigrade 

1.0 

0"9 

0"8 

0"6 

0"5 

0"4 

~.3"0 

8 
I 0 

2.0 
? 
(o 

Poly(vinyl acetate) 

• :e*  (to) data 
. . . . . . .  "" . . . .  o=p * (~) data 

" " ~ "  o "  " 1-ct 

o 

I I 
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sent E*(w) data for poly(vinyl acetate) TM was determined by the method 
described in Appendix B. The temperature dependence of e0 and coo is 
essentially linear and is given by, where T is in degrees Centigrade, 

E0 = 11-56 - 0-043 T 
and 

E ~ = 4 ' 0 2 -  0.017 T 

The temperature dependence of 1-e~ and/3 is given in Figure 3, where it 
can be seen that they depend on temperature in the opposite sense. The 
parameter toL is essentially independent of temperature. The normalized 
loss maximum was found to be independent of temperature over the tem- 
perature range where it can be determined directly. The temperature 
dependence of ~'0 is given in Figure 4, where the usual curvature is observed. 

10 -I 

10-2 

10-3 

"~ 10-4 

10-5 

10 

10 -7 

Poly (vinyt acetate) 
1 

• =e* (co) data f 
o = p*((o) data / o ,  o 
--= log o r-3"96 

./:o /o 
I I 1 I 

2.7 2'8 2'9 3"0 3!1 
103/r,[*K-q 

Figure 4--The  relaxation time (sec) for 
the E*((O) and p*((o) data for poly(vinyl 
acetate) is plotted as a function of re- 
ciprocal temperature (degrees absolute). 
The solid line represents the relaxation 

time calculated from the shift factors 

The temperature dependence of the five dispersion parameters used to 
represent p*((o) data for poly(vinyl acetate) was determined by the method 
described in Appendix B. The temperature dependence of p0 and p,~ is 
essentially linear and is given by, where T is degrees Centigrade, 

p0 = 0.804 - 000124 T 
and 

p~ = 0.459 - 0"000945 T 

The parameter (pL is temperature dependent and can be represented by 

(PL = 26 + 0"089 T 

The temperature dependence of 1 -  a and/3 is given in Figure 3 where it 
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can be seen that they depend on temperature in the same sense. The normal- 
ized loss for the complex polarization decreases with decreasing tempera- 
ture. These differences in the temperature dependence of ~L, 1 -  a ,  fl and 
the normalized loss maximum are very important to the understanding of 
polymer behaviour because o( the nature of certain assumptions that are 
used to describe their behaviour. 

I0-I 

10-2 

Figure 5--The relaxation time (sec) 
for the ~*(to) data for poly(vinyl ,~10_ 3 
acetal is plotted as a function of re- 
ciprocal temperature (degrees abso- 
lute). The solid line is the relaxation ~6 
time calculated from the shift factors _~ I0" 4 
while the broken line represents the 

time at maximum loss 

i0-5 

lO- 6 

Poty (vinyt acetal) / 
. =6*(w) plots / 

~=tog az- 2.00 / 
. . . . . .  tog ,,// 

//" 

~y~' 
e/ // 

/ I  I I i I L I 
2.6 2.7 2.8 2'9 

103/T,[.K -1] 

The temperature dependence of the five dispersion parameters used to 
represent ~*(co) data for poly(vinyl acetal) 1' was determined by the Appen- 
dix B method and is listed in Table  2. T h e  parameters ~L, fl and the 
reduced, loss maximum decreased with decreasing temperature, while ~0 and 
e~ varied linearly with temperature. A rate plot (i.e. log r0 versus 103//5 
of the relaxation time is linear and can be represented by, see Figure 5, 

log T0= 13"77 x 10~ /T -40"895  

The activation energy for the r0 plot is slightly lower (63.0 kcal) than the 
value obtained by Funt and Sutherland (71-2 kcal) who used the loss 

Table 2. Dispersion parameters used to represent ¢* (co) data for poly(vinyl acetal) 

T o X IO ~ E"ma, x" 

T, °C ~L 1 --ct fl sec % E % - - ~  

120 31"3 0"79 0"440 0"0159 6"50 - -  0"248 
110 30"7 0-81 0-420 0"0796 6"55 2"60 0.243 
100 26'8 0"78 0'378 0"763 6.63 2'63 0.230 
90 25'5 0-81 0"350 15"9 6.70 2"65 0'222 
80 24-6 0"79 0"345 111 '0 6.80 2"67 0"214 
40 - -  0'58 1.00 0"03 2-925 2-600 - -  
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Figure 6--The dispersion parameters .used to represent 
~*(oJ) data and p*(to) data for poly(k, inyl chloroacetate) 
are plotted as functions of temperature in degrees 

Centigrade 

maximum frequency to represent the relaxation time. The ratio of the 
relaxation time to the loss maximum frequency depends on specific values 
of 1 -  a and fl, see Appendix A. Inasmuch as fl is temperature dependent, 
the ratio of the two times will also vary. In other words the temperature 
dependence of the frequency at which the loss becomes a maximum includes 
changes in the shape of the relaxation curve which make the activation 
energy higher. 

At temperatures above 100°C and at low frequencies deviations from the 
assumed behaviour were observed. These deviations are readily attributed 
to d.c. conductivity and are also observed as the so-called d.c.-tail when 
the loss factor is plotted as a function of temperature. At temperatures 
below 70°C deviations from the linear high frequency plot in a complex 
plane were observed. At 40°C a maximum in the complex plane is observed. 
The data can be represented approximately by a circular arc with the 
parameters in Table 2. 

171 



S. H A V R I L I A K  and S. N E G A M I  

The temperature dependence of the five dispersion parameters used to 
represent e*(to) and p*(to) data for poly(vinyl chloroacetate) TM was deter- 
mined by the Appendix B method. The variation of 1 - a  and/3 (Figure 6) 
with temperature for the E*(to) data is in the opposite sense, while the 
normalized loss maximum is independent of temperature. For the p*(to) 
data, /3 is independent of temperature while 1 - a  and the normalized 
loss maximum decrease with decreasing temperature, see Figure 6. These 
observations are similar t o  those observed for poly(vinyl acetate). A plot 
of the relaxation time versus IO~/T (Figure 7) for tho ~*(to) and p*(c0) data 
exhibit the usual curvature. In addition the relaxation time for the p*(to) 
data is shorter than those from the ~*(to) data. 

(D) Comparison of the CPM with TTSM 
Before a comparison of the complex plane method (CPM) and the TTSM 

can be made, their respective inherent assumptions must be carefully 
examined. In the previous sections we have described the extent to which 
the proposed dispersion function represents the dispersion data and have 
found that it does so almost within experimental error. The assumption 
basic to the TTSM can be formulated in various ways. One such formulation 
is to assume that the shapes of the normalized real and imaginary parts 
are independent of temperature. In terms of the CPM this means that 
1-or and fl must be independent of temperature, a fact which is not 
verified for either the p*(to) or the ¢* (to) data. However, for poly(vinyl 
acetate and chloroacetate) the changes of I - a  and /3 are in opposite 
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Figure 7--The  relaxation 
time (see) for the e*(to) data 
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ted as a function of recipro- 
cal temperature (degrees 
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directions so that their effects might be partially compensated. In  the 
poly(vinyl acetal) polymer both 1 -  ot and fl change in the same direction 
so that we would expect this polymer to be the worst example. 

A second method for formulating the assumption basic to the "I"rSM is 
to state that the distribution of relaxation times is independent of tempera- 
ture. A single point on the distribution of relaxation times is readily exam- 
ined from the approximate methods that exist to compute this function from 
the experimental data. Williams and Ferry TM have shown that the distribution 
of relaxation times is related to the variation of the log E"(to) with log to by 
means of 

F<,:,,<~) = Zl~"(<.o)[1 - I d { l og  E"(to) } / d { l o g  co} [] (6) 

If we examine the distribution of relaxation times at the condition of 
maximum loss then the distribution function is given by 

Fir=a/~ = Be"lm~x.~ for d log e"l~.~. I /d log to = 0 

In other words a plot of the normalized loss maximum against temperature 

036 
16 

/ 
/ 1 ,j / l o  

032 / .7o,,,.~ , ,/ 
/ / - ' 2  /~ - -  3/;.4 ,, / 
"17 / . ' ,  

"//.i' t / 
' " / / : / ,  D 

i ! ,  , , , 7 . . i ,  , , , ; /  , , 020 

-40 -20 0 20 40 60 80 100 120 140 160 
Temperature, °C 

Figure 8- -The  normalized loss maximum for a number of polymers 
is plotted as a function of temperature (degrees Centigrade). The 
broken and solid lines as well as the open and filled circles have 
no meaning other than to resolve closely spaced points. The 
numerals refer to the following polymers: 1. poly(vinyl octanoate); 
2. poly(vinyl decanoate); 3. poly(vinyl laurate); 4. poly(n-octyl 
methacrylate); 5. polychloroprene; 6. poly(nonyl methacrylate); 7. 
poly(vinyl chloroacetate) ~*(to) data; 7'. poly(vinyl chloroacetate) 
p*(oJ) data; 8. poly(vinyl acetate) ~*(oJ) data; 8'. poly(vinyl acetate) 
p*(t0) data; 9. poly(n-hexyl methacrylate); 10. poly(butyl metha- 
crylate); 11. poly(isobutyl methacrylate); 12 poly(vinyl acetal); 13. 

poly(cyclohexyl methacrylate) 
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is essentially a temperature plot of the distribution function at the most 
probable relaxation time. For poly(vinyl acetate and chloroacetate) the 
normalized loss maximum is independent of temperature (see Figures 
3 and 6) while for poly(vinyl acetal) the reduced loss maximum varies with 
temperature. Again we see that poly(vinyl acetal) is probably the poorest 
of the three examples. A plot of the reduced loss maximum for some of 
the polymers in Table 1 is given in Figure 8. From that figure it can be 
seen that for eleven polymers the reduced loss maximum varies with 
temperature. Furthermore the temperature dependence of the reduced loss 
maximum for these polymers (including the vinyl acetal) is the same. This 
observation implies that the behaviour of the acetate and chloroacetate is 
not at all typical of polymers but rather that they are exceptions. It is of 
interest to note that all of the polymers in Figure 8 except that of the 
acetals have ~s less than about five. Based on the  results of the previous 
section we may tentatively conclude that when ~0 is small the p*(oJ) dis- 
persion parameters are similar to E*(oJ) parameters so that the normalized 
loss maximum for the p*(co)data will behave similarly to the normalized 
loss maximum for the E*(co), data. For polymers whose ~0s are large this 
assumption is not valid. A plot of the reduced loss maximum for poly- 
(vinyl acetate and chloroacetate) using the p*(ca) data is given in Figure 8. 
We can see from this graph that p*(co) data for the two acetates behave 
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Figure 9--A normalized complex plane plot utilizing all 
t h e  data: (a) poly(vinyl acetate), (b) poly(vinyl acetal) 

and (c) poly(vinyl chloroacetate) 
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similarly to p*(oJ) for all the other polymers. We can conclude, therefore, 
that the reason why the normalized loss maximum for the two acetates is 
independent of temperature is that although the dispersion would become 
broader with decreasing temperature, this effect is compensated for by 
increasing with temperature. 

A third way of formulating the basic assumption t o  the TI 'SM was 
considered earlier in this section, i.e. to construct a complex plane plot 
of the normalized loss and real parts of the complex dielectric constants 
for all of the temperatures where measurements were made. A plot of these 
normalized data is given in Figure 9 where it can be seen that the data for 
the chloroacetate fall on to a single line, the band for the acetate data is 
somewhat larger while the acetal is the poorest (if allowance is made for 
fewer experimental points). If we compare these results with those obtained 
for ether polymers we find that the scatter for these polymers is trivial. 
For example with poly(ethyl, butyl, hexyl or octyl methacrylate) 19 the band 
associated with the e*(oJ) data in the complex plane fills nearly half the 
available area. 

We may conclude, therefore, that for the present three polymers the 

-0"0 Poly (vinyl acetate) 
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Figure 10--The real (o) and imaginary (©) parts of the dielectric constant are cal- 
culated from the dispersion function at the reference temperature and are compared 
to the shifted values for: (a) poly(vinyl acetate) at 75°C, (b) poly(vinyl acetal) at 

80°C and (c) poly(vinyl chloroacetate) at 50°C 
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inherent TI'SM assumption is approximately correct. The reason for this 
behaviour is a fortuitous compensation of effects due to changes of e0 with 
temperature. 

The real and imaginary parts of the complex dielectric constant can now 
be calculated at these reference temperatures using smooth values of e0, 
~.~, 1 - or, fl and ~'0 for the entire shifted (i.e. roar) frequency range which is 
about six decades in time. The result of such a calculation is given in 
Figure 10. From that figure it can be seen that the agreement between 
calculated and shifted values for the chloroacetate 20 is excellent. With the 
acetate ~° small and probably insignificant deviations are observed near 
the loss maximum and the low frequency side of the real dielectric constant. 
The deviations with the poly(vinyl acetal) 2° are significant only near the 
loss maximum and are due to the variation of 1 -  a and fl with tempera- 
ture. The deviations between the calculated and Shifted data in all cases 
are no greater than the extent of the scatter in the shifted data. 

A second comparison between the two methods of data reduction is made 
by comparing the response times of the system as a function of temperature. 
Ferry 3 has shown that the shift factor is proportional to the relaxation 
time, i.e. 

log % = log K + log ar 

The proportionality constant K can be evaluated at the reference tempera- 
ture by measuring the difference between log z0 and log at. The shifted 
relaxation time may then be calculated at all the other temperatures and 
compared to the present relaxation time. The shifted relaxation time is 
represented by the solid line for the acetate in Figure 4, for the chloro- 
acetate in Figure 7 and for the acetal in Figure 5. In the chloroacetate the 
agreement between the two relaxation times is excellent over the entire 
scale. In the acetate some deviations are observed at elevated temperatures, 
which account for the discrepancy between the calculated and shifted 
normalized dielectric constants. The agreement between the two times for 
the acetal is poor. The agreement would have been better had one of the 
other temperatures been chosen for the evaluation of log K. 

I I I .  I N T E R P R E T A T I O N  O F  T H E  D I S P E R S I O N  

P A R A M E T E R S  

(A) General remarks 
An interpretation of three of the five dispersion parameters is straight- 

forward. It is shown in Appendix A that e0 is the low frequency (i.e. 
tot0 > 0) limiting value of the dielectric constant. For that reason it 
represents the equilibrium behaviour of the polymer. The parameter e~ is 
the high frequency (i.e. art0 > ~ )  limiting value of the dielectric constant. 
In the present case this value would intersect the real axis at the square of 
the refractive index plus some allowance made for atomic polarization 
(ca. 5 to 10 per cent). The quantity e0-e~ is then related to the effective 
moment of the unit that orients with respect to the applied field, Calcula- 
ion of the dipole moment of this unit indicates that it is seldom, if ever, 
the moment of a free gaseous monomer unit. In other words Kirkwood's ~1 
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correlation factor is different from unity. Although it is, in principle, 
possible to interpret this equilibrium correlation factor in terms of discrete 
local structure, it is seldom done because of a lack of such information. 
What is needed and not available is information concerning the relative 
positions of the dipole moments along the polymer chain. The parameter 
T0, which has the units of time, is readily interpreted along the lines of 
Kauzmann 2z as the time between segmental jumps. In other words when 
the field is applied to the specimen, equilibrium is approached by means of 
a series of jumps, the parameter r0 is a measure of these jumps. An inter- 
pretation of a and 13 amounts to a discussion of why dispersions are 
broader than the simple Debye process. This subject has not yet been 
completely analysed in terms of molecular details, although three models, 
which will now be considered, currently exist. 

(B) Distribution o[ relaxation times 
The first such model for interpreting broad dispersions is to consider 

the broadening to be due to a distribution of relaxation times, F(T/7o), i.e. 

~*(itOTo)-- e~ _ ( F ( T / T o )  
d In (T/To) (7) e-o - E~ J 1 + itoT 

- -OQ 

Davidson and Cole 17 solved this equation for F(T/%) in terms of e*(itoro) 

1 

where y=T/To. Gross 23 has also discussed the solution to this integral 
equation and pointed out that one merely replaces ioJ by co exp ( + icr) in the 
formula for E*(co). For our applications we need only to substitute into 
the present dispersion function ye -+~ for iy. This substitution leads to (1) 

~* ~ = e ~ +  [l+(1/{ye_+,~})(l_~]¢ 

The solution for F(y) becomes 

F(y)=(1/~r)y a-a~ sin/30[y~(1-aJ+ 2y I1-.I cos It(1 - c 0 +  1]-~/2 (9) 

where y =~'/To and 0 = arc tan ,{ YCl-~ T ~-s-~-O 2 - a ) s i n  7r (1 - ~ )  } . 

It  is of interest to examine this function for the various extremes in 1 - 
or /3. When or=0, i.e. Davidson and Cole's skewed semi-circle ~7, this 
equation becomes 

F(y) = (1/Tr)y ~ sin/30[y 2 - 2y + 1 ]-,  iz 

with 0 = 0, 7r. When 0 = 0, F(y)= 0, which is a trivial solution. When 0 =~r, 

Ffy)=(1/~r) yB sin ~r/3 (1 _y)-O (10) 

Inasmuch as F(y) must be real, then y < 1, so that 

F(T/Zo)= (l/or) sin flCr{z/(T--To)} ~ for T <ro (10a) 

FO'/~'o) = 0 for ~- > To (10b) 
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We see that in the limit of o~=0 equation (9) converges to those of 
Davidson and Cole 17, which is of course to be expected. 

The other extreme of interest is when f l=  1, which is the Cole and 
Cole circular arc. Substitution of this condition into equation (9) leads, 
after some manipulation, to 

F(y)=(1/2~r) sin art {cosh [(1 -or) In y] - c o s  aTr} -1 (11) 

with y=T/To, which is the exact form recorded by Cole and Cole 1. 
Therefore, the two parameters a and/3  uniquely represent the distribu- 

tion of relaxation times. The parameter a appears to represent the breadth 
while /3 represents the skewness of the distribution of relaxation times. 
A very simple test exists (which is necessary but not sufficient)to determine 
if the distribution function is temperature dependent. This test is based on 
the relationship between qL, 1 -- a and/3 

~ L = ( 1  -- e,)/3~r/2 (12) 

Therefore, if ~L is temperature dependent, then either ( 1 -  a) or /3 or both 
must be temperature dependent which makes F(r/ro) temperature depen- 
dent. On the other hand if 'PL is independent of temperature then ( 1 -  a) 
and/3  may be independent of temperature so that F(r/ro) is independent 
of temperature. I t  is possible, however, that the temperature dependences 
of ( 1 -  o0 and /3 are in opposite senses so as partially to annihilate their 
effects. The two acetates studied in the previous section are two such 
examples. 

The determination of 1 -  ot and/3,  as well as their temperature depen- 
dences, is a simple matter as noted in Appendix B. It is a simpler matter to 
determine the distribution function F(r/,o) from 1 -  a and/3. Equation (9) 
is readily programmed on any digital computer (such as the IBM 1620) to 
compute F(T/TO) over any range of ~'/T0 for a given set of values for 1 -o t  
and /3. 

Davidson and Cole ~r considered the distribution of relaxation times for 
glycerol at -50°C,  see Figure 11. The function F(,/~'o) increases without 
limit as ~'/T0 ranges from zero to unity. The function is then zero for all 
values of T/T0 greater than one. Although F(T/To) has a singularity at 
r/% = 1, the distribution function is still normalized because Davidson and 
Cole were able to show that 

+oo 

S F(z/~'o) d In ri f t  = 1 
--OQ 

The parameter f lwas  found to be temperature dependent over the region 
where it could be measured. In Figure 11 we have included F(~/'Co) for 
1 - c ~ = l . 0  and/3=0.550 which are the dispersion parameters for glycerol 
at -70°C.  The general features of the distribution function are the same 
except that the curve is slightly broader at  the lower temperature. 

When the e*(to) data are transformed into p*(to) data the parameters 
used to represent the dispersion are no longer the same or even similar 
because the shape of the curve has markedly changed. The curve for gly- 
cerol is no longer a skewed semi-circle but rather one that is typical of many 
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polymers. The distribution function is readily calculated from the dispersion 
parameters 1 -  a and /3 used to represent the p*(to)data for glycerol at 
-50°C.  The distribution functiol~ F(z/zo) is finite everywhere, see Figure 
11, having a maximum slightly to the short time side of ~'/r0= 1. Further- 
more the distribution function is no longer zero for ~'/r0 > 1 and exhibits a 
shape that is similar to polymeric functions obtained from shifted data. 

The distribution of relaxation times for the three polymers described in 
Section II  is readily calculated from the appropriate values of 1 -  a and 
ft. In each case the parameters were chosen at the reference temperature. 
The results of the calculation are recorded in Figure 12. Although the 
distribution function was calculated for the e*(to) data the differences 
between the p*(to) and E*(oJ) distribution functions at the reference tem- 
peratures are too small to be seen because of the scale size. In general the 
p*(to) distribution function is slightly broader than that for ~*(to). 

It is of interest to compare the distribution functions calculated from 
the relaxation function to those calculated by the approximate methods 
described by Ferry et al. ~. Before describing the comparison, once again 
several points must be emphasized. First, the relaxation function is empirical 
but accurate. The calculation of F(z/zo) from the relaxation function is exact. 
Therefore the reliability of F(r/r0) is as good as the reliability of the relaxa- 
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Figure 12--The distribution function F(T/'ro) is plotted as a function of t(sec) 
for three polymers. In all cases O represents the function calculated from the 
real data while • represents the function from imaginary data while the solid 
line is calculated using equation (9): (a) poly(vinyl acetate), (b) poly(vinyl 

acetal) and (c) poly(vinyl chloroacetate) 

tion function. Second, the basic assumption in TTSM is not precisely main- 
tained (Figure 9) except, perhaps for the chloroacetate. Third, the method 
used by Ferry et ctl.~ to calculate F(z/~'o) is approximate. The magnitude 
of the error is at least as large as  the differences between F(,/%) calculated 
from real and imaginary data. Finally the real and imaginary parts cal- 
culated from equation (1) are in good agreement with the shifted data of 
Ferry et al. ~ (Figure 10). 

Keeping these approximations and assumptions in mind, we can now 
compare the two calculated F0"/~-0)s. In Figure 12(a)we have represented 
the two F(r/ro)s for poly(vinyl acetate) where it can be seen that the agree- 
ment between the two distribution functions is as good as the internal 
agreement of Ferry's approximate method. In Figure 12(b) we have repre- 
sented the two F0-/z0)s for poly(vinyl acetal) where it can be seen that the 
agreement at very short and very long times is poor. These discrepancies 
are no doubt due to those factors considered in Section II  (C). In Figure 
12(c) we have represented the two F0"/~'o)s for poly(vinyl chloroacetate). 
The agreement at times greater than ~'/~'0 > 1 is poor, although the agree- 
ment between the calculated and shifted E*(o)s was excellent. We conclude, 
therefore, that the discrepancies are due to Ferry's approximate methods. 
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(C) Fluctuations in free energy 
A second model for interpreting-broad dispersions, and hence giving 

meaning to a and fl, has been given by Scaife a who related the average 
fluctuation in free energy associated with the moment of the sphere im- 
bedded in a vacuum to the following expression 

<F(Mr)_F(O)>= 3k____~T ~ p" (¢o)p"(ro) dco (13) 
~" o p*(o)p*(co)  o 

In this expression F(MO is the free energy of the sphere with moment M 
while F(0) is the condition of zero moment. Scaife has defined the integrand 

(3/fl) (/9",0" ]p*--fi*) (dco / co) = q~(co) (14) 

as the spectral distribution of free energy associated with the fluctuations. 
The function ~(co) can be rearranged to read, remembering that p*~* are 
complex conjugates 

1 
*(co) = {p,(co)/p,,(co)} + {p"(co)/p'(co)} (15) 

The function p"(co)/p'(co) is the loss tangent, whose value rarely exceeds 
0-3, so that qt(co) becomes 

. ( co )  = p'(co) / p'(co) 

and the integral becomes 

p"(co) dco 
(F(M2)_F(0)>= 3kTTr ~o0 p" (co) co (16) 

In other words the spectral free energy associated with the fluctuation is 
essentially the integral of the loss tangent versus log co curve. The para- 
meters a and fl then describe the shape of the loss curve leaving us with 
little or no molecular picture. 

(D) Correlation function 
A third approach to the problem of broad dispersions has been made by 

R. H. Cole 25 who considered the response of a macroscopic sample in terms 
of a time-dependent correlation of the electric moment of the sample 
including all moments, i.e. permanent and induced. The result of his 
analysis is given by 

~*(co)- 1 ~ -  1 <ix(0).M(0)t*> p 
~*(co)+2- ~ + 2  +47rN 9kTV ~ [ -~( t ) ]  (17) 

where 

and 
(~o - 1 ) / (¢o~ + 2) = 4~'Ncz / 3 V 

qt(t)-- (lx(0)'M(t)t*> / (Ix(0).M(0)]*> (18) 

with ~ representing the Laplace transform. The first term on the left, i.e. 
[¢*(co)-l]/[~*(co)+2], is of course the polarization of the sphere under 
consideration which is suspended in a vacuum. The first term on the right, 
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(~o-1)/(eo~+2), represents the instantaneous polarization of the sphere. 
The term <IK0).M(0)I °) represents the equilibrium effective induced 
moment of the sphere. The term ./~ [ -~( t ) ]  has the effect of a macroscopic 
decay function for the spherical sample and represents the average moment 
at time t with respect to the equilibrium value. Unfortunately not much can 
be achieved with this approach at this time because of the scarcity of 
structural data and the absence of information leading to the nature of 
interactions. However, one point can be made and that is to combine 
equation (17) with Cole's equations (9) and the one following (12) together 
with the empirical equation (5) to give 

p * ( ( o )  - P~o = { 1 + (i(~rro) ( '-=)} -a = L [ - ~ ( t ) ]  (19 )  
p0 - P~o 

In other words, the curly brackets { } -~ describe the relationship between 
the central dipole and its environment as it moves to offset the effects of 
the applied field. 

I V .  M E C H A N I C A L  D I S P E R S I O N S  
(A) Poly(vinyl acetate) 

The results of a complex plane plot using the shifted complex compliance 
data of Williams and Ferry = for poly(vinyl acetate) are given in Figure 
13(a). The shape of this curve, typical of some polymers, is not similar to 
any dielectric dispersions reported in the previous section. The limiting 
angle ~L = 74 ° is twice that observed for the dielectric dispersion. Examina- 
tion of the complex plane plot at very high frequencies [see Figure 13(b)] 
reveals a curvature not seen in the corresponding dielectric dispersion. A 
bisector of ~L and extrapolated to the experimental locus intersects it at a 
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Figure 13----(a) Complex plane plot of poly(acetate) at the reference temperature 
using shifted data = in units of c"ma/dyne. (b) Extreme high frequency end of 

plot. (e) Complex plane plot of  transformed data for poly(vinyl acetate) 
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frequency that is 2'5 decades slower than the corresponding dielectric dis- 
persion. This intersection point takes place at the high frequency side of the 
loss maximum, a phenomenon not observed in dielectric dispersions. Finally 
there is no loss maximum but this may be due to incomplete experimental 
data rather than a basic shape of mechanical dispersions. Based on these 
observations the relaxation processes are not similar despite the fact that 
Williams and Ferry ~ found the temperature dependence of the dielectric 
and mechanical shift factors to be the same. This correlation implies that 
the activation energy associated with each relaxation process is the same. 

In view of the results in Section II, i.e. that different methods of repre- 
senting dielectric data lead to slightly different conclusions because of 
changes in the shape of the relaxation curve, one should not be surprised 
that no comparison is observed at this point. The discussion in the previous 
section was among systems with ratio of a0/e~ less than 15; here Io/Io~ is 
approximately one thousand. For these reasons a suitable transformationt 
procedure must be devised. This can be done by noting that equation (4) 
is the specific case (where e.~ = 1) of the following generalization 27, 

p*(0)) = { ~*(0))- ~ }  / { e*(0)) + 2E~} (20) 

If we can replace ~ by J~ and ~*(0)) by 1"(0)) and refer to the resulting 
transformed quantity as 8*(0)) [complex deformation] we obtain 

8*(0)) = {1"(0)) - / ~ }  / {J*(0)) + 2J~o} (21) 

It is important to note that 8*(0)), like its dielectric counterpart, will con- 
tain all of the deforming mechanisms that can contribute to the complex 
compliance [J*(0))] at frequency co, i.e. all elastic and viscoelastic mech- 
anisms will be present. The range of these observables will be limited to 
the interval 0 ~ 8*(0)) ~ 1 as is the case for the complex polarization. The 
real and imaginary parts can be separated quite readily to yield 

8'(0)) = [/'(oJ) - y~ ]  [1"(0)) + 2J~]  + 1"(0)) ~ 
[1'(0)) + 21 j2+  J"(0)) = (21a) 

and 

31~.J'(o~) 
8"(0)): [j,(0)) + 2joe]2 + j,(0))~ (21b) 

Inasmuch as ~ will play the counterpart of ¢~, this parameter may be 
obtained by extrapolating a complex plane plot of the compliance to the 
real axis, where J"(oa)=0. For poly(vinyl acetate) a complex plane plot at 
very high frequencies is given in Figure 13(b) where J~ is determined to 
be 0.89 x 10 -1° cm+2/dyne. This value of J~ together with equations (21) 
and the data of Ferry 26 can be used to calculate 8*(o9). The results of this 
transformation are recorded in Figure 13(c)where it can be seen that the 
experimental locus has been drastically altered. The locus is now similar 
to the corresponding dielectric dispersions. It is possible to test for a quan- 

tW© refer to the following procedure as a transformation, following the nomenclature of Scaife. This 
procedure is in reality a normalization but this, term like thel term reduced has been widely used to 
denote sPecific operations on experimental quantities. 
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Table 3. Comparison of dispersion parameters for dielectric and mechanical 
dispersions 

Poly Poly Poly 
Parameter (vinyl acetate) (methyl acrylate) (n-octyl methacrylate) 

p* (~) 
6* (o) 
/3 
p* (~0) 
6* (o) 
2=% (sec) 

0"80 0"75 0"80 
0'94 0"92 0"92 

0"51 0"33 0"49 
0"50 0"33 0"37 

p* (co) 0'73 × 10 -s 10X 10 -1 - -  
6" (co) 3-66× 10 -5 2-86X 10 -1 2X 10 -8 
6 o 0"993 0'995 0"995 
6,~ 0 0 0 

T, oc 70 25 100 

titative agreement between the shapes of dielectric and mechanical disper- 
sions by assuming the mechanical dispersion to take the form 

{6"(o) - 8,00} / {80 - 8~} = [1 + (ioro)'*-=~] -~ (22) 

The deformation parameters  are calculated by the methods outlined in 
Appendix A and are listed in Table 3. The  instantaneous and equilibrium 
values @~ versus 6oo and p0 versus 60) are quite different as is to be expected. 
However,  the dynamic parameters (r0, ,pL, 1 -  el and /3) are very similar. 
In  fact the differences are readily attributed to differences in molecular 
weight (but see intrinsic viscosities listed in original reference ~) because we 
have found that the dispersions of lower molecular weight polymers tend 
to be faster and narrower. The  reliability of equation (22) in terms of repre- 
senting the experimental quantities is shown in Figure 14 where the real 

Poty(vinyl acetate) 
1 "0- "~* - , . ,~ ,  o =Transformed ~"(oJ) 

"~o data 
~ • =Transformed ~'(¢a) 

~" 0"8 " X  data 
x. ~=Catcutated from 

= ~ " ~  ~ e r s i o n  equation 
"~ 0'6 

~ 0.~ 

o ° °  

[~ I I I t l l t ~  i I i I l l l l l  I I I I  

10 4 10 5 10 6 10 7 10 B 
tog (~a r) 

Figure 14---Comparison of calculated real (o) and imaginary 
((3) parts of transformed compliance (represented by solid 

line) 
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Figure 15---(a) Experimental deviations (o) for poly(vinyl acetate) from assumed 
behaviour which is represented by the solid line. (b) Decomposition of deviations 
in terms of another process. The solid line represents the assumed behaviour, 
filled circles represent the deviations and filled squares represent the experi- 

mental data 

and imaginary parts of 8"(0,) both observed and calculated are plotted 
against log (oar. The agreement between calculated and observed 8"(0.) is 
fair but not as good as was observed in the electrical case. At very low 
frequencies the deviations become pronounced, see Figure 15, not only in 
terms of scatter between calculated and observed values of ~*(0.) but the 
locus of the experimental curve deviates from the calculated curve. These 
deviations can be represented in terms of a second dispersion by assuming 
the deformation of the two processes to be additive, i.e. 

3*(0,) = 8% (co) + ~*F(0.) (23) 

In this equation 3*r(0,) is the high frequency dispersion which has been 
described by the parameters in Table 3 while 8*7(0,) is the low frequency 
dispersion in which the deviations described in Figure 15(a)will be repre- 
sented. The parameters 8%(0,) are calculated for the necessary oJs and then 
subtracted from the experimental values of 3*(0,). The difference is plotted 
in Figure 15(b) after the addition of 60 which is the equilibrium value of 
the high frequency process. As can be seen in Figure 15(1)) the results may 
be represented by a circular arc. 

The transformation equation can be rearranged to read 

1"(0.) =/,~o{ 1 + 28"(0.)} / { 1 - 8"(0,)} (24) 

which can be separated into real and imaginary parts to read 

[1 + 23"(0,)] [1 - 8"(0.)] - 2 ( a " y  
[ 1 -  ~'(0.)] 2+ (8")' (24a) 

and 
3a"(0.) 

J"(0,) = ] ~  [1 - a'(0,)]~ + (a") ~ 
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Figure 16---Complex plane plot of compliance in 
c-m2/dyne for poly(vinyl acetate). The filled circles 
are experimental values while the two solid lines 
represent the calculated values of the low and high 

frequency processes 

Inasmuch as 8'(co) and 8"(co) can be calculated from the dispersion equa- 
tions and parameters as functions of frequency then /'(co) and ]"(co) can 
also be calculated as functions of frequency. A complex plane plot of ,/'(co) 
and ,/"(co) is given in Figure 16 using the high frequency dispersion para- 
meters. The agreement is quite good except for that region where the low 
frequency dispersion exists. This contribution to 1*(co) is calculated from 
the above equations together with the dispersion parameters obtained from 
the deviations in the complex deformation case. 

(B) Poly(methyl acrylate) 
A complex plane plot of the complex compliance is readily constructed 

using the shifted data of Williams and Ferry = for poly(methyl acrylate). 
The result of this complex plane plot is given in Figure 17(a) where it can be 
seen that the locus goes through a maximum and appears to be a distorted 
arc. As with poly(vinyl acetate) the complex compliance can be transformed 
into the complex deformation using equation (21). The parameter l~  was 
obtained from a complex plane plot and was found to be 1.0x 10 -1° 
cm+*/dyne. The results of this transformation are recorded in Figure 17(b). 
The skewed arc parameters are listed in Table 3. Calculation of 8*(co) from 
the skewed arc parameters in comparison with the experimental values led 
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to deviations similar to those encountered in the poly(vinyl acetate) case. 
At very low frequencies the deviations become significant (see Figure 18) 
but it is possible to represent these deviations in terms of a low frequency 
dispersion. 

Poly(methyt acrylate) 
®xlO 2, T=25oC 

~ I [ T I l I I l I I I 1 I I 

0 1 ½ ' :3 x103 
J'(ca) x 108 ~-~2/dyne 

0"3 (b) ... 

\ 
I I I I I T 1 I I q l l  

0 0-2 0.4 0.6 0.8 1-0 
8'(oo) 

Figure 17---(a) Complex plane plot of compliance (in 
cmZ/dyne) for poly(methyl acrylate) at 25°C. (b) The trans- 
formed complex compliance, i.e. complex deformation for 

poly(methyl acrylate) at 25°C 

002( 

0'01! 

Figure /&--Complex plane plot of 
deformation for poly(methyl acrylate) 
at 25°C. The solid line represents 
the calculated behaviour, the filled ..~ 001C 
circles are experimental quantities 
while the open circles represerrt the 

deviations at constant frequency 

0.00. ~ 
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Figure 19---(a) Complex deformation of poly(n-octyl meth- 
acrylate) at 100*C. (b) Extreme low frequency behaviour 

(C) PoIy(n-octyl methacrylate) 
A complex plane plot of the complex compliance is readily constructed 

using the shifted data listed by Ferry s in Appendix D. The parameter loo 
was found to be 2 x 10 -1° cm+~/dyne. This parameter together with equation 
(21) was used to transform/*(co) to 8*(co). The results of this transformation 
are listed in Figure 19(a) where it can be seen that the now familiar skewed 
arc is obtained. The dispersion parameters associated with this mechanism 
are listed in Table 3 along with the appropriate electrical parameters. 
Calculation of 8*(co) from the dispersion parameters and equation (21) led 
to discrepancies similar to those for poly(vinyl acetate). At very low 
frequencies significant deviations were encountered, except that for this 
polymer it was not necessary to postulate the existence of two dispersions 
because they were found to be resolved, see Figure 19(b). 

(D) Polyisobutylene 
A complex plane plot of the complex compliance is readily constructed 

using the shifted data listed by Ferry ~ in Appendix D. The parameter/oo 
was found to be 0.9x 10 -~° cm+2/dyne. This parameter together with 
equation (21) was used to transform J*(co) to 8*(co). The results of this 
transformation are listed in Figure 20(a) where it can be seen that the 
relaxation process for this polymer is a circular arc, i.e. /3 = 1. As in the 
other cases the deviations become significant at very low frequencies where 
a second or low frequency dispersion is readily seen, Figure 20(b). 

V. A S I M P L E  L I N E A R  M E C H A N I C A L  M O D E L  
(A) Preliminary remarks 

In the previous section a correlation was described between the dielectric 
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Figure 20--(a) Complex deformation of polyisobutylene at 
25°C. (b) Extreme low frequency behaviour 

and mechanical dispersions when these mechanisms were transformed in 
a particular way. The dielectric transformation is quite clear, it is the 
polarization of a unit sphere imbedded in a vacuum, The meaning of the 
mechanical transformation is not quite as clear but probably represents' an 
analogous transformation. The correlations that were observed were only 
between the dynamic parameters a, /3 and To and not between the equi- 
librium and instantaneous parameters. This means that the mechanism 
by which the systems approach equilibrium after they have been disturbed 
must be the same. These correlations suggest that a mechanical analogue 
of current dielectric model should be studied. 

In the mechanical analogue of this dielectric model we need to replace 
the vacuum by an isotropic elastic continuum (material constant 1,~) because 
a vacuum cannot support a mechanical stress field. Furthermore we shall 
take Joo to represent the higher frequency limiting behaviour of the speci- 
men. The origin of a right-handed coordinate system is located at the 
centre of the continuum. A spherical inclusion, centred at the origin of 
the coordinate system shall take the place of the dielectric specimen and 
become the object of study. The adhesion between the surface of the 
specimen and the continuum is considered to be perfect. This specimen 
is small enough so that there is no spatial variation in the stress field, 
while the field may or may not vary with time. On the other hand this 
specimen is large enough to contain enough polymer chains so that 
statistical averaging is possible. 

Consider the behaviour of this specimen when it is subjected to an 
external stress field applied to the continuum in the usual way. Let this 
stress field, represented by TU(t), be applied in the direction of the z axis 
and have the form of a step function, see Figure 21(a). T is a constant and 
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I I'C (a) 

t=O 
t ~  

c~ 

Du =(0) 

(b) 

t=O 
t ~  

Figure 21---(a) Plot of unit step function U(t) versus t. (b) Plot of 
distortion of sphere Du(t) as a function of time 

determines the magnitude of the stress while U(t) is a unit step function 
such that at times t < 0, U(t)= 0 and at times t > 0, U(t) = 1. In general 
this stress field will distort the spherical specimen in the following way. 
First there will be an instantaneous distortion Du(0) corresponding to the 
instantaneous response of the system. Actually, the response cannot be 
instantaneous-because of inertial effects; however, we shall take as instan- 
taneous any time interval that is small compared to the times associated 
with the measurements. Following this initial distortion there will be one 
that is time dependent. Eventually the system will cease to be distorted and 
come to some equilibrium value Du(c~), see Figure 21(b). Inasmuch as we 
have assumed the specimen to be isotropic in its properties, the distortion 
Du(c~) will be co-linear with the applied stress field TU(t). At this point 
we can define linearity as the condition where the equilibrium distortion of 
the specimen, i.e. Du(oo), depends only on the field intensity T, in other 
words 

Lira Du(t) = D,T (25) 
t-->~ 

In this expression D, (s implies static or equilibrium conditions) is the 
equilibrium distortion of the sphere. 

At this point it is convenient to divide the discussion into three parts. 
First, we need to discuss the relationship between the distortion of this 
sphere and its gross mechanical properties in terms of classical continuum 
mechanics. Next we need to discuss some properties of the sphere itself. 
Finally the distortion of the sphere needs to be related to some aspect 
of polymer molecules using classical statistical mechanics. 

(B) Spherical inclusion problem 
The solution for the equilibrium distortion (D~) of the inclusion subjected 

to body forces in terms of the gross mechanical properties of the sphere 
and its surrounding medium may be obtained from elasticity theory =. 
Uemura and TakayanagP ° have recently considered such a problem, i.e. 
a spherical isotropic inclusion with known elastic constants. When the 
medium is stretched in simple tension T, they calculated the displacement 
and the stress in the vicinity of the particle. The distortion (U)and stress 
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(o-) in the O =0  direction (see Appendix C) is given as: 

Uio=o) = - TAd2 and o'10=0~ = T{4v~B2- 2A2} 

where 

3(1 - v012(3 - v2 + 5v~v2) + (9 + 5v~)(1 - 2p2)12/11] 
A2 = 2(1 + v0 [2(4 - 5vl) + (7 - 5v~)Y2/l~][1 + v~ + 2(1 - 2v2)J2/J~] 

and 

(26) 

3(1  - v~) 

B~= 4(1 + vl)[1 + v~+ 2(1-2v2)1~/11] 

In these equations subscript 1 refers to the continuum while 2 refers to the 
sphere. The quantity U~o=01 is the distortion at the surface of the sphere 
of unit radius, v is Poisson's ratio and Y is the equilibrium compliance of 
the medium. 

If we consider the case of vl = v2 = ½, then thv distortion in the direction 
of the stress field becomes 

Uco---o~ = (5 / 3)TJ2J1/ (312 + 21a) (27) 

If we subtract from this quantity the distortion of the continuum at the 
surface of the sphere, had the spherical specimen not been there, we have 

D = U  le=0, :2:~:1) - U  ce=0, :2=:? =~TJl(J2-J1)/(312+2JI) (28) 

Now if we set 11 =l,~o, and invoke the principle of correspondence in the 
same way as did Uemura and Takayanagi by letting J2=Y*(o~) and 
D =  D*(~o) we have after some rearrangement 

9D*(oJ) /*(co) - 1,~. 
A*(oJ) = 2T(oJ)/~ = J*(o) + ~J~ (29) 

We conclude from these arguments that the empirical transformation [i.e. 
equation (21)] resulted, very nearly, in the complex distortability of a sphere 
with unit radius, complex compliance l*(oJ) and Poisson's ratio of one half 
suspended in an otherwise continuous elastic medium of compliance 1,~ 
and Poisson's ratio of one half. The differences between 2/3 and 2 in 
equations (29) and (21) are readily compensated for by the errors that exist 
in the determination of ! 9  and v2. 

(C) Properties of the spheret 
Let us now consider the distortion of the sphere as the stress varies 

arbitrarily with time. We define the quantity 

D( t ) /T~Au( t )  (30) 

as the unit step function response of the sphere. In other words, we shall 
assume a knowledge of the way the system responds in time to the applica- 
tion of a unit stress field. The arbitrary stress field T(t) (Figure 22) can be 

~'This section is essentially an adaPtation of dielectric theory to the present mechanical model. The 
dielectric discussion can be found in refs. 6 or  24. In the following discussion, the moment of the 
sphere m (t) is replaced by this distortion D (t), tho electric field E by the tensile field T and the complex 
polarization a* (o) by the complex distortability A* 0o). The mathematical arguments are the same for 
both cases because the following discussion is essentially in macroscopic terms. 
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Figure 22--Variation of an arbitrary 
tensile stress field with time can be 
represented as a sum of incremental 
values to which the response of the 

sphere is known 

thought of as arising from a succession of unit step functions of magnitude 
dT(t) for which the response of the sphere is assumed to be known. The 
total response of the sphere D(t), at somo time t, is given as the summation 
of the individual responses to the succession of unit step functions (Boltz- 
man's Superposition PrincipleS). This response is given by 

t 

D(t)= T(O)Au(t) + S A u ( t -  v)[dT(v) / dv] 01)  
o ÷ 

The lower limit of integration is not allowed to become zero because the 
derivative of A u ( t - v )  may become infinite if part of the response is in- 
stantaneous. This equation can be rewritten with zero as the lower limit 
provided the integrand is changed by subtraction of the initial response. 
The equation can be further rearranged by partial integration and a change 
in variables (i.e. v = t - x ) .  For  the case of pea'iodic fields, i.e. 

T(t - x) = To cos (rot - cox) 

Equation 01)  becomes 

O(t)=A'(ro)To cos rot+ A"(ro)T0 sin rot 02)  

In these equations the following substitutions were made: 

A'(ro) - A~ = oo B S (t) cos rot dt (32a) 
0 

o o  

A"(ro) = S B(t) sin rot dt (32b) 
tl 

B(t) = d [ A u ( 0 -  Au(0)]/dt (320 

.4u(t)= Au(t) - Au(O) (32d) 

A*(ro) = A'(ro),- iA"(co) (32e) 

A'(0) = [ A u ( ~ ) ]  = A0 OXf) 

A'(co) = [A u(0)] = A,~ 02g )  
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We deduce from equations (32a) and (32b) that A'( to)-A~ is an even func- 
tion of to while A"(to) is an odd function or that ~ ( to )=A ' ( - t o )  and 
A ' ( t o ) = - A ' ( - t o )  so that A*(to)= =A-~(-to) Equations (32a) and (32b) 
have an inverse Fourier transform so that 

oo 

B(t) = (2/7r) S [A'(to) - A j  cos tot dto (33a) 
o 

B(t) = (2/¢r) S A"(to) sin tot dto (33b) 
0 

Equations (32a) and (32b) may be added to yield the following equation 
-ba¢ 

A*(to) -A ,~=  S B(t) exp ( -  itot) dt (34) 

Equations (33a)and (33b) may be added to yield the following equation 
oo 

B(t) = (1/2~r) S [A*(to)- A~] exp (itot) dto (35) 
--OO 

The lower limits of integration can be extended from zero to minus 
infinity because B(t)=O for t < 0 on the basis of causality. In other words 
no response can occur in anticipation of a stimulus. Finally it can be 
shown by a suitable combination of equations (32a) with (33b) or (32b) 
with (33a) that 

f A"(to)V dV 
A ' ( o ) ) - A ~ = ( 2 / I r ) P  ,, V2_to2 . 

0 

o o  

A"(oJ) = (2/lr)P f [A'(to) - A~]to dV 
To2--- - ~-~ (36) 

0 

where S represents the Cauchy principal value of the integral. 

These results lead to two important findings. The first of these is that 
the in-phase and out-of-phase responses of the system come about because 
of a delayed response to a periodic stress field. Therefore, it is not necessary 
to postulate an internal viscosity to account for an out-of-phase component 
of the response. Any mechanism which delays the response of the system 
will give rise to a 'macroscopic' viscosity term. The second finding is that 
the real and imaginary parts of the response are not independent quantities 
but rather are closely related terms. Any knowledge of one response over 
the entire time scale uniquely determines the other response. 

(D) Molecular potential and elongation terms 
In this section we shall relate some aspect of molecular structure to the 

complex distortability A*(to) of the sphere. In order to meet this aim we 
need to discuss two important aspects of the problem. The first one is 
that some form of interaction potential is needed to describe the potential 
energy of the molecule in the stress field as a function of its position co- 
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ordinates. The second aspect is to assume some mechanism by which the 
changes in the shape of the spherical inclusion occur as the molecule 
orients to offset the effects of the stress field. 

For the interaction potential we note that each bond in the molecule 
will experience a torque ~1 tending to orient the polymer in the direction 
of the stress field. However, each bond cannot move independently of its 
surrounding bonds so that the orientation process must be a cooperative 
one. We assume that each of the bonds l~ (1~ represents the difference 
between the length and width of each bond) in the polymer chain may 
interact with the applied stress field o- in such a way that the potential 
energy of the interaction is given b y - o - z ,  where z~ is the component of 
l~ in the direction of the stress field. In vector notation this becomes -n ' l t .  
Inasmuch as the neighbouring bonds will be rigidly connected to one 
another in the unit that orients, hereafter referred to as the segment, we 
may write for the potential energy of this segment in the stress field 

n 

• V ~  = - n ' ~ l ~  = - n ' ~ 8  ( 3 7 )  
t := l  

where n is the number of bonds i~ in the segment of the polymer chain. 
The quantity ),, represents the asymmetry of the polymer segment. It can 
be seen from this quantity that for spherical segments or for cylindrical 
segments constrained to move about their long axis there is no potential 
energy of interaction, much like the equivalent dipole case. 

The change in shape of the spherical inclusion is due to the orientatioaa 
of the segment with the applied stress field. As this segment changes its 
direction with respect to the applied field its projection in the field direction 
also changes and is given by  

rL II 

Y~l, cos 0~ = /~  cos 0~ = X8 cos 0 = h,(Z) (38) 
i = 1  i = l  

As this segment moves to alleviate the effects of the applied stress field, 
we shall assume that the average molecular packing about this segment 
does not change. In other words as the segment orients, elements of the 
polymer molecule must move out of its way while still other elements must 
move into the void left by the segment. So long as this orientation process 
continues without any change in the average packing about the segment 
in question, this process is an isometric one so that Poisson's ratio is 
one half. 

It  is of interest to note at this time that the model under consideration is 
amenable to the same analysis as used by Cole for dielectric relaxation. Two 
separate correlations or sets of interactions have been assumed although a 
single relaxation process is considered. The first correlation is between a 
single bond and its immediate surroundings to form what we have called 
a segment. The second correlation is between this segment and its sur- 
roundings. This latter set of interactions can give rise to a time-dependent 
correlation function which could make the orientation time dependent. 
Although it is possible to develop the analysis along the lines used by Cole 
at this point we shall proceed along simpler analytical lines because this 
leads to a much clearer physical picture. 
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(E) Equilibrium deformationt 
The time dependent distortion of the sphere at equilibrium, exclusive 

of the instantaneous deformation, is related to its gross mechanical proper- 
ties and the tensile field by the following variation of equation (29) 

(9D0/2,/oo) = {(/o - l~o)(lo + ~lo~)}T0 (39) 

The problem on hand is to relate Do in terms of the asymmetry ,L(z), the 
tensile field To and the potential energy of interaction V,. These quantities 
are related by classical statistical mechanics ~ in the form 

Do = [ [ f(p, q, To) D~ (q) dp dq (40) 

where p and q are the conjugate moments and coordinates of the segment, 
so that f(p, q, To) dp dq is the equilibrium distribution function of the seg- 
ments and Dz(q) represents the sum of the z components of the individual 
segments. The equilibrium distribution function is proportional to 

f(p, q, To) ~ exp [-H(p,  q, To)/kT] (41) 

where H is the Hamiltonian of the system and is given by 

H(p, q, To)= H°(p, q)-D~(z, q)To (42) 

The quantity H ° (p, q) is the unperturbed Hamiltonian of the system in the 
absence of external fields while the second term in equation (42) represents 
the interaction energy of the segment with the field. Inasmuch as we are 
concerned only with weak tensile fields, the perturbing term may be made 
arbitrarily small so that 

f(p, q, To)=f°(p, q)[1 + (To/kT)D~ (q)] (43) 

where if(p, q) is the unperturbed distribution function of the system. 
The equation for the equilibrium deformation becomes 

Do = (D~>o + (To/kT)<D2~ (q))o (44) 

where the angle brackets < >0 indicate an averaging using f0(p, q) as a 
weighting factor. The quantity <D~)0 vanishes because for the present case 
there is no net deformation in the absence of any external field. The 
term <D~>0 may be written as 

N O , N O 

(O~>0 =~(D'O>0 = ½< E Xi-Xy>0 (45) 
t ,l/  

If we combine this equation with equations (39) and (44) we have 

J0 - 1 ~  3 N0'~O 

70 + ]Joo 2kT J~ < -~ Xi'Xy>0 (46) 
t,1/ 

This equation, which is of fundamental importance to the present work, 
relates the gross equilibrium compliance of the medium in terms of shape 
asymmetry of the segments that move to alleviate the effects of the applied 
field. This equation can be simplified one step further if we assume no 

tAs  in the previous section, this discussion is an adoption of I~ielectric Theory, see particularly Chapter 11 
of ref. 6. 
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correlation between segments. Under these circumstances we have 

(!o - 1~) / (Jo + ~I~) = (3No~ 2kTJ,~)h ° 

because 

(47) 

and 

Xi.Xy=O for i ~= y (47a) 

Xi'Xy = h~ for i = y (47b) 

(F) Decay of the deformation~f 
Thus far the equilibrium deformation of the sphere has been related to 

the shape asymmetry of the segments with a simple non-periodic stress 
field applied to the system. Now consider the case when the stress field 
is suddenly removed. Under these conditions there will be an excessive 
number of segments (partially) pointing in the z direction. The problem 
is to relate the decay of fhe deformation with time to the change in the 
number of segments with time. In other words assume that the new 
equilibrium comes about because the segments move from one position to 
another and this process is controlled by the number of segments that 
can move per unit time. On these grounds equation (47) may be written as 

~(0 - L o  3X ° = -  No(t) (48) 
J(t) + ]1~ 2kT J~ 

When the stress field is suddenly removed, these No (at t =0) segments 
cannot move instantaneously, there being a probability that only a certain 
number of segments can move in any time interval dt. Suppose that one 
of these segments has an orientation 0,~p. The probability that it will move 
to a new position 0',~o' with a solid angle dfV in the interval of time dt is 
given by 

k(O,~, ~ 0",qg') dt dlV (49) 

The number of such segments having an orientation 0,~p in dll is given by 

N(O,~o,t) df~ (50) 

The function N is normalized such that 

No(t) = S N(O,q~,t) dl~ (51) 

Inspection of the rates of decay for a large number of polymer systems 
shows that this process is very strongly temperature dependent. This ob- 
servation may be interpreted to mean that the transition probability k is 
governed by the rate at which these segments may be thermally activated. 
That is, the rate of reorientation is proportional to the Boltzmann factor 
exp ( - E / k T ) ,  where E is the energy that must be supplied for the segments 
to overcome the surrounding interactions which hold them in one position 
and re-establish themselves in another position. For many polymeric dis- 
persions, these activation energies are of the order of 50 kcal so that E must 
be of the order of 100 kT. This fact indicates that the segments cannot 

I"As in the previous cases, this section is an adopt ion o f  dielectric theory. In lyarticular see ref. 33. 
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change their position continuously but rather as a series of sudden jumps. 
The transition probability k(O,9 > 0",~')dt dO', may then be regarded 
as the probability that a jump will occur in an interval of time dt resulting 
in the indicated change of orientation. 

The total number of segments in a solid angle dO about 0,9 which 
leave that direction in an interval dt will be 

A dO dt =S N(O,~o,t) k(OAo > 0',~p') dl~ dl) dt (52) 
f t t  

where the integration is over 12', the directions into which the segments 
jump. Similarly, the number of segments entering the same solid angle 
df~ from the other directions will be 

A dO dt =~ N(O'Ao't) k(O',~" > 0,~) dl)' dO dt (53) 
~2p 

The net rate of change: in the probability function N is 

dN(0,~,t) d I l / d t = ( B -  A) dO=S [N(O',cp',t) k(O'Ao' > 0,~) 
f~t 

- N ( O , 9 , t )  k ( O , 9  ~ 0',9')]  dO' dfl (54) 

If the integration is over all space the total number of segments leaving 
their positions in order to establish the new equilibrium is therefore 

dNo(t)/dt=~ S[N(O',qg",t)k(O',~p' > O,~p) 
fl t i t  

- N(OAo,t) k(O,q~ ~, 0'Ao')] d~ dO" (55) 

These equations may be further simplified not only by assuming that k is 
independent of the direction of jump, but that there is only one size of 
jump. Under these conditions we have 

dN0(t)/dt = - koNo(t) (56) 

because 

ko S N(O',~o',t) dO'= 0 (57) 
f~t 

otherwise there would be a build-up in the deformation with time due 
to the fact that some jumps would tend to maintain the original deformation. 
This differential equation leads to 

No(t) = N0e-~0 ' (58) 

Combining this with equation (48) leads to 

1(0 - lo~ 3 h------~2 N0e-~0 ' (59) 
1(0 + ]J~ 2kzr Z~ 

At t = 0, the exponent in equation (59) is unity so that the deformation of 
the sphere is given by the equilibrium equation as required. As t increases 
the term exp (-kot)  becomes smaller so that the deformation becomes 
smaller. In fact the decay in the deformation is exponential with time. 
Finally as t becomes very large the exponent approaches zero so that the 
deformation approaches zero. 
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V I .  D I S C U S S I O N  

The present relaxation function, although not theoretically justified, has 
one single important feature. It represents the relaxation behaviour of 
twenty polymers either as the complex dielectric constant or as the complex 
polarization. The relaxation bchaviour of small organic or inorganic 
molecules which may be represented as a skewed semi-circle or as a circular 
arc may be added to this list of polymers because these are limiting forms 
of the present relaxation function. This list of materials becomes larger 
because at least in four cases the mechanical relaxation behaviour may be 
represented by this function. Although the relaxation function is empirical, 
the number of systems whose relaxation behaviour may be represented is 
large and for that reason the function has meaning. 

The procedure outlined in Appendix B to determine the temperature 
dependences of the dispersion parameters is similar to the procedure 
referred to as the TTSM with a single important exception. In both 
methods a knowledge of ~" a n d ~  are required at temperatures where direct 
determinations are not possible. For this reason extrapolations must be 
used. The differences in the two methods are their basic assumptions. In 
the TTS1V~, the shape of the normalized relaxation mechanism is assumed 
to be independent of temperature, a behaviour that has little experimental 
support (Figure 8), although one that may be argued from simple molecular 
theory 34. In the present method an empirical relaxation function is assumed 
which has no theoretical verification but one that can represent experimental 
data accurately and, therefore, can represent the variation of the normal- 
ized loss curve with temperature. 

Mead and Fuoss le considered the shape of the relaxation process for the 
acetates when viewed in a complex plane and postulated three possible 
interpretations: an unsymmetrical relaxation process, simultaneous presence 
of two dispersions, or a distribution parameter which is a function of time. 
Although it must be admitted that the skewed behaviour observed in 
poly(vinyl acetate) can be represented as the sum of two symmetrical 
dispersions as was done for the polycarbonate ~, we believe the simplest 
interpretation is to represent this process as a single mechanism using the 
proposed relaxation function. Although their third mechanism is feasible, 
we believe that this interpretation leads to an unnecessary complication of 
the picture. 

~Mead and FUOSS 16 compared the square of the refractive index (n 2) to 
e~, actually one should make some allowance for atomic polarization. If a 
nominal five per cent of n is allowed to represent this contribution then one 
calculates a value for e~o as 2"38, which agrees quite well with the experi- 
mental value at 100°C. It is possible that the deviations observed at lower 
temperatures could come about from one per cent or less water as an 
impurity. 

Mead and Fuoss TM interpreted the breadth of the dispersion in poly(vinyl 
acetate) to be due to the flexible linkage connecting the side chain dipole 
moment to the main chain. Based on the results obtained in this paper 
i t  is seen that the breadth of the dispersion is due in part to the method 
of representation. The polarization parameters for poly(vinyl acetate) are 

198 



RELAXATION PROCESSES IN SOME POLYMERS 

similar to the dispersion parameters used tO describe the polycarbonate 
where the dipole is part of the backbone of the polymer chain. These 
authors interpreted the side chain motion to be independent of the polymer 
chain conformation. Ferry et  al. ~ have shown that the electrical and 
mechanical shift factors for this polymer are the same. In addition we 
have shown that the initial response of the system to the mechanical stress 
field is the same as the response to the electrical field because the dis- 
persion parameters are so much alike. Inasmuch as this response must 
involve the polymer backbone because of the large value of the compliance 
associated with this process then independent side chain rotation is not a 
suitable mechanism for this response. There is no doubt, based on the 
large value of the dielectric constant, that the side chain is involved with 
this mechanism but the motion of the side chain must be rigidly coupled 
through the backbone in an unknown fashion. In other words the segment 
that moves to offset the effects of either a mechanical or an electrical stress 
field must involve several monomer units rigidly coupled together. 

By analogy with dielectric theory it is possible to construct a set of 
transformation equations for mechanical dispersions. These transformation 
equations were used to transform experimental values of the complex 
compliance to the complex deformation. The locus in a complex plane for 
~*(oJ) is very similar to the corresponding complex dielectric dispersion. 
The comparison of dispersion parameters must be taken as being qualitative 
at this point because the mechanical and electrical measurements were not 
made on the same polymer. Calculated values of ~*(oJ) from the dispersion 
parameters and equations were in agreement with transformed values to the 
same extent as is the band that is almost always associated with the shifted 
values. In other words the reliability of representing 8*(to) by equation (22) 
is the same as that of the band associated with the shifted values. Clearly, 
what needs to be done is to evaluate the dispersion parameters for measure- 
ments made on the same polymer. The systems studied by Strella and 
Zand 3s, who measured dielectric properties ot~ some polymers, and by 
Child Jr and Ferry 36, who measured the complex compliance of the same 
polymer, provide such an opportunity. Such a comparison is presently 
under way and preliminary results indicate the mechanisms to be the same. 

At very low frequencies significant deviations from the assumed 
behaviour were observed. In two of these [poly(n-octyl methacrylate) and 
polyisobutylene] the deviations were in terms of another lower frequency 
dispersion. In the other two polymers [poly(vinyl acetate) and poly(methyl 
acrylate)] the deviations could be interpreted in terms of another lower 
frequency relaxation process. In the latter two systems it is not known 
whether the actual behaviour is as observed or whether two overlapping 
dispersions actually exist. The initial response of the polymer to the stress 
field is virtually the same as it is to the electric field. Otherwise the three 
time parameters, a ,  fl and r0 would not be so similar. This means that 
the initial response of the polymer to the applied field must be a segmental 
orientation mechanism or there would be no net polarization and the 
dielectric constant associated with the dielectric dispersion would be zero. 
Later on the deformation of the polymeric systems may be due to segmental 
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translations where there would be no equivalent low frequency dielectric 
process. This assessment of the deforming mechanism is identical with 
what has been proposed by Tobolsky and Aklonis 37 for the stress relaxation 
behaviour of polyisobutylene. In this work we are extending their deform- 
ation mechanism (segmental orientation followed by segmental translation) 
to three more polymers, 

Three experimental facts described in the previous sections appear to 
support Scaife's 5 theoretical contentions, i.e. that one ought to compare 
complex polarization data rather than complex dielectric constant data for 
different systems. The strongest of these arguments comes from the analogy 
of dielectric and mechanical dispersions. It should be pointed out that 
although one is tempted to compare the time dependent polarization and 
deformation responses of a unit sphere suspended in a medium whose 
response is instantaneous, an equally good analogy would have been made 
by comparing 6"(o~) with ~*(oJ). At this point the data are not sufficient to 
prove which is the better correlation. What needs to be done is to make 
comparisons of dielectric mad mechanical data obtained on polymers with 
large dielectric constants to maximize the differences between the constants 
used to represent E*(co) and p*(to) data. 

The second piece of evidence, which was acually considered by Scaife, 
is that the relaxation behaviour of glycerol is simpler in the p*(to) case. In 
the e*(to) case deviations from assumed behaviour were interpreted in 
terms of another dispersion, an interpretation which is consistent with the 
behaviour of other alcohols. In the p*(to) case there are no deviations so 
that the dispersion appears to be dependent on the method of representation. 
At this point one could argue that either the existence of a dispersion ought 
to be independent of the method of representation or that the data ought 
to be represented in such a way as to exaggerate these deviations. 

Finally the behaviour of e*(to) for the two acetates is not at all typical 
of polymers. The normalized loss maximum is independent of temperature 
while for other systems this quantity depends strongly on temperature. 
Furthermore the temperature dependences of 1 - a  and /3 for the two 
acetates are irt opposite senses leaving one with the interpretation that the 
distribution of relaxation times is becoming narrower, at times longer, 
than To while becoming broader, at times shorter, than To as the temperature 
decreases. The complex polarization parameters, as well as the reduced loss 
maximum, depend an temperature in a way that is similar to eleven other 
polymers. One could argue that the complex dielectric constant is the better 
representation because the behaviour of the two acetates becomes almost 
an ideal example of the TTSM. However, we believe that representation of 
data as p*(o~) systematizes the behaviour of polymers. 

If one can rightfully conclude that one ought to compare dispersion data 
in terms of the complex polarization rather than the complex dielectric 
constant, then one is left with some radically different conclusions con- 
cerning mechanical data. The dispersion parameters used to represent the 
dielectric behaviour of the polycarbonate, poly(vinyl acetate) and glycerol 
are very similar. This obser~,ation may be interpreted to mean that the 
mechanism of the three relaxation processes must be the same or at least 
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very similar. The significant difference is that their respective temperatures 
are about 200 degrees apart. However, in these three systems there is an 
example of a polymer with the dipole group in the backbone, another 
polymer with the dipole group on the side chain and finally a hydrogen 
bonded liquid which is, of course, not a polymer at all. Add to this, the 
fact that, initially at least, the dielectric and mechanical dispersions of 
poly(vinyl acetate) are one in the same dynamic process. The correlation 
would be even more astounding if the deviations from assumed behaviour 
at long times are due to a varying Poisson's ratio. If this were so, then the 
two mechanisms might be the same over the entire c0a~ scale. At any rate, 
the correlations observed so far lead one to question precisely what is 
the role of chain statistics in polymeric dispersion? Although one might 
be tempted to postulate a polymer-like structure for glycerol due to the 
hydrogen bonding at low temperature, the recent results of Denney and 
Ring ~8 refute this hypothesis. In that work they studied the dielectric 
relaxation behaviour of mixtures of i-amyl bromide and 2-methylpentane. 
The shapes of their relaxation curves are very similar to the present ones. 
Inasmuch as hydrogen bonding to form chains would be absent from that 
system, then a chainlike structure with normal modes of vibration need 
not be the mechanism giving rise to broad dispersions. 

In a paper by Ferry, Williams and Fitzgerald ~°, the point was made that 
dielectric data aught to be interpreted in terms of polymer viscoelastic 
theory. We wish to take exception to that statement for the following 
reasons. 

First of all, methods have existed for representing dielectric relaxation 
data in terms of simple empirical expressions containing one or two para- 
meters. This means that large quantities of data can be represented in terms 
of a few parameters and comparative studies be put on a quantitative basis. 
No such technique exists for mechanical dispersions and for this reason one 
of the most basic assumptions to the TTSM has never been thoroughly 
experimentally studied. 

Another point is that the shape of the dielectric specimen under theoretical 
consideration must be a sphere, as pointed out by VanVleck 39 in 1932. 
Inasmuch as many of the materials under consideration for mechanical 
studies are polar, one would expect analogous arguments to exist for any 
mechanical model. In fact, this point we believe to be amply demonstrated 
in the present work. 

In addition, Kirkwood has shown ~1 in 1938 that the unit that equilibrates 
with the electric field is seldom the single dipole unit but rather one has 
to take into account the dipole moment originating from discrete local 
structure. No such sophistication exists in viscoelasticity theory, the 
mechanical theory is equivalent to a simple dielectric theory because corre- 
lations in time and space are neglected. This point is very important because 
this simple mechanical theory is used to reduce mechanical dispersion data. 

Furthermore, the delayed response in the mechanical behaviour is 
assumed to arise from a local viscosity. The concept of a local viscosity 
to impede the movement of a polymer chain has been widely studied by a 
number of people 3. The usual model for deformation is a treatment of the 
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normal modes of vibration of a polymer chain which is impeded by a local 
viscosity. The viscosity acting to damp the made of vibration is proportional 
to segment length. At best this concept is an artefact. Macroscopically a 
viscosity, or rather a dissipation of energy, is observed but on a microscopic 
level molecules simply do not rub together to dissipate energy. 

Finally, and perhaps most importantly, the recent work of Cole 25 is a 
generalization of dielectric behaviour which does not have any parallel 
in mechanical theory. In that work he was able to combine the nature of 
broad dispersion and the dissipation of energy in terms of a time dependent 
correlation function. In addition, the equilibrium behaviour of his model 
converges to that of Kirkwood which takes into account specific short 
range correlations. 

Based on these reasons, we believe that a mechanical analogue of recent 
dielectric theory should be the starting point for a mechanical model rather 
than the other way round. We start by considering a spherical inclusion 
containing the sample in an otherwise continuous elastic medium. We know 
that as the individual polar groups undergo their random gyrations, the 
effects of their fields will be cancelled out for every point inside that sphere 
except for the small number of systems along the boundary ~°. Since we are 
considering the surrounding medium to be continuous and structureless, 
there is no adverse contribution to the field inside the sphere. Under these 
conditions the tensile field, when applied to the inclusion, truly acts as a 
perturbation term. Under these conditions the Hamiltonian of the system 
can be: written as the equilibrium term plus an interaction potential term 
similar to equation (42). Based on the analogy between the two dispersions 
observed so far, one would expect that if one followed the arguments of 
Cole one would obtain a set of mechanical equations similar to his dielectric 
equations [equation (17)]. Presumably one would obtain the complex 
distortion of the sphere as the sum of two terms. The first of these would 
be the instantaneous distortion while the second would contain the time 
dependent distortion terms. Furthermore, it would appear that the form 
of the second term would be similar to the dielectric expression in that it 
would contain the equilibrium distortion containing all equilibrium corre- 
lations which is modified by a time dependent correlation function which 
describes the interaction of the moving species with its environment. In 
other words, it would seem possible to obtain an expression which contains 
a macroscopic dissipation term (viscosity) without the assumption of a 
local viscosity in addition to having a broad dispersion without the assump- 
tion of a distribution of relaxation times. Before this analysis is possible 
a number of technical problems must be solved. 

A study of the molecular model for mechanical properties described in 
the preceding paragraph was initiated but not completed. In some cases a 
simple, perhaps even a primitive, solution to the problem was discussed. 
Although incomplete and simple the solutions obtained to the problem have 
several important facets. First of all, the empirical equation (21) was shown 
nearly to represent the complex distortability of a unit sphere in a con- 
tinuous homogeneous medium when Poisson's ratios for both media are 
one-half [equation (29)]. The difference between ,the two equations is a 
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numerical constant in the denominator of one of the terms. Inasmuch as 
J,,o is not precisely known and Poisson's ratio is not one-half in the glass 
phase then these factors may tend to compensate for each other so that 
equation (21) may be very nearly correct. An alternative interpretation of 
the deviations from assumed behaviour [Figure 15(a)] is that Poisson's ratio 
is variable throughout the experiment. In other words, at low temperatures 
(or large o~crT) Poisson's ratio might be approximately 0"35 while at high 
temperatures (or low ox~¢) the ratio might be 0"50. The transition from glass 
to rubberlike behaviour involves a change in Poisson's ratio which might 
be spread out over several decades of time and compliance. 

The second step in the study of the proposed model, which is soundly 
based, was to show that if one is concerned with time dependent systems 
then for a periodic tensile field one will always observe an in-phase (elastic) 
and an out-of-phase (dissipative) response. In other words, a necessary 
and sufficient condition for the dissipation of energy and hence the 
observation of a macroscopic viscosity is to assume the system to be time 
dependent in its approach to equilibrium. 

The third step in this study is to postulate a potential energy of inter- 
action for one of the polymer bonds in the tensile field as well as to 
describe the elongation of the specimen in terms of bond orientation. Once 
these quantities are defined they are immediately related to the average 
distortion of the sphere by means of classical statistical mechanics, i.e. 
equation (46) which is exact. In the event that no correlations between 
segments are assumed then the averaging becomes simple and the distort- 
ability of the sphere is proportional to the square of the shape asymmetry 
of the segments, i.e. equation (47). The dielectric counterpart of this deri- 
vation is Debye's theory which relates the polarizability of the sphere to 
the square of the dipole moment which is, of course, a measure of the 
electrical asymmetry. This is a very important result because it shows that 
the distortability of the sphere is directly related to the shape of the segment 
of the polymer chain. 

However, this result, like Debye's, has an anomalous temperature de- 
pendence of the distortability with temperature. From equation (47) we 
see that although the LHS cannot exceed unity the RHS can increase 
without limit. This conclusion is obviously wrong and probably for the 
same reason that Debye's theory is wrong. The averaging cannot be treated 
by assuming there is no correlation between the segments. In the dielectric 
case both Onsager and Kirkwood (see ref. 6) were able to show the 
existence of a depolarization term which demutes the effects of the dipole 
moment. Such a factor must be acting in the present case for the following 
reasons. In the construction of the asymmetry of the orienting unit all of 
the bonds in the segment were taken to be equal. Consider a polymer such 
as poly(vinyl acetate) and ignore the C--H bonds. The remaining bonds, 
which are C--C, C ~ O  and C--O are probably similar with respect to 
their shape, but one important feature was ignored, namely the dipole 
moment associated with the C==O group. In other words, allowance was 
made for an orientation of the segments in such a way that the effects of 
oriented dipoles were ignored. Inasmuch as the dipole moment is rigidly 
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attached to the carbonyl group and it is incorporated into the segment, 
then one must take into account the effects of long-range couplings at 
equilibrium. If this effect were taken into account equation (47) might be 
modified by a term which demutes the effects of the shape asymmetry of 
the orienting segment. 

The last step in the analysis of this model was to investigate the decay 
in the distortion of the sphere after removal of the tensile field. In this case 
the number of segments that could move to eliminate the distortiort was 
considered to depend on time. The transition probabilities were treated as 
a rate process, i.e. equilibrium positions were separated by an energy 
barrier. Under these conditions the initial distortion decayed exponentially 
with time after removal of the stress field. Assumption of N to be dependent 
on time had the effect of a simple time dependent correlation function. In 
other words, a viscous response was obtained without postulating a local 
viscosity. The advantage of treating the transition probability as a rate 
process is that it is exponentially related to temperature while at constant 
temperature the rate is a function of stress. This latter feature may serve 
as a basis for interpreting non-linear behaviour in polymers, particularly the 
results of Payne ~1. 

V I I  . C O N C L U S I O N S  

We wish to conclude this work by making the following statements. 
Mechanical and dielectric dispersions are analogous mechanisms when 
appropriately normalized. These processes may be identical if studies were 
conducted on the same polymers and a variable Poisson's ratio is taken 
into account. In addition, both relaxation mechanisms can be represented 
by the proposed relaxation function. These correlations suggest that the 
mechanical properties of a sphere should be investigated in a way that is 
similar to the methods used in current dielectric theory. In addition it is 
not necessary to postulate a monomer friction coefficient in order to describe 
macroscopic viscous behaviour. 

Finally, before any development of polymeric viscoelastic behaviour of 
dilute solutions can be extended to the bulk behaviour of polymers the 
following information is of utmost importance. First, a quantitative com- 
parative study of the dielectric behaviour of polymers and small organic 
molecules is needed to ascertain the extent of similarity between these 
dispersions. Any differences, if they should exist, would then be attributed 
to chain statistics while the similarities would have to be attributed to 
discrete local structures similar to those of small organic molecules. 
Secondly a quantitative comparative study of the dielectric and mechanical 
behaviour, including the variation of Poisson's ratio with stress or strain, 
is needed to determine to what extent segmental orientation of local three- 
dimensional structures can account for the viscoelastic dispersions observed 
in the bulk phase of polymers ir~ the vicinity of their glass transition temp- 
erature. Any differences between dielectric and mechanical dispersions 
would be due to segmental translation effects as well as chain statistics. 

The authors would like to  express their appreciation to Mr L. DeFonso 
who is responsible [or all of the programming and numerical computations 
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APPENDIX A 
Successive applications of DeMoivre's theorem to equation (1) followed by 
separation of real and imaginary parts leads to the following equations: 

e'(to) - ~ = r-'/~(~ - e~) cos/30 (60) 

~"(tO) = r-a/2(E0 - -  Eoo ) sin 0/3 (61) 

r = { 1 + (tot0) (1-~) sin oar~2} 2 
+ {(tin-0) (~-~) cos  air~2} ~ (62) 

(oJr0) I~-~) cos el f~2 (63) 
0 =arc  tan 1 + ((oz0) (~-~) sin a~r/2 

If one substitutes zero for a ,  Cole's skewed semi-circle equations are 
obtained while if unity is substituted fo r / 3  Cole 's  circular arc equations 
are obtained. At this p i n t  it is convenient to substitute numerical values 
for the parameters or,/3, e0 and e~ and calculate e*(to) for a range of cocos. 
The results of this numerical computation are recorded in Figure 23. 

0=3"0 S k e w e d  arc  f u n c t i o n  , ,  . ,  
e ~rO=U 

15- co0=2"5 
. [ 1 -d=0"8  ¢ '  ( ¢ .o /h=1 )  

t ~ " " ~ ~  . . . . . . .  , . . . . . . . .  ' , , ' . . . . . .  

coo c'(~) ~ eo 

Figure 23---Complex dielectric constant calculated for a range 
of (oz and the parameters listed above using equations (60) 

to (63) 

The graphical significance of ~ is obtained by examining the four 
equations under the conditions of (or0 > 0. Under these conditions 
t a n0  > 0, so that flO >0,  at the same time r----->l, so that 
e*(tor0 > 0) > e0 because sin flO > 0. The  graphical significance of e~ 
is obtained by examining the four equations as err0 > co. Under these 
conditions r increases without limit so that r -B/~ > 0. Therefore e"(oJ) > 0 
and e*(a)r0 > ~ )  > e~. In words the high and low frequency intercepts 
of the locus with the real axis are e~ and e0, respectively. 

The limiting angle ((pL) that the high frequency locus makes with the 
real axis relates a and ft, From Figure 23 we note that the angle ~ from 
e~ to any point e*(to) is given by 

tan (p = e"(o)) / { e'((o) - ~ }  = tan flO 

so that (p =/30. Substituting this definition of 0 into equation (63) we have, 
when a)r0 >> 1, 

tan ((PL //3) = cot (ot~r / 2) (64) 

So that (PL = (1 --a)/3W/2. 
If we define the relaxation time as the condition (or0--1, and introduce 
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it into equations (62) and (63) which are  then substi tuted into equations 
(60) and (61), we have, after  taking the ratio of equations (61) and (60), 

E" = tan 3 '=  tan/3 arc tan 
co,~0=~l - Eo~ 1 + sin art~2 

For  this equali ty to be true it can be shown that  T = ~ L / 2 .  In  words  the 
angle bisector of  ~L f rom eoo intersects the locus at r0. 

The  pa rame te r  a is given by taking the length R of the line f rom E0 to 
~*~.~,~c~=~ to be given by 

R = [E"2(oJro = 1)+ { e"(o~z0 = 1) -e~)z} ]~ 

which can be reduced af ter  taking logari thms to 

1 log R 1 
~--Z A~ 7r(1 - a )  log (2 + 2 sin a r t / 2 )  (65) 

This  expression is used to  calculate a by  measur ing  R,  A¢ and ~L. The  
numerical  relat ionship between the L H S  of equat ion (65) and ot is given 
in Table 4. 

Table 4. Numerical values of a calculated from the RHS of equation (65) 

a log a log a . . . .  log - -  
~L ~ ~L ~L AE 

1 - -  0.70 0.0107 0.20 0-00290 
0.96 0-0835 0-60 0.00776 0.16 0.00263 
0.94 0.0557 0.50 0.00593 0.13 0.00243 
0.92 0.0417 0.40 0.00462 0-10 0.00224 
0.90 0.0332 0.30 0.00368 0.06 0.00201 
0-80 0.0164 0.25 0.00327 0.03 0.00184 

The  condit ion for  which f requency (co), te'(ax) becomes a m a x i m u m  
either in a complex  plane plot  or  in an ~"(o~) versus log co d iagram is given 
by 

0~"(~o)/0o~ = 0  

Evaluat ion  of this derivative using equations 61, 62 and 63 leads to  

(OJro) ~I-~ cos air~2 = a r c t a n  - ~  1+(o r0 )  I1-~ sin a~'/2 /3 arc tan 1 + (oJz0) C1-~1 sin alr/2 

In  general this equali ty is not t rue for  ~or0 = 1 except  for  the part icular  ease 
of /3  = 1 where the equat ion becomes  

I cos  /2 I { cos  /2 / 
a r c t a n  [l~--sina--~-~/2J = a r c t a n  . 1Tsin----a~/2J foroJr0= 1 

which is of course true for  all values of a .  In  words  the f requency at which 
the loss becomes a m a x i m u m  is not  the relaxation t ime except  for  the 
part icular  case of  fl = 1 (i.e. the circular arc). In  fact the f requency at which 
the loss becomes a m a x i m u m  is not s imply related to the relaxation t ime 
but ra ther  dependent  on explicit values of  a and/3,  
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P o t y ( c a r b o n a t e  of  b i s p h e n o t )  

T= 164,0 °C 

~. o 

~ .,~.--.------- . . . .  ~ ~, 
. ~ .  e ~  . t  . 

I- ~ _ .,,.,.#v ~FL = ' -  / \ . o  

i ~ - - ~ - - ~ - T ,  , , I , F ,  r l "  r I I / I " " 1  I I I I r I r I I 

\ 32 33 34 36 
coo = 3.128 e '  (co) ~ e 0 = 3"637~ 

Figure 24--Experimental values of dielectric constant for poly(car- 
bonate of bisphenol) at 160°C. Frequencies along curve in kc/s 

The five dispersion parameters are graphically evaluated as follows using 
the experimental data on the polycarbonate in Figure 24. The low frequency 
end of the dispersion is readily extrapolated to obtain E0=3"637. The best 
straight line is drawn through the high frequency locus to the real axis to 
obtain a value for ~.~=3.128. Using this high frequency extrapolation line 
~PL was determined to be 20-4 °. This angle is bist.. "'~1 (at ~ )  and extended to 
the experimental locus. The frequency of intersection is determined to be 
145 c/s, assuming a linear interpolation. On the original graph R was 
determined to 22.1 cm while ~ - E ~  was found to be 25-4 cm. From these 
two dimensions, and ~0L, the LHS of equation (6) is computed to be 0.00295. 
This value is then found in Table 4 and t - a found to be 0"795. From this 
value of 1 -  a and q~L, /3 is calcul&ted to be 0-285, using equation (64). These 
parameters together with equations (60) to (64) inclusive are used to 
calculate ~*(co) for the same frequencies as the experimental ones. The 
results of these calculations together with the experimental results are listed 
in Figure l(a). 

APPENDIX B 
Most often the experimental data do not define the relaxation process as 
completely as for the polycarbonate. In addition it may also be important 
to know the temperature dependence of the dispersion parameters. The 
dielectric relaxation data of poly(vinyl acetate) is a case in point. There 
follows a method for determining the temperature dependence of the dis- 
persion parameters when the experimental data do not define the relaxation 
process. For poly(vinyl acetate) at all temperatures above 66°C [see 
Figure 25(a)] ~ is readily determined as a low frequency extrapolation to 
the real axis. A plot of ~ against T (see Figure 26) is seen to be linear. 
These coefficients were determined from the best straight line thought to 
represent the data. At temperatures below 69" C, the experimental data are 
linearly extrapolated to the real axis to obtain ~ .  The same extrapolation 
line is used to obtain ~PL. A plot of Eoo or ~p,~ against T is seen to be linear 
(see Figure 26). The straight line coefficients were determined from the best 
straight line thought to represent the data. The parameters 1 - a ,  fl and 
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201 Po[y(vinyt acetate) 
• 

/ • :72°C 

"~ lOI o: eooc • = 90 °C 
a = 95 oC 

0 5  
(a)  

0 I I 
5 0  

I I 
6 0  

e'(w) 

\o \ 
\ \ 

" \  \ "k 
\1 o~ %• 

cN \ ,%o , 
7 0  8-0 

2 0  

15 

10 

0 5  
(b) 

0 2 .  5 

• = 66oC 
o = 60oC / 
• = 55oC ,, 

~ r  

. . f . . . , .~ f  
~',,I- ~, I I I I I I 

3"5 4 5  5.5 
e'Cco) 

Figure 2 5  - -  Experimental 
values of  the complex 
dielectric constant are repre- 
sented here at different 
temperatures to illustrate 
the extrapolation techniques 

r0 are now determined at those temperatures where at least one of the 
highest frequencies is to the short time side of the relaxation time or one 
of the lowest frequencies is to the long time side of the relaxation time. 
The points E0 and E~o are marked off on the real axis of the complex plane. 
A straight line making an angle ~L/2 with the real axis at Eoo is extended 
to the experimental locus. Interpolation between the two known frequencies 
gives 7"0. The length of this line together with ~ - Eo~ (in the same units) and 
~L gives 1 -- a from which/3 may be calculated. 

A similar extrapolation procedure may be constructed to extend the 
determination of 7"0 to much longer times for those cases when all of the 
experimental points are to the short time side of 7"0. For this procedure a 
knowledge of ~,  ~ and either 1 -  o~ or /3  is required at the temperature 
of interest. Usually these parameters exhibit slightly different temperature 
dependences or experimental scatter. For the polymer under discussion, as 
an example, /3 can be extrapolated with greater certainty than I -  c~ (see 
Figure 26). In the present case/3 is extrapolated to the required tempera- 
ture and 1 - a  is calculated (os in Figure 4) from ~PL. A trial value of 70 
is estimated, ~*(oJ)s are calculated and compared with the experimental 
values until a minimum deviation is obtained. In this way estimates of 
7"0 may be extended two to three decades. 

APPENDIX C 
Several of the equations listed in ref. 30 have been incorrectly printed. 
Professor S. Uemura of Kyushu University has been kind enough to 
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10 30 
i 

9' 
o 
,.o 81 

.7 

Poty(vinyt acetate) 
50 70 90 110 

........... 

0'21- 

--- . .~. . . . . . .~.~ 

1'0 
0-9 
0-8 
0'7 

0"5 
0"4 

,,.,..o .inD. e¢- , e ~ , - o ~ ° ~  

;~'=10 i L i I , , , I , 

3o s'o 7o 9o 11o 
Temperature, °C 

Figure 26--The dispers ion parameters  f o r  po l y ( v i ny l  
acetate) are p lo t ted  as a f unc t i on  o f  tempera ture  in  

degrees Centigrade 

s u p p l y  us wi th  t h e  co r r ec t  eq u a t i o n s ;  t hey  a re  l i s ted  be low.  E q u a t i o n  num.  
bers  r e fe r  to  the  o r ig ina l  re fe rence .  

(7) 
or: = T{ - 2/l~/r s - 2(5 - 3v~)B~/: + 4(71/: 

+ cos '  0[1 + 2(5 - v~)B~/r s -  1 2 C I / : ] }  

(16) 
a3[(1 + v2)(11 - 7 Vl) + 2(4 - 2 vl - 17 v ~ -  8 vlvz + 15 v~v2)G~/G2 

A1 = - - ( 1  + v ~ ) (1 9 -  15 vl)(1 - 2  v~)(G1/G2) 2] 
(1 + v~)[2(4 - 5 vl) + (7 - 5 1:1) G~/Gz] [1 + v, + 2(1 - 2 v2) Gx/G2] 

(19) 
3 (1 - vl)[2(3 - v2 + 5 v~v2) + (9 + 5 v~)( 1 - 2 v2)G 1 /G2] 

A 2 = 2(1 + vx) [2(4 - 5 vl) + (7 - 5 v~)G1 / G2] [ 1 + v2 + 2( 1 - 2 v2) G1 / G2] 

(20) 

92 
3(1 - vl) 

4(1 + vl)[ 1 + V2 + 2(1 - 2 v2)G1 / G2] 
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The Fractionation of Polypropylene Oxide 
Polymerized by Ferric Chloride 

E. POWELL 

Polypropylene oxide prepared with the ferric chloride-propylene oxide complex 
has been fractionated Jrom isooctane solution by incremental lowering o[ the 
temperature. Fractions have been characterized by intrinsic viscosity, melting 
point and density determinations and the data compared with those for the 
polymer prepared with the zinc alkyl catalyst. When the difference in crystal- 
linity oJ the two polymers and the difference in molecular weight of the 
crystalline Jractions of the two polymers are taken into account, the 
fractionation results may be explained in terms of a polymer similar to that 
prepared from zinc diethyl, i.e. one having a single distribution of molec,lar 

weight and degree of isotacticity. 

STUDIES ~-4 of the polymerization of propylene oxide by ferric chloride and 
by organometallic catalysts (e.g. zinc diethyl) have shown many points of 
similarity. The polymer obtained using the zinc diethyl-water catalyst has 
been characterized and fractionated ~'6. The polymer prepared with a low 
mole ratio of water to zinc diethyl (up to 0-5 mole ratio), has been shown 
to consist of two main fractions (a) a low molecular weight oil produced 
by an initial fast polymerization and (b) a high molecular weight polymer 
produced by a slower secondary reaction which accounts for approximately 
80 per cent of the polymerization. This high polymer is polydisperse with 
respect to both structure and chain length. The fractionation studies show 
that the molecular weight distribution of the crystalline fractions is the 
same as that of the amorphous fractions, i.e. all the high molecular weight 
polymer has the same molecular weight distribution. The polymer is 
regarded as the product of a single catalyst species. 

In this study polypropylene oxide prepared with the ferric chloride 
catalyst has been fractionated and the results are compared with those for 
the zinc diethyl-water catalysed polymer. 

E X P E R I M E N T A L  A N D  R E S U L T S  

Polymer 
Three samples of polypropylene oxide were prepared using the Price ~ 

ferric chloride-propylene oxide complex as catalyst. The catalyst was 
prepared by reacting anhydrous ferric chloride with dry propylene oxide 
under high vacuum conditions with occasional chilling to control the 
exothermic reaction. The excess propylene oxide was distilled off leaving 
a brown oil and a measured volume of monomer was distilled on to this 
catalyst. In order to ensure the formation of some crystalline polymer 2 a 
known amount of water was added from an Agla micro syringe through 
a self sealing serum cap. The amount of water added was such that the 
molar ratio H~O/Fe was 0-2. The catalyst concentrations used were for 
polymer 1, 6-5 x 10-3M and for polymers 2 and 3, 4.0x 10-3M. Poly- 
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merizat ion was carried out  in  sealed tubes for six weeks at 60°C and  the 
polymers were isolated in the m a n n e r  described by Gee et al?. The  
polymerizat ions were found to have at ta ined 100 per  cent conversion. 

Fractionation 
The polymers were fractionated by cooling isooctane solutions as described 

in previous pal?ers s.5,e. Intr insic  viscosities were determined for benzene 
solutions at 25°C using a F i tzs immons  viscometer. A separat ion of crystal- 
line and amorphous  polymer  was carried out  f rom methanol  at 0°C  and  

Table 1. Fractionation data. Polymer 1. ([~]=0'69) 

Fraction Separation [r/] 
No. temp., °C Wt % dl g-1 

F1 50 2.4 2.81 
F2 46 4.9 2.85 
F3 42 5.9 2-72 
F4 32 5.8 1.89 
F5 20 6.8 1.12 
F6 0 8.2 0-35 

Residue - -  65-2 0" 10 
wi - -  99"2 - -  

wi [7/]i - -  - -  0'64 
5: wi 

the percentage methanol- insoluble  polymer  was determined together with 
the intrinsic viscosity of this fraction. Frac t iona t ion  data  are given in 
Tables 1 and  2 and  data  for the methanol  separat ion at 0°C  are given 

Table 2. Fractionation data. Polymer 2. ([~] = 1"06) 

Fraction Separation T,~ Density* Crystallinity 
No. temp., °C Wt % dl g-1 o C g cm-S % 

F1 48 11"3 2"72 72-73 1"051 31"6 
F2 44 8"2 2"60 65 1"036 21"9 
F3 40 5"9 2"70 62 1 '033 20"0 
F4 32 6"0 2"06 59 1 "018 10"3 
F5 24 3"7 1"20 - -  - -  - -  
F6 0 10"7 0"72 54 - -  - -  

Residue - -  55"5 0"12 - -  - -  - -  
w~ - -  I01"3 - -  

2 w~ [~]l N - -  0"98 
w~ 

*Measured at 20°C. 

in Table 4. Integral  d is t r ibut ion curves for the two polymers are shown in  
Figure 1. 

Viscosity average molecular  weights M~ were computed using the 

10 M for benzene at 2 5 ° C .  equat ion  [7] = 1-12 x -~ 0.n 

M e l t i n g  point  
Melt ing points (Tin) of fractions from polymers 2 and  3 were measured 

on the hot stage of a polarizing microscope as previously describe&. The  
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Figure /--The integral distribu- 
tion curves for polypropylene oxide 
polymers prepared with ferric 
chloride: Q polymer 1, A polymer 
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results are shown in Tables 2 and 3. Polymer 3 was not fractionated 
quantitatively but merely to provide fractions for Tm determination as a 
check on those of polymer 2. 

Density 
An assessment of the degree of crystallinity was obtained by measuring 

the density of certain fractions. The densities were determined by flotation 
in copper sulphate solutions. Each fraction was previously annealed by 

Table 3. Melting points of fractions from polymer 3 

Fraction Separation Tm 
No. temp.,°C °C 

F1 46 70 
b-'2 43 67 
F3 41 64 
F4 37 60 
F5 24 58 

heating on a Koeffier hot plate to 100°C, holding the polymer at this 
temperature for fifteen minutes and then allowing it to cool slowly to 40°C 
(cooling rate approximately 15°/h). The polymer was kept at 40°C for 
twelve hours and then cooled to room temperature. 

Table 4. Separation from methanol at °C 

Insoluble polymer 
Polymer [rd % lnsol. 

at O°C ['0] T,~ Density Crystallinity 
dl g-1 o C g cm-3 % 

1 0 . 6 9  1 8 . 2  2 . 5 1  - -  - -  

2 1,06 23.1 2.57 69.5 1-049 30.3 

I t  was assumed that there is a linear relation between the weight per 
cent crystallinity (x) and volume. The densities of crystalline and amorphous 
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polymer were taken to be pc=l .157gcm -3 (X-ray crystal density 8) and 
pa = 1.0029 respectively. 

The weight per cent crystallinity was computed using the equation 

x=  100 (1 -p~/p~) [p~/(p,-p~)] 

Infra-red spectra 
The infra-red spectra of films cast from benzene solution were recorded 

using a Grubb-Parsons DM3 double beam recording spectrophotometer 
over the range 650 cm -1 to 5 009cm -1. Using the assignments due to 
Kawasaki et al. TM certain bands are attributable to crystalline and amorphous 
regions in the polymer. It was observed with polymers 1 and 2 that strong 
absorptions at 1 481, 1 387, 1 339 and 1 307 cm -~ attributed to crystallinity 
in the polymer decreased in intensity from fractions F1 > F7. 

D I S C U S S I O N  

The first three fractions "which precipitate as solid phases above 40°C 
are separated on the basis of decreasing degree of isotacticity. Melting 
point, density and infra-red data are in accord with this. The subsequent 
four fractions separate as liquid-liquid phases and are fractionated mainly 
with respect to molecular weight. The results show a wide distribution of 
molecular weights. Included in the lower molecular weight polymer is a 
high proportion (60 per cent of the whole polymer) of very low molecular 
weight polymer. 

It is observed that the average molecular weight of the more crystalline 
fractions is very much greater than that of the amorphous fractions (even 
when F7, the low molecular weight oil is excluded). This is found to be so; 
in the methanol separation as well as in the isooctane fraction. 

At first sight there is an apparent difference between the ferric chloride 
catalysed polymer and the zinc diethyl catalysed polymer*. In the latter 
case fractionation studies have shown that the crystalline fractions have 
the same average molecular weight as the more amorphous polymer 
(excluding ,the very,low molecular weight oil). There are, however, the 
following points which require consideration. 

(a) The ferric chloride catalysed high molecular weight polymer 
contains a much higher percentage of crystalline polymer than that 
prepared with zinc diethyl, i.e. polymer separating from isooctane above 
40°C. For example polymer 2 consists of 45 per cent high polymer and 
55 per cent of this polymer is crystalline. A typical zinc diethyl catalysed 
polymer (polymer 62, ref. 3) contains 80 per cent high polymer and only 
25 per cent of this polymer is crystalline. 

(b) The molecular weight of the crystalline polymer prepared with zinc 
diethyl is very much greater than that of the polymer prepared using the 
ferric chloride catalyst ([aT] = 8.3 compared with [77] = 2.7). 

It has been shown 6 that the precipitation of isotactic polypropylene oxide 
from isooctane above 40°C is independent of the molecular weight when 

*The po lym er  referred to  here and  later is that  p r o d u c e d  with  a l o w  m o l e  ratio o f  water  to  z inc diethyl .  
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the molecular weight is high. There is, however, an effect of molecular 
weight on crystallization at low molecular weights, Crystalline chains of 
low molecular weight will tend to separate in liquid-liquid phase separation 
with the more atactic chains instead of crystallizing with the higher 
molecular weight fractions separating as solid phases above 40°C. 

Removal of the crystalline fraction from the zinc diethyl catalysed 
polymer will result in the molecular weight distribution of the residue 
being only slightly biased towards the low molecular weight end after 
separation compared with the initial distribution. This will be so since the 
average molecular weight of the crystalline fraction is very high and the 
amount of crystalline polymer separated is small. Only a small amount 
of low molecular weight crystalline polymer will separate with the more 
amorphous fractions. 

In the case of ferric chloride polymer 55 per cent of the high polymer 
is removed as a crystalline fraction of very much lower molecular weight 
than that of the crystalline fraction of the zinc alkyl catalysed polymer. 
This will leave a residue in which a larger amount of low molecular 
weight crystalline polymer will be present than in the former case. The 
average molecular weight of the fraction separating below 40°C will there- 
fore be lowered. It follows that the melting points of fractions separating 
below 40°C should be greater for the ferric ,~hloride catalysed polymer 
than for the corresponding fractions separating from the zinc diethyl 
catalysed polymer. This is expected since with a lower molecular weight 
crystalline fraction only the highly crystalline chains of the polymer 
prepared with ferric chloride separate above 40°C. The melting point 
data in Table 5 are in agreement with this. 

Table 5 

*Polymer 446 
ZnEt-H20 

Separation 
temp., °C Tm °C 

50 71 

46 68 

42 68 

39 62 

36 56 

0 48 

Polymer 2 
FeC13 

Polymer 3 

Separation 
temp., °C 

46 

43 
41 

37 

24 

Separation 
temp., °C Tm °C " 

48 72-73 

44 65 

40 62 

32 59 
0 54 

FeCls 

7'm °C 

70 

67 
64 

60 

58 

~This polymer yielded crystalline fractions upon fractionation with In] = 5-4 in benzene at 25"C. 

The fractionation data may be interpreted in terms of a polymer similar 
to that produced using the zinc diethyl catalyst, i.e. consisting of (a) a 
very low molecular weight oil and (b) a high polymer which has a single 
distribution of molecular weight and degree of isotacticity. 
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An Electron Microscopical Study 
of Polyacrylamide 

D. V. QUAYLE 

The stages leading to the deposition by spray technique of individual molecules 
of polyacrylamide have been studied using the electron microscope. The 
weight and number average molecular weights togethe# with the molecular 
weight distribution for a fraction of polyacrylamide have been obtained. Good 

agreement with the viscosity average molecular weight has been found. 

IT IS possible with most glassy amorphous polymers to observe single 
spherical molecules in the electron microscope, if very dilute solutions in 
a solvent-precipitant mixture are sprayed on to a thin substrate 1,~. 

Polymers which are rubbery at the preparation temperature do not 
deposit as single spherical molecules, but collapse on to the substrate or 
form a film even at very low concentrations. It is not possible to obtain 
single spherical molecules from solutions of crystalline polymers. 

Polyacrylamide behaves differently from the above, in that a filamentous 
structure is prevalent when the polymer is sprayed at room temperature from 
solvent-precipitant mixtures 3. The extent of the filamentous structure 
depends on the temperature at which the solvents evaporate on the 
substrate and on the ratio of solvent to precipitant. After spraying on to 
a heated substrate, no filaments are seen and single molecules are formed 
if the polymer concentration and solvent/precipitant ratio are favourable. 
An unusual feature, however, has been reported by Richardson 2. Single 
molecules of polyacrylamide collapse to a shapeless mass even in a weak 
electron beam in the manner of rubbery polymers even though the glass 
transition temperature is about 130°C. Experiments have shown that this 
phenomenon is most likely to be due to the formation of intramolecular 
bonds on irradiation by the electron beam in the microscope ~. 

The filamentous structure is interesting as the finest strands are likely 
to consist of single molecular chains. 

The purpose of this work was to confirm previous observations and 
attempt to observe and record the various stages in the development of 
single isolated molecules of polycrylamide as the solvent/precipitant ratio 
is gradually decreased. Investigations of the possibility of determining the 
number and weight average molecular weights, together with the molecular 
weight distribution, for high molecular weight fractions Of polyacrylamide 
were made. 

E X P E R I M E N T A L  
Very dilute solutions of polyacrylamide in water-n-propanol mixtures were 
sprayed at room temperature on to evaporated carbon films of thickness 
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about 100A, backed with freshly cleaved mica. The films were then 
shadowed with a 50 per cent p la t inum~arbon mixture, floated off on to 
distilled water and picked up on copper microscope grids. Electron micro- 
graphs were taken in an A.E.I. EM6G electron microscope at a magnifi- 
cation of 20 000 times. The solutions used in the investigation were: 

Solution Percentage of in percentage of water- 
No., polyacrylamide n-propanol mixture 

1 I0  -~ 50 
2 10 -3 45 
3 10 -3 40 
4 10 -a 30 
5 10 -4 20 

A Vaponefrin nebulizer, which could produce droplet sizes in the range 
2 to 5/zm, was used to disperse the polymer on the carbon films. 

D I S C U S S I O N  OF R E S U L T S  
Figures 1 to 5 show the effect of a gradual change from good to poor solvent 
conditions on the way in which polyacrylamide is deposited from solution. 

Figure 1 shows the filamentous structure which is prevalent when poly- 
acrylamide is deposited from a solution in a good solvent. The structure, 
which is very branched, represents bundles of molecular chains lying on 

Figure l--Polyacrylamide from water(50%)-n-propanol 
Figures 1 to 5--Polyacrylamide deposited by spraying on to a thin carbon film, 
10-s per cent solutions in wa'ter-n-propanol mixtures of decreasing water content 
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the substrate. Richardson 2 has shown that intermolecular hydrogen bonding 
is not responsible for this behaviour. He observed no change in the struc- 
ture on spraying from hot aqueous solutions to reduce the number of 
hydrogen bonds, or on using a less strongly hydrogen-bonding solvent such 
as ethylene glycol. Indeed, Eliassaf and Silberberg s have shown that aqueous 
solutions of polyacrylamide are not strongly hydrogen-bonded. The intrinsic 
viscosities of such solutions were unaffected by the addition of salts known 
to be efficient hydrogen bond breakers. The phenomenon seems to be due 
to some specific property of the polymer itself. In addition, its formation 
is time dependent. The strands disappear when solutions are sprayed on to 
a heated substrate and 'islands' of polymer are formed. 

The finest filaments are probably single molecular chains, but this cannot 
be shown with certainty owing to the reduction in resolution caused by the 
shadowing material. Figure 6 is typical of the finest strands which are 
observable and as it is very well defined, with no strands smaller than this 
ever having been seen, it is probable that it represents a single molecular 
chain. The shadow cast by the strand is between 50 A and 120 A in length, 
the shadowing angle being cot -1 4-2. This suggests that the strand has a 
diameter of between 12 A and 29A. However, a piling up of shadowing 
material behind the strand (a snowdrift effect), may have resulted in a 
longer shadow than would have been cast by the strand alone. 

As the precipitant concentration is increased, agglomerates are formed 
at the junctions of the branches as in Figure 2. Further addition of precipi- 

Figure 2--Polyacrylamide from water(45 %)-n-propanol 
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Figure 3--Polyacrylamide from water(40%)-n-propanol 

Figure 4--Polyacrylamide from water(30%)-n-propanol 
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tant results in more pronounced agglomeration (Figure 3), and eventually 
the filamentous structure is broken up almost completely (Figure 4). The 
agglomerates at this stage may consist of very many molecules but, on 
further addition of precipitant, they break up to form individual molecules 
(Figure 5) (this is demonstrated later) which, from the shape of the 
shadows they cast, are spherical. 

Figure 5--Polyacrylamide from wator(20%)-n-propanol. The large spheres 
are polystyrene latex particles of nominal diameter 880 A 

Richardson 2 observed that polyacrylamide molecules appeared to col- 
lapse into a shapeless mass, even in a weak electron beam. The molecules 
in Figure 3 appear to have collapsed, and recent work ~ has shown that this 
is most likely to be due to radiation-induced intramolecular bond 
formation, thus: 

electrons 
- - C H z - - C H  - -  - -  CHz---CH---CH2-- 

I 1 
CONH2 CONH2 

- - C H r - - C H  CHr- -CH- -CH2- -  

NH 

+NH3 

That  the spheres observed were in fact individual molecules was demon- 
strated as follows. Using decreasing concentrations of polyacrylamide in 
(20 per cen0 water-n-propanol in the range 10 -~ to 10 -5 per cent, particles 
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Figure 6----Typical of the finest strands seen, when polyacrylamide is 
deposited from solution in a good solvent. This may represent a single 

molecular chain 

were prepared as described previously. Polystyrene latex spheres, of nominal 
diameter 880A, were sprayed on to the same carbon films and the angle 
of shadowing was calculated from the lengths of the shadows cast. From a 
knowledge of the shadowing angle, the heights of the polyacrylamide 
spheres were determined. Size distributions for about 500 spheres were 
made for each of the solutions of decreasing polymer concentration and 
it was found that for concentrations below about 5 x 10 -S per cent the size 
distributions were virtually identical. This would not be expected if the 
spheres contained more than one molecule, as a decrease in polymer con- 
centration is accompanied by a decrease in molecular aggregation and 
hence a pronounced change in the size distributions of the spheres would 
have been apparent. Also, as will be described later, the value of Mw 
calculated from the distributions was in good agreement with the viscosity 
average molecular weight. 

D E T E R M I N A T I O N  OF W E I G H T  AND N U M B E R  
AVERAGE M O L E C U L A R  W E I G H T S ,  AND THE 

M O L E C U L A R  W E I G H T  D I S T R I B U T I O N  
Experimental 

Spherical molecules with molecular weights less than about 5 x 105 are 
too small to be measured with high accuracy in the electron microscope and 
therefore a high molecular weight fraction of polyacrylamide was used. 
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A one per cent solution of the polymer in water was made and about 
ten per cent by weight was precipitated At 25 C by the addition of methanol. 
The precipitate was separated and dried. A 10 -~ per cent solution of this 
fraction was made in (20 per cent) water-n-propanol, the alcohol being 
added slowly to the water while stirring vigorously. The solution was 
sprayed at room temperature on to a mica-backed carbon film, as previously 
described. Electron micrographs were taken at a magnification of 20 000 x 
and measurements of shadow lengths were made on prints having a total 
magnification of 60 000 ×. The shadowing angle was again determined 
using polystyrene latex spheres of nominal diameter 880A, an average 
shadow length being calculated from measurements on about 20 spheres. 
Electron microscope magnifications were determined from measurements on 
electron micrographs of a crossed diffraction grating replica having 21 600 
lines per centimetre supplied by A.E.I. Ltd. 

Although there is distortion of small particles due to the deposition of 
shadowing materials upon them, it has been demonstrated 2 that the shadow 
length still provides an accurate estimate of the height of the particle. 

More than 200 molecular shadow lengths were measured, using a 
travelling microscope and measuring to an accuracy of .+ 0"01 cm. Assuming 
the molecules to have the same density as the bulk polymer, a molecular 
weight distribution was built up and the result is shown as a histogram 
(Figure 7). Weight and number average molecular weights were calculated 
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Figure 7 - - T h e  molecular weight distribution for a polyacrylamide fraction, 
as determined by electron microscopy. Polymer deposited from 5 × 10 -4 per  

cent solution in water(20%)-n-propanol  

from the distribution and compared with the viscosity average calculated 
from 

10-~/t40-~ [~/] = 3"73 × . . . . . .  
Discussion of results 

The viscosity average molecular weight was found to be 2.71 × 10 s while 
the electron microscope method gave 2.33 + 0"3 × 10 ~ and 2.59 + 0"3 × I(P for 
the number and weight averages respectively. 
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In view of the excellent agreement between these values and the good 
reproducibility obtainable for molechlar size distributions, it seems that this 
electron microscope technique is capable of providing an acurate determin- 
ation of any molecular weight average together with the complete molecular 
weight distribution for high molecular weight fractions of polyacrylamide. 

It should be emphasized that only the minimum of heavy metal, con- 
sistent with clear shadow formation, should be used, and that the shadow- 
ing angle should be as small as possible in order to produce shadows of 
maximum length. 

The main source of error occurs in the measurement of the lengths of 
the shadows cast by the molecules, as the cube of this dimension enters 
into the calculation of molecular weight. The method of Misra and 
Das Gupta 7 cannot be used exactly, as the molecules, although deposited as 
spheres, appear collapsed on the print from which the measurements are 
taken. It is therefore a matter of some doubt as to where the precise 
beginning or end of the shadow lies. The accuracy of molecular weight 
averages obtained by this technique is estimated at ten per cent. 

The author wishes to thank Miss B. T. Peat for her assistance with the 
photographic work. Thanks are also due to the American Cyanamid Co. 
for a donation of polyacrylamide. 
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Copolymerization of Styrene and Some 
a-Olefins Using Ziegler-Natta Catalyst 

Systems The Fractionation and 
Characterization of the Products of 

Copolymerization 
B. BAKER* and P. J. T. TAIT 

Styrene has been successfully copolymerized with various a-olefins, using 
Ziegler-Natta catalyst systems. The products of copolymerization were 
fractionated with respect to composition using a double-solvent elution tech- 
nique. The copolymer obtained by the use of the VCIa-AI (iBu) 3 catalyst was 
found to be much more heterogeneous than the polymer obtained with the 
more disperse system, i.e. VOCla-A1 (iBu) 3. This was considered to be good 
evidence for the presence of a higher degree of catalytic polyactivity [n the 
more crystalline catalyst with the larger particle size. A series of structural 
investigations on the copolymer samples was undertaken using X-ray diffraction 
and infra-red spectroscoptc techniques. It was shown that the copolymers of 
styrene and octadecene-1, and styrene and 4-methylpentene-1, prepared using 
VOCI3-AI (iBu) a exhibited a high degree of crystallinity. Much evidence is 
presented for the existence of a stereoblock type of structure. The values of 
relative reactivity ratios were determined for each of the monomer pairs 
investigated. A reduction in reactivity ratio values was observed in all cases 

with the use of the more disperse catalyst system. 

THE copolymerization of ethylene and propylene t-~ and other a-olefins H 
and of styrene and substituted styrenes 1°, using Ziegler-Natta catalyst 
systems has been extensively studied by Natta and co-workers. Investi- 
gations into the copolymerization of styrene apd aliphatic ot-olefins have 
been carried out by Burnett and Tait u-l~, and the work reported in these 
papers is intended to be an extension of various aspects and problems 
brought to light by their results. 

The catalyst systems most commonly used in Ziegler-Natta polymeri- 
zation may be classified into two main groups: (i) those catalysts prepared 
from a finely ground crystalline halide of lower valency (usually a com- 
pound of titanium or vanadium) and a metal alkyl, e.g. titanium or 
vanadium trichloride and aluminium tri-isobutyl and (ii) catalysts prepared 
by the vigorous reduction of liquid transition metal halides of higher 
valency by an alkyl of aluminium, e.g. vanadium tetrachloride, or vanadium 
oxytrichloride and aluminium tri-isobutyl. 

The effective catalyst particles in each type differ from each other in 
several ways. The precipitate from the first type of catalyst is fairly 
crystalline and in general has a particle size of the order of 5/z~4; any 
reduction of the halide is thought to be essentially a surface effect. The 
precipitate from the second type of catalyst is, however, believed to be 

*Present address: Central Research and Development Department, B.T.R. Industries, Burton-on-Trent. 
Staffs. 
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less crystalline, and exists in a much more finely divided suspension with 
an average particle size approximately equal to one hundredth the size 
of the first type, and these factors suggest that a more uniform active site 
is available for polymerization, giving rise to a more homogeneous product 
in copolymerization. 

The investigations described in this paper include the copolymerization 
of styrene with three different ot-olefins, viz. heptene-l, octadecene-1 and 
4-methylpentene-1 in the presence of Ziegler-Natta catalyst systems of the 
aforementioned types, i.e. vanadium trichloride and aluminium tri-isobutyl, 
and vanadium oxytrichloride and aluminium tri-isobutyl, and an account 
of the subsequent fractionation of the isolated products, and their 
characterization. 

EXPERIMENTAL 
Purification of materials 

Styrene--The inhibitor yeas removed from styrene monomer by extraction 
with dilute sodium hydroxide solution, followed by washing with distilled 
water. After drying over sodium sulphate (anhydrous), the monomer was 
fractionally distilled under reduced pressure. Final traces of water were 
removed prior to polymerization by treatment with barium oxide under 
high vacuum. 

Heptene-1, octadecene-1 and 4-methylpentene-l--These monomers were 
supplied by Newton Maine, Rare Chemicals Ltd, Silsoe, England, and 
were dried over sodium sulphate and purified by fractionation prior to use. 

Benzene--Analytical reagent quality benzene was dried over sodium 
sulphate (anhydrous), purified by fractional distillation and stored over 
sodium wire. 

Vanadium trichloride--The vanadium trichloride as supplied by the 
Magnesium Elektron Company, Swinton, Lancashire, England, was in the 
form of a finely divided crystalline powder. Before use, it was washed with 
sodium-dried benzene and stored in an inert atmosphere. 

Vanadium oxytrichloride--The vanadium oxytrichloride as supplied by 
the Magnesium Elektron Company was purified by distillation under high 
vacuum, and stored in a tightly stoppered tube in an inert atmosphere 
of dry nitrogen. 

Alurninium tri-isobutyl--The aluminium tri-isobutyl was used as sup- 
plied by the Shell Chemical Company, Carrington, England, and stored in 
an inert atmosphere in a dry box. 

Polymerization procedure--As these investigations were carried out in 
conjunction with a series of copolymerization rate measurements, most of 
the preparations 'of copolymer were carried out in dilatometers. The 
experimental procedure for copolymer preparation and rate determination 
was similar to that described in an earlier paperlL 

The composition of the copolymer (and fractions thereof) was determined 
by measurement of the ultra-violet absorption of dilute solutions of the 
polymer in chloroform. The band used was that at 2 610A, and the spectra- 
photometer was first calibrated with standard solutions of each of the 
appropriate homopolymers. 
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Fractionation technique 
Many different fractionation techniques are available which are applicable 

to polymer fractionation and these have been adequately reviewed in the 
literature 1~,1~. Most of the techniques involving special apparatus and 
fractional precipitation methods were considered inappropriate for the 
current problem, as they do not lend themselves readily to automation, 
and require relatively large samples. In addition, they are designed primarily 
to achieve fractionation with respect to molecular weight, whereas the 
solubility of a copolymer of the type under investigation is a function of 
molecular weight, composition and tacticity. Thus, as the main purpose of 
these experiments was to achieve a fractionation with respect to com- 
position, a column elution technique was employed using a double-solvent 
system rather than the usual solvent-precipitant mixtures. The two solvents 
were chosen so that ideally, fractions of the copolymer rich in one com- 
ponent would dissolve in solvent A and fractions rich in the second 
component would dissolve only in solvent B. 

The apparatus used was similar to that originally designed by Baker 
and Williams 17, but the column was enclosed by a simple heating jacket, 
as recommended by Flowers ~8, such that no temperature-gradient device 
was employed. 

The sample of copolymer (1.0g) was deposited from a concentrated 
benzene solution on to a small quantity of glass beads (i.e. 'Ballotini' 
beads, No. 15, diameter 1 mm) which constituted approximately one third 
of the column. A solvent feed of continuously changing composition 
obtained by a simple double-solvent-reservoir device was pumped to the 
top of the column by means of a micro-pump. The various fractions were 
collected by means of an automatic fraction collector incorporating a 
syphon-balance delivering a standard volume for each fraction. The 
fractionations of copolymers of styrene and heptene-1 were carried out 
at room temperature, but a temperature of 45°C was required for other 
experiments. The double solvent system used in all cases was hexane- 
benzene. 

Having obtained twenty five to thirty 25 ml fractions, the solvent was 
evaporated from each fraction in turn, and the polymer reprecipitated from 
chloroform in cooled methanol. The fractions were bulked so as to give 
the maximum number of samples containing sufficient polymer for analysis 
and characterization. 

The intrinsic viscosity of solutions of various polymer fractions in 
benzene was determined using an Ubbelohde dilution viscometer No. 1 
at 25°C. 

Structural investigations 
The isolated products of copolymerization and homopolymerization of 

the chosen monomers were examined using X-ray diffraction and infra-red 
(i.r.) spectroscopy techniques. 

In order to obtain suitable Lr. spectra, it was found necessary to deposit 
the sample in the form of a thin film on standard sodium chloride discs. 
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The sample was then scanned between 15 to 3.5/~ wavelength using a 
Perkin-Elmer spectrometer. 

The X-ray diffraction spectra were obtained by examination of the 
sample in the form of fine powder and the region scanned was equal to 
4 ° to 30 °. The radiation employed was nickel filtered from a copper target 
operated at 36 kV and 20 mA. 

The density of all products of polymerization was determined by a simple 
flotation method using water and ethyl alcohol. This was also necessary 
for the calculation of absolute units of polymerization rate. 

R E S U L T S  

Styrene has been successfully copolymerized with the three chosen 
a-olefins, using two different Ziegler-Natta catalyst systems. The typical 
conditions of polymerization used are listed in Table 1. 

Table 1. Polymerization conditions 

(a) VCla-AliBu 3 catalyst (b) VOOI3-AIiBu a catalyst 

V C I  3 concentration 0-10 mole 1-1 
AIiBu 3 concentration 0"20 mole 1-1 
A1/V ratio 2"0 
Solvent Benzene 
Temperature 30"0 + 0.01 deg. C 
Total monomer 

concentration 2-0 mole 1-1 

VOCIa concen- 
tration 0" 10 mole 1-1 

AliBu a concen- 
tration 0"25 mole 1-1 

AI/V ratio 2'5 
Solvent Benzene 
Temperature 30"0 +_ 0"01 deg. C 
Total monomer 

concentration 2"0 mole 1 -I 

Samples of the copolymer of each of the a-olefins with styrene have 
been fractionated and the results obtained are shown in Tables 2 to 7. 

Table 2. Fractionation of products of copolymerization of styrene and heptene-1 
using VCI~-Ah'Bu a (F3) 

Wt of polymer Cumulative Mole % 
Fraction no. Solvent in fraction, g wt % styrene 

1 Pure hexane 0'0695 7"6 37"5 
2 0.0464 12.7 46"2 
3 0"0521 18"5 50"0 
4 0"0516 24"1 52"4 
5 0"0550 30"2 52"7 
6 0'0620 36"9 64"2 
7 0"1084 48"8 82-1 

8, 9 0' 1270 62"8 77"5 
10, 11 0"0760 71"3 71"8 
12-14 0' 1081 83"0 65"0 
15-19 0"0993 94"0 59"2 
20-26 Pure benzene 0"0459 100-0 66"2 

Weight of sample for fract ionation=0'9303 g: weight of  polymer recovered=@9113 g; per cent recovery 
of polymer=97'0;  mole per cent of styrene in original sample=64 '6 ;  average mole per cent of 
styrene in recovered polymer=62"6. 
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Table 3. Fractionation of products of copolymerization of styrene and heptene-1 
using VOC13-AIiBu a (F4) 

Wt of polymer Cumulative Mole % 
Fraction no. Solvent in fraction, g wt % styrene 

1 Pure hexane 0'0500 7"2 12" 1 
2, 3 0"0672 16"8 41"8 
4 0-0306 21-1 35"9 
5 0"0720 31"4 72-5 
6 0"0860 43 "7 76"0 
7 0'0604 52-4 75'9 
8 0'0410 58"4 73"1 
9 0"0361 63"5 77"0 

10--12 0"0860 75"9 70"6 
13-15 0"0506 83"1 72"2 
16-20 0'0410 89"2 68"9 
21-28 0"0774 100.0 79"5 Pure benzene 

Weight of sample for fract ionat ion=0"7034g;  weight of polymer recovexed=0.6983 g; per cent recovery 
of polymer=99"2; mole Per cent of styrene in original sample=67.8;  avera2e mole per cent of styrene 
in recovered polymer = 65.0. 

The degree of homogenei ty  of the samples examined can be assessed 
by the data  in Table 8, which is a summary  of the results obtained,  
expressed in terms of the percentage of total recovered mater ial  having a 
styrene content  within various limits of an  arbi trary mean  value (S). 

I t  can be seen clearly that  copolymerizat ion has taken place and  that  
the products are not  merely mixtures of the respective homopolymers .  

Table 4. Fractionation of products of copolymedzation of styrene and octadecene-1 
using VCIa-AliBu 3 (F2) 

Wt of polymer Cumulative Mole % 
Fraction no. Solvent in fraction, g wt % styrene 

1 Hexane 0"0269 2"9 67"8 
2 0"0292 6"0 53-5 
3 0-0833 14"9 61-4 
4 0-1108 26"7 57'8 
5 0-2290 52'4 67"7 
6 0" 1100 63"2 66"7 
7 0"0522 68"5 74"5 
8 0"0296 71"6 79"3 
9 0"0445 76"4 49"2 

10 0"0276 79"3 80"0 
11 0"0190 81"3 95"3 
12 0"0178 83"3 94"0 
13 0"0132 84"6 98'9 
14 0"0336 88" 3 99" 3 
15 0"0286 91 "3 99"8 

16, 17 0"0222 93"7 100-0 
18--21 0"0308 96"8 100"0 
22-25 0"0162 98"6 98'5 
26-31 Benzene 0"0132 100'0 98-4 

Weight of sample for fractionation= 1-000 g; weight of polymer recovered =0"9377 g; per cent recovery of 
polymer=93"8; mole per cent of styrene in original sample = 73" l; average mole per cent of styrene 
in recovered polymer=71"0. 
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Table 5. Fractionation of products of copolymerization of styrene and octadecene-1 
using VOCI3-AIiBu 3 (F5) 

Wt o] polymer Cumulative Mole % 
Fraction no. Solvent in fraction, g wt % styrene 

1-6 Hexane 0'2120 19"7 68"4 
7-10 0"0608 25"4 86"3 
11-13 0"0772 32"5 37"9 
14-15 0"0592 38'0 29.9 
16, 17 0'0570 43"4 31'3 
18, 19 0'08)8 51"5 29"5 
20, 21 0"2378 73"6 34"7 
22-28 Benzene 0'2855 100'0 34'0 

Weight  of sample for f r a c t i ona t i on= l ' 100  g; weight 
of  polymer  97"9 mole per cent of styrene in original 
recovered polymer=42'7 .  

of polymer recovered= 1-0772 g; per 
sample = 44"1; average mole per cent 

cent recovery 
of styrene in 

Table 6. Fractionation of products of copolymerization of styrene and 
4-methylpentene-1 using VCIa-AIiBu 3 (F6) 

Wt o[ polymer Cumulative Mole % 
Fraction no. Solvent in fraction, g wt % styrene 

1 Hexane 0" 1407 16" 1 65'6 
2 0"0661 23"6 56-2 
3 0"0332 27"4 51"9 
4 0'0514 33"2 58"1 
5 0"0691 41"2 67"2 
6 0"0348 45"2 71 "8 

7, 8 0"0441 50"2 61"6 
9, 10 0"0571 56"7 79"7 
11-14 0' 1072 68'8 90'6 
15-21 0"1225 83"0 22"4 

Benzene 
insoluble Benzene 0' 1495 100"0 38"5 

Weight  of sample for f r ac t iona t ion=0"920g ;  weight of polymer recovered=0"8757g;  per cent recovery 
of polymer=95.2;  mole  per cent of styrene in original sample=56.7;  average mole per cent of styrene 
in recovered polymer = 54-4. 

Table 7. Fractionation of products of copolymerization of styrene and 
4-methylpentene-1 using VOCIa-AliBu a (F7) 

Wt of polymer Cumulative Mole % 
Fraction no. Solvent in fraction, g wt % styrene 

1 Hexane 0"0858 13" 1 34'8 
2 0"0730 24"2 37-7 

3, 4 0"0771 36"0 34"1 
5, 6 0"0676 46-2 30'6 
7, 8 0-0810 58"6 32.3 

9, 10 0"0389 64"5 27'7 
11, 12 0-0556 73'0 31"3 
13-16 0-578 81 "8 29"3 
17±20 0'0454 88"7 38"8 
21±26 0"0336 9 4 0  74'2 

Benzene 
insoluble Benzene 0"0410 100" 0 59-4 

Weight  of sample for f rac t iona t ion=0 '690  g; weight of polymer recovered=0-6568 g; per cent recovery 
of polymer=95"3;  mole per cent of styrene in :o r ig ina l  sample=39 .5 ;  average mole per cent of styrene 
in recovered polymer = 37'0. 
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In each experiment, the average mole percentage of styrene in the 
recovered polymer was less than the styrene content of the original polymer 
by approximately two per cent. This discrepancy is thought to be well 
within the limits of experimental error. The variation of increase in styrene 

Table 8. Summary of fractionation results 

Percentage o] total recovered 
material having a styrene con- 
tent within various limits o[ 

an arbitrary mean (S) 

Fractiona- Monomer  Catalyst 
tion no. pair system S +_2"5% _+5"0% +-10% 

F3 Styrene-heptene-1 VC13 62-5 18"4 35"4 50-0 
F4 Styrene-heptene- 1 VOCI 3 74'0 45"9 63"2 78"9 
F2 Styrene-octadecene-1 VC13 69"2 39-8 39-8 54'0 
F5 Styrene-octadecene- 1 VOC13 32"2 59"4 67"5 74"6 
F6 Styrene-4-methylpentene- 1 VCI a 58'0 13"7 18-7 33"9 
F7 Styrene-4-methylpentene- 1 VOC13 33"2 43'0 75"9 88'7 

content with increase in the enrichment of the solvent feed with benzene 
is in accordance with the principles governing the choice of solvent system. 
In most of the fractionations, especially those performed using samples 
prepared with the vanadium trichloride catalyst, the last few fractions were 
found to contain less styrene than those preceding them. This phenomenon 
can be accounted for by the fact that these fractionations take place not 
only with respect to composition, but to some extent with respect to 
molecular weight, and that these latter fractions constitute the higher 
molecular weight material. This was confirmed by the measurement of the 
intrinsic viscosity of the fractions compared with the viscosity of the 
appropriate homopolymers. 

The fact that fractionation with respect to molecular weight may take 
place to a limited extent under the conditiofis of these fractionation 
experiments in no way invalidates these results, since the object of these 
fractionation studies is merely to establish the extent of heterogeneity in 
composition. 

The X-ray diffraction spectra of the isolated products of polymerization 
revealed some interesting and unexpected trends. These can be illustrated 
by the spectra obtained for the products of copolymerization of various 
mixtures of styrene and 4-methylpentene-1 using the two different catalyst 
systems, which are shown in F i g u r e  1. 

Without exception, the samples of homopolymer prepared using the 
vanadium oxytrichloride catalyst exhibited a higher degree of crystallinity 
than those prepared using the vanadium trichloride catalyst system. This 
trend is not in agreement with the results obtained by some other workers 19, 
who find that the catalysts prepared using highly crystalline transition- 
metal halides are more stereospecific than those whose preparation involves 
the reduction of higher valency halides, which are liquids under normal 
conditions. Even more surprising is the preparation of highly crystalline 
copolymers using the vanadium oxytrichloride catalyst system. In the 
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Figure /--X-ray diffraction patterns of copolymers and homo- 
polymers of styrene and 4-methylpentene-I 

No. Mole % styrene Catalyst No. Mole % styrene 
1 Poly 4-methyl- 6 Poly 4-methyl- 

pentene- I VOCls-AIt'Bu s pentene-1 
2 43'0 VOCI~AIiBu s 7 52"3 
3 6 7 . 6  VOCla-AliBu s 8 70-5 
4 80'7 VOCI~AIiBu s 9 82"0 
5 1 0 0 ' 0  VOCI~AIiBu s 10 100.0 

Catalyst 

VCIa-AliBu a 
VCI~AliBu s 
VCIs-AIiBu s 
VCI~AIiBu a 
VCls-AliBu a 

copolymers of 4-methylpentene-1 and styrene the typical X-ray diffraction 
pattern for the poly-4-methylpentene-1 persists even for samples of 
copolymer containing up to 80 mole percentage of styrene units. This is 
definite evidence for the presence of a stereoblock structure. 

It is also interesting to note that a further trend of increase in the degree 
of crystallinity of the polymer with increase in fraction number was 
observed with one set of samples from the fractionation experiments, 
proving that fractionation also took place with respect to crystallinity. 

Values for the relative reactivity ratios were calculated from the results 
obtained for the variations of copolymer composition with monomer feed 
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composition using the Fineman-Ross and Mayo-Lewis methods, and are 
shown in Table 9. 

T a b l e  9. Reactivity ratios 
Monomer 1=Styrene 

C a t a l y s t  s y s t e m  M o n o m e r  2 r I r 2 rlr  2 

VCla-AIiBu 3 Heptene- 1 0"47 + 0"05 1'34 _+ 0" 14 0"63 
VOC13-AIiBu 3 Heptene-1 0'43 + 0"05 0'95 + 0' 12 0"41 
VC13-AIiBu a Octadecene-I 1"94+0"18 0.75+0'10 1"46 
VOCI3-AIiBu 3 Octadecene- 1 1"32+0"14 0"87+0"09 1"15 
VC13-AIiBu 3 4-Methylpentene-1 0"55 + 0" I0 1-23 + 0-15 0"68 
VOCIs-AIiBu ~ 4-Methylpentene-I 0"49 + 0"06 1" 15 + 0" 12 0"56 

D I S C U S S I O N  

Proo[ o[ copolymerization 
In these investigations the presence of copolymer in the isolated products 

has been proved most comprehensively. The calculation of reactivity ratios 
for each of the monomer pairs with each of the catalyst systems, and 
the construction of typical copolymer composition curves, can be considered 
as definite proof. But the most convincing and conclusive evidence is to 
be found in the results of the fractionation experiments. Although a degree 
of heterogeneity was observed, especially in polymers prepared using the 
vanadium trichloride catalyst system, no fraction was obtained with any 
system which contained appreciable quantities of only one homopolyolefin. 
The differences observed in the various spectra, i .e . i . r ,  and X-ray 
diffraction, of homopolymers and of the products of attempted copoly- 
merization have been used as evidence for the presence of copolymers 
with several systems 3,4. This is not possible in the present-investigations, 
as the results obtained from the structural investigations carried out suggest 
that most of the copolymers produced are of the stereoblock type of 
structure, which give rise to spectra which are very similar to those 
obtainable from mixtures of homopolymers. 

Heterogeneity and polyactivity 
It can be seen that with material prepared using the vanadium oxytri- 

chloride catalyst system, the first few fractions are of low styrene content, 
but the majority of the material lies between+ 5 per cent of a mean value. 
With the polymer prepared using the vanadium trichloride catalyst, how- 
ever, a much wider spread of composition was obtained. 

The fairly high degree of heterogeneity observed with products of 
copolymerization using the vanadium trichloride catalyst system is thought 
to indicate the presence of catalytic sites having a wide range of activities. 
It has been suggested 1~'2° that these different activities may be due to the 
various active sites having different steric environments, which are deter- 
mined by their positions on the crystal surface. The differences observed 
in the degree of heterogeneity of the products of copolymerization, using 
the two chosen catalyst systems, may be considered as evidence in favour 
of this hypothesis. In every case examined, the polymer prepared using 
the vanadium oxytrichloride catalyst was markedly more homogeneous 
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than the corresponding product prepared using the vanadium trichloride 
catalyst system. Although no work has been undertaken to determine the 
crystallinity of the various catalyst particles, it is possible that the particles 
involved in the vanadium trichloride system possess a higher degree of 
crystallinity than that produced by the reduction of vanadium oxytri- 
chloride. The incidence of heterogeneous products of copolymerization may 
also be linked' with the variation in catalyst particle size. This was estab- 
lished by means of photomicrographs of typical catalyst suspensions. The 
average particle size of the vanadium trichloride catalyst was of the order 
of 5/x, whereas the particles from the vanadium oxytrichloride system were 
much smaller, and the appearance of the photomicrograph suggested that 
the majority were approaching colloidal dimensions. Thus it seems 
reasonable to assume that catalyst particles which are small will have a 
more uniform surface, which in turn would give rise to active sites having 
a more uniform steric environment. 

The only other work reported in the literature of a similar nature is 
that of Overberger and Miyamichi ~1. The results obtained by these workers 
for similar systems are not, however, in agreement with the conclusions 
of this report. The reasons for these conflicting results may be found in the 
many differences in the preparation of the samples fractionated, the solvents 
used, the stirring device employed, and the method of fractionation. 

The structure of the copolymers 
The presence of highly crystalline copolymers has been confirmed by 

X-ray diffraction studies. 
The presence of large blocks of the same monomer unit, added in a 

stereoregular manner, and interspersed with smaller groups of the second 
monomer unit, may give rise to a high degree of crystallinity. There is much 
evidence for the existence of this type of structure in the copolymers of 
styrene and ot-olefins prepared by Burnett and Tait 11'n, using the titanium 
trichloride and aluminium tri-ethyl catalyst system. 

The fact that the X-ray diffraction patterns of the copolymers prepared 
using the vanadium oxytrichloride catalyst contain all the major peaks 
present in the patterns obtained for the homopolyolefins is conclusive 
evidence for the existence of stereoblock structures. The i.r. spectra and 
density determinations may also be considered as supporting evidence for 
this phenomenon, as these results are similar to those obtainable with 
mixtures of homopolymers. It is thought that the increased crystallinity 
observed with the vanadium oxytrichloride catalysed polymers, compared 
to those prepared using vanadium trichloride, may be correlated in some 
way with the differences in particle size. With the smaller particle, it has 
been proved that the types of active site available for polymerization are 
more uniform in activity and environment. 

Reactivity ratios 
These results support the conclusions reached from a consideration of 

the fractionation experiments. The reactivity ratio products were con- 
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sistently smal le r  when the vanad ium oxyt r ich lor ide  ca ta lys t  was used,  
indica t ing  copo lymers  of a more  homogeneous  composi t ion .  I t  is thought  
therefore  tha t  the reduct ion  in values observed  m a y  be cor re la ted  with  
the decrease  in par t ic le  size as well as with the s tructure of the copo lymer  
p roduced .  

I t  will be real ized,  however ,  that  these values are essent ial ly  a mean  of 
the poss ible  values which relate  to each possible  ca ta lys t  site of different 
act ivi ty,  and  that  they cannot  be considered to possess exact ly  the same 
significance as the values ca lcula ted  for  f ree-radical  in i t ia ted systems. I t  is 
for this reason that  no a t t empt  is made  in this paper  to compare  m o n o m e r  
react ivi t ies  in any exact  way. 

Depar tment  of  Chemis try ,  
Universi ty  of  Manches ter  Inst i tute  of  Science and Technology,  

Manches ter  1 
(Rece ived  Augus t  1966) 
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The Polymerization of N-Vinylcarbazole 
by Electron Acceptors 

Part I. Kinetics, Equilibria and Structure of Oligomers 

J. P A c a n d P .  H. PLEsCH 

The kinetics o/ polymerization and the molecular weight o/ the polymers 
formed from N-vinylcarbazole (NVC) by (a) chloranil (Ch) in nitrobenzene; 
(b) tetranitromethane (TNM) in toluene; (c) TNM in nitrobenzene, have been 
studied. Only system (c) gave simple kinetics and was studied in detail. The 
structure of oligomers formed in the presence o/ trans/er agents, and the 
effective formation constants o[ the relevant charge-trans/er complexes were 

also investigated. 

Scoyr eta/ .  1'2 and Ellinger ~ almost simultaneously reported the polymer- 
ization of N-vinylcarbazole (NVC) by organic electron acceptors. Subse- 
quent work with these catalysts, with inorganic electron acceptors, and with 
radical-cation initiators has been mainly concerned with the chemical 
aspects of the polymerization and there is little kinetic or mechanistic 
information 6. 

Part I of this paper contains results of exploratory work; kinetic and 
molecular weight information on the systems: NVC-tetranitromethane, 
(TNM)-toluene, NVC-TNM-nitrobenzene, and NVC-chloranil (Ch)- 
nitrobenzene (NB), determination of the stoichiometry and equilibrium 
constants of some of the complexes which are involved; and structural 
analysis of oligomers made in the presence of transfer agents. Part II 
contains a discussion of the results and our conclusions concerning the 
mechanism of these polymerizations. 

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

N-Vinylcarbazote--NVC was three times recrystallized from hexane, 
dried in vacuo at 30°C for two days (m.pt--65-6°C) and finally dried by 
evacuation in the dilatometer at 10 -4 tort at room temperature for 3 h. In 
one series of experiments the monomer was dried in toluene solution over a 
sodium film under vacuum. The dried solution was tipped into a tipping 
device 7 which was fused to the drying vessel, and the solvent was then 
evaporated off under vacuum, leaving the monomer dry in the phials fused 
to the tipping device. 

Tetranitromethane--TNM was dried over barium oxide and distilled 
in vacuo into phials. Only the middle fraction (50 per cent) was collected. 
From these phials dilute solutions in toluene were prepared by means of a 
tipping device 7. 

Chloranil---Ch was reerystallized from benzene and dried in vacuo at 
50°C. 
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Nitrobenzene--NB was three times recrystallized from itself. About 40 
per cent of the initial amount was collected, dried over barium oxide powder 
(24 h), and then dried and distilled under vacuum as follows. The distilla- 
tion apparatus consisted of three flasks connected by magnetic break-seals 
and a reservoir with a metal valve. NB was placed into the first flask with 
alumina, degassed, and dried overnight, thendistilled into the second flask 
containing freshly baked alumina. The first 10 per cent was collected in a 
third small flask and rejected. The middle 60 per cent was collected in the 
second flask, dried overnight on alumina, and then distilled into the reser- 
voir fitted with a metal valve. The reservoir was finally sealed to the vacuum 
line (Figure 1). The final product was slightly yellow, n~g= 1.5525 and 
K = 8 x 10 -7 mho cm -1. 

Toluene--Toluene was purified conventionally, dried over phosphorus 
pentoxide, and stored in a reservoir attached to the vacuum line under its 
own vapour pressure over a drying agent; phosphorus pentoxide and cal- 
cium hydride gave indistinguishable results. Before use it was degassed and 
refluxed for a few days. 

Acetonitrile---Acetonitrile containing less than 0"05 per cent of water, was 
used without further purification. 

Methanol--Methanol containing 0-1 per cent of water was used without 
further purification. 

Phenyl acetate--Phenyl acetate was washed with aqueous sodium bi- 
carbonate, dried over potassium carbonate, distilled under reduced pressure, 
and the middle fraction (50 per cent) was collected, b.pt 108 °/48 torr. 

Apparatus and technique 
Dilatometry--The required amount of solid catalyst [Ch or trinitro- 

benzene (TNB)] was weighed into a phial which was then sealed to the 
vacuum line. After 2 h of evacuation at 10 -~ torr the required volume of 
toluene was run into the cooled phial from a burette which formed part of 
the vacuum system. The phial was then sealed off. The phials with water 
were prepared by the method described 8. 

Rate measurements were carried out at 34°C in a dilatometer A whose 
construction and mode of operation have been described ~I  (Figure 1); in 
this work, however, dilatometers without electrodes were used. Into the 
charging arm B of the dilatometer were introduced a phial of catalyst and 
one of monomer, or the monomer was weighed in and then evacuated for 
3 h at 10 -4 torr. Then the solvent was run into the charging arm from the 
burette D and the dilatometer assembly was sealed off at C while the solvent 
was frozen. After temperature equilibration in the thermostat, the catalyst 
phial was broken magnetically, the solution was mixed rapidly, tipped into 
the dilatometer bulb, and the whole replaced in the thermostat. Blank 
experiments showed that the level in the capillary became steady after about 
3 min. The change in level of the meniscus in the capillary was followed 
using a cathetometer. The relation between contraction in millimetres and 
conversion was established by weighing the polymer formed. The polymer 
yield and the initial amount of monomer agreed to within two per cent. 
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VaCULI% 
Line 

Figure /--Assembly for filling dilatometer 
(A), with charging arm (B) and nitrobenzene 

reservoir and burette (D) 

ANll ,, nB 

Polymer isolation--The reaction mixture was poured into excess of 
ethanol, the polymer was filtered off, reprecipitated from toluene solution 
by ethanol, and dried in a vacuum oven at 40°C. 

Molecular weight determination--Molecular weights lower than 20 000 
were determined with a Mechrolab vapour pressure osmometer (dioxan 
solution). 

Molecular weights greater than 20 000 were determined from the specific 
viscosity at four concentrations, measured in benzene solution at 25 ° with 
a Craig-Henderson viscometer TM. The molecular weights were calculated 
from Ueberreiter and Springer's equation 13 ['O] =3 '35  x lO-2M °58. 

Spectroscopy--All i.r. absorption spectra were run by conventional 
methods on a Perkin-Elmer model 221 spectrophotometer. 

Ultra-violet and visible spectra were run on a Beckman DB u.v. spectro- 
photometer with 1 cm Pyrex or silica cells. 

The p.m.r, spectra were run on a Perkin-Elmer model R10 spectrometer. 
Because of the insolubility of the polymer in carbon tetrachloride, deutero- 
chloroform had to be used as a solvent. Tetramethylsilane was used as 
internal standard. 

N.B. The concentrations of frequently occurring species are denoted by 
lower-case letters: e.g. m- - [NVC] ,  c =  [catalyst], subscript 0 denotes initial, 
, final values. 

All concentrations are in mole/litre. 
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The figures, tables, equations, structures and references are numbered 
consecutively through the Parts I and II ,  and the references are given at 
the end of Part II. 

E X P L O R A T O R Y  E X P E R I M E H T S  

Quali tat ive  w o r k  
Ellinger h/ts described a whole range of organic electron acceptors as 

catalysts for the pol~nerization of N-vinylcarbazole. Polymerizations in 
toluene solution were generally very slow. Scott used aeetonitrile a s  solvent, 
in which the polymerizations were fast, but the polymer is not soluble. 
Thus, for kinetic measurements one problem was to find a catalyst-solvent 
combination which would give fast and homogeneous polymerization. 
Several polymerizations in three different solvents and with four different 
catalysts were carried out. 

Table  1 shows the results, on the basis of which the following three 
systems were chosen for. kinetic measurements: (a) Ch-NB, (b) T N M -  
toluene, (c) TNM-NB.  

After some kinetic work systems (a) and (b) proved to be too intractable, 
but (c) gave simple kinetics and it was therefore studied in greater detail. 

Table 1. Data for the qualitative exploratory experiments. Monomer 
concentration m0=0-52 M; temperature 60°C 

c o Time Yield 
No. Solvent Catalyst (M) (min) (%) 

1 Toluene - -  - -  100 0 
2 Toluene Ch 4 × 10 -s 240 2 
3 Toluene Sym. TNB 1 x 10 -2 160 Traces 
4 Toluene TCEt 4 x 10 -3 90 60 
5 Toluene TNM 5 × 10 -~ 150 44 
6 E t h y l e n e  - -  - -  100 26 

dichloride 
7 Ethylene - -  --- 100 Traces* 

dichloride 
8 Ethylene Ch 3 x 10 -s 70 Traces* 

dichloride 
9 Nitrobenzene - -  - -  70 0 

10 Nitrobenzene Ch 6 x 10 -s 46 80 
11 Nitrobenzene TNM 5 × 10 -s 50 100 

*Ethylene dichloride treated with barium oxide. 
tTCE denotes tetracranoethylene. 

P O L Y M E R I Z A T I O N  I N  " N B  B Y  C H L O R A N I L  

The  rate o[ po lymer iza t ion  
In order to determine whether there were any catalytic impurities in the 

solvent or on the walls of the dilatometer, observations were always made 
for at least 30 min, before the catalyst phial was broken; no noticeable 
polymerization was found. The results are shown in Table  2. All reactions 
went to completion and the conversion curves gave good first order plots. 
The rate constants k~ defined by the equation 

- d m / d t  = ~ m  (1) 
are in Table 2. 
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Table 2. Polymer izat ion  in N B  cata lysed by Ch; temperature 34°C 

mo 10 s Co 104 k~ 
No. (M) (M) (sec -I) 10 3 Mol. wt 

82 0"139 3"173 3-56 19't 
81 0"186 3-099 5-71 - -  
84 0" 186 2 "970 3 "90 22.6 
80 0'243 3"020 3"63 24"8 
83 0 '314 3-010 3"03 26"0 
87 0"387 3"130 2-65 26"1 
85 0-762 3' 110 1-82 29'6 
88 0 '522 2"950 0-78 - -  
58 0"064 2"020 1 "73 - -  
56 0-123 1 "520 1.76 - -  
52 0"129 1"534 3"08 18"2 
55 0-168 1 '505 2"26 - -  
51 0'263 1 "530 1-68 24"0 
92 0"149 0"894 2'33 - -  
91 0 '189 0"865 1"92 21 "8 
93 0"218 0"924 2"30 - -  

Figure 2 shows the dependence of k~ on m0. The curve has a maximum 
at rn0=0"18 to 0"19. In order to establish the reaction order with respect 
to catalyst, the dependence of k'l o n  m0 at different catalyst concentrations 
was measured. The reason for this was that the position of the maximum 
of the curve in Figure 2 might have depended on the catalyst concentration, 
so that the results obtained at one monomer concentration would have been 
misleading. 

The results in Table 2 and others not included here indicated that the 
rate depends approximately on c~0. Figure 3 shows the dependence of 
~/c~o on m0 for three different values of Co. Unfortunately. the reproduci- 
bility of these measurements was not good and thus the order with respect 
to catalyst is somewhat uncertain. For the same reason the position of the 
maxima in Figure 3 at different catalyst concentrations could not be 
determined with certainty. 

Our many experiments aimed at improving reproducibility had little 

5 

4 

~ 3  // 

/ 

/ 

1 I I I I I 
0.2 0.4 0-6 

mo 

Figure 2 - - S y s t e m  C h - N B .  D e p e n d e n c e  
of  first order rate constant  k" on initial 
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m o n o m e r  concentrat ion  m o at c0=3  X 10 - s  
(Table 2) 
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success. Daylight accelerates the polymerization slightly but the reproduc- 
ibility was not improved by keeping reaction mixtures dark. A white 
deposit, possibly boron oxido (B203), which was occasionally formed when 
the charging arm was sealed off, had a slight retarding effect. Different 
methods of drying the  monomer, such as drying it in toluene solution with 
a sodium mirror,  or evaporation of the toluene solution and subsequent 
evacuation for several hours, or drying the solid monomer under vacuum 
in the dilatometer, had virtually no effect. 

3 

-=2 
O 

1 / /  
/ (a) 

/ 
! I I I I 

0 02 0/~ 
m 0 

Figure 4(a)--System Ch-NB.  Depend- 
ence of molecular weight measured at 
complete conversion on initial monomer 

concentration (Table 2) 

I 
0-6 

8 L 
o 6 ~ . . ~  (b) 

m0 -1 

Figure 4(b)---The First Mayo Plot cor- 
responding to Figure 4(a) 

The molecular weights 
Figure 4(a) shows the increase of the molecular weight at complete 

conversion (if1) with m0 at constant co = 3 x 10 -8. Figure 4(b) shows the First 

Mayo Plot (1/~I versus 1/rno) to be a good straight line. This result implies 
that the propagation is of higher order in monomer than zero and indicates 
a chain transfer reaction which is of lower order in monomer than the 
propagation. The catalyst concentration has no effect on the molecular 
weight (Table 2). 

P O L Y M E R I Z A T I O N  IN T O L U E N E  BY TNM 
This system was studied in order to establish the effect of a solvent of low 
polarity on the polymerization rate and molecular weights. All results 
are in Table 3. 

Table 3. Polymeriza, tion in toluene catalysed by TNM; temperature 34°C 

m o 

NO. (M) 

10~c 0 103(-dm/dt)01 103(-dm/dt)02 m o - m  1 m o - m  ! 

(M) (M rain -1) (M rain -~) (M) (M) 

Mol. wt 

99 0 '525  2"25 4"78 0"69 0"019 0"206 1 920 
100 0 ' 617  5"13 11 '50  2 '60  0"052 0"343 1 960 
101 0"51'5 3"76 7"30 1"35 0'035 0'254 1 610 
102 0"510 6' 12 14"90 3"47 0 '057  0"292 I1650 
103 0"319 3"81 8"73 0 ' 9 6  0"052 0 '205  1 680 
104 0"790 3"55 7"35 2"21 0"025 0"434 1 960 
105 0 592 2"75 6 ' 3 0  1" 13 0"027 0"256 u 
105a 0"336 3"14 5"60 0"18 0"054 0 '083  

m I is  the  m o n o m e r  c o n c e n t r a t i o n  at the end o f  the first,  r ap id ,  phase .  
my is the  m o n o m e r  c o n c e n t r a t i o n  w h e n  the  p o l y m e r i z a t i o n  has  ceased .  

Exp t  105a is a s econd  p o l y m e r i z a t i o n  s t a r t e d  in r e ac t i o n  m i x t u r e  105 wher~ the first p o l y m e r i z a t i o n  h a d  
ceased ,  by  a d d i t i o n  of  a s eco n d  dose  of  ca ta lys t .  
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Figure 5(a)--Conversion curves of poly- 
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Figure 5(b)---Conversion curves of poly- 
merizations in toluene by TNM at con- 

stant c o with varying m o (Table 3) 

The originally dark red colour of the polymerizing solution turned bright 
orange at the end of the incomplete polymerization. This suggests that the 
catalyst is consumed, i.e. a termination reaction. 

Figures 5(a) and (b) show the conversion curves at constant monomer 
concentration with varying catalyst concentration, and at constant catalyst 
concentration with varying monomer concentration. These curves are un- 
usual in that the rate is very high during the first few per cent of conversion 
and then decreases sharply. The polymerizations were always incomplete, 
which also indicates existence of a termination reaction. The initial rate in 
the first phase, -(dm/dt)ol, increases linearly with co and is independent of 
mo (Figure 6); therefore the rate of polymerization during the first phase 
appears to obey the equation 

- (dm/dt)01 = keo (2 )  

The kinetic analysis of the second phase of the polymerization is un- 
certain because, since there is a termination reaction, the catalyst concen- 
tration is unknown after the start of the polymerization. Figures 7 and 8 
indicate that the reaction is of second order with respect to the initial 
catalyst concentration and probably of first order in monomer. 

Figure 6--System TNM-toluene.  
Dependence of initial rate (--dmldt)ol 
in first phase of polymerization on c o 

(Table 3) 
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The other parameters which could be employed in kinetic analysis are 
the conversions during the first and second phases of the polymerization 
and the total conversion (Table 3). The yield in the first phase, (m0-ml), 
increases with co and decreases with rth. The latter result suggests the 
participation of monomer in the termination. The final conversion (m0- ml) 
increases both with m0 and co. These results show that the polymerization 
mechanisms in' the first and second phases are very different and complex. 

~,,b'T 2-0 
/ u c 

I '% 105 
% c ° I~- 99~. , - f  ~ "" 0.5 

'- ~ 105a , , 

0 1 2 3 0 
103 Co 2 

Figure 7--System TNM-toluene .  De- Figure 
pendence of initial rate (--dm[dt~ in 
second phase of polymerization on c ~ 

0 

(Table 3) 

0 
, , ~  ~102 

I ! I I I I I 
02 0-4 (>6 

rn02 

8--System TNM-toluene .  

1 
~8 

Dependence of (--dm/dt)o2ld ° on m o 

at beginning of second phase of poly- 
merization, when m=moa (Table 3) 

These reactions are characterized by a dominant termination reaction. 
In order to find out whether the polymerization stops for lack of catalyst, 
an experiment with a second addition of catalyst was carried out (Table 3, 
expt 105a). The first phase of the second polymerization is not affected by 
the polymer from the first polymerization. Both- (dm/dt )o l  and (rno-ml) 
are consistent with the other experiments. The rate in the second phase 
is much lower than that in the first polymerization. This experiment con- 
firms that catalyst is consumed during polymerization. Molecular weights 
are generally very low compared to those obtained with the other systems 
described here, and they show no obvious dependence on rno or Co (Table 3). 

P O L Y M E R I Z A T I O N  B Y  T N M  I N  N B  
The rate of polymerization 

Preliminary experiments showed that the polymerization of NVC by 
TNM in NB is reasonably reproducible and obeyed simple kinetics and 
therefore it was chosen for a detailed study. All the results are in Table 4. 
Typical conversion curves with and without addition of water are shown 
in Figure 9. After a short acceleration period, both reactions are of first 
order with respect to monomer. The first-order rate constant ~ defined by 
equation (1) depends linearly on the initial catalyst concentration 
(Figure 10), so that 

 =klc0 (3) 

From all experiments the average kl = 11"0 _+ 1M -1 see -1. 
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B e c a u s e  k~ is i n d e p e n d e n t  o f  t he  in i t ia l  m o n o m e r  c o n c e n t r a t i o n  t h e  r a t e  
o f  t he  p o l y m e r i z a t i o n  is g i v e n  by  t h e  f o l l o w i n g  e q u a t i o n  

- d i n / d r =  l l c o m  M -~ sec -~ (4) 

Table 4. Polymerization in NB solution catalysed by T N M ;  temperature 34°C 

mo lm  co lm  ~ k, 10 4 lm  [H~O] [H~O]* 
No. (u) (M) (sec--I) (M -1 sec -~) Mo l .  wt (u) [P]f 

150 0~91 6-28 0.625 9a)5 3"34 
142 0"135 5-74 0"634 114)4 400 
136 0"162 14-17 1.610 11"36 6"37 
135 0-285 14-17 1"535 10"83 7"70 
144 0-339 5-72 0.609 10.64 8-54 
137 0-442 14-16 1"340 9-46 9-30 
139 0"279 4"39 0"597 13"59 - -  
141 0"285 5-73 0"562 9-86 - -  
148 0-280 6-20 0.622 10~)3 6"86 
138 0-291 7"11 0000 12~0 7"25 
140 0"274 10.0 1 "120 11 "14 6-70 
147 0-281 5"75 0-444 7"72 6-80 
149 0-273 6-27 0-426 6"79 4~)1 

4"13 5-15 
8"78 8-10 

The a v e r a ~  k l =  11-0 r z Sec -z. 
*[PII is the conccmZz'afion of m,~xomoleculcs at the end of the pollamerizadon. 

r ~ 1 4 1  

-.~ 
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~ i M t 
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Figure 9(a)---Typical conversion curves 
of polymerizations in IqB by T N M  with 
(149) and without (141) addition of  water 

(Table 4) 
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Figure 9(b)---First order plots of poly- 
merization experiments 149 and 141 

(Table 4) 
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Figure / /--The First Mayo Plot for the DP at 
complete conversion (Table 4) 

The effect of water on kl is not very strong (Expts 147 and 149, 
Table 4). The polymerization rate under these conditions was reduced by 
half at the concentration ratio of water to catalyst [I-IzO]/co = 160 (Table 4). 
This means that the basicity (nucleophilicity) of the monomer and water 
cannot be much different.. 

The molecular weights 

The curve relating the molecular weight at complete conversion, ~1, to 
the monomer concentration is similar to Figure 4(a) and it gives a straight 
First Mayo Plot (Figure 11). This means that at least one of the chain- 
breaking reactions must be of lower order in monomer than the propa- 

gation. PI is independent of the catalyst concentration (Table 4), which 
means that chain breaking reactions with catalyst or catalyst fragments 
are unimportant in this system. 

Finally, the slight decrease of molecular weight with conversion (Table 5) 
suggests that chain breaking by monomer (transfer and /o r  termination) is 
the most important chain-breaking reaction and is of the same order in 
monomer as the propagation. 

Expts 147 and 149 (Table 4) show the slight decrease of the molecular 
weight with water concentration. This fact is in favour of the view that 
chain breaking with monomer is predominant; in other words, the reactivi- 
ties of monomer and water towards an active centre are of comparable 
magnitude. 

Second addition of monomer 
In order to establish whether there is any termination reaction in this 

system, two experiments with second addition of monomer (in toluene 

Table 5. Change of molecular weight with conversion 

m o 105 c o Conversion 
No. (M) (M) (%) 10 -5 Mol. wt 

155 0.444 6"30 20 1"41 
154 0.444 6"24 33 1 "34 
153 0.447 6'22 50 1 "28 
151 0"448 6'24 60 1 '30 
152 0"442 6 "28 79 1' 19 
157 0"442 14'16 100 0'930 
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solution) were carried out. The results in Table 6 show about 50 per cent 
decrease of k~ in the second polymerization. Both second polymerizations 
gave good first order plots. It will be shown below that termination is only 
partly responsible for the lower rate in the second polymerization and that 
the formation of the polymer-catalyst and toluene--catalyst complexes 
plays an important role in this system. 

Table  6. Second addi t ion  o f  m o n o m e r  

tool too2 10 ~ cut lO s cu. " (kl)1 (kt)2 
No.  (M) (M) (M) (M) (M -I  sec -1) 

158 0 '260 0"238 5"50 5"22 10-90 5"40 
159 0'245 0"240 5'42 5"18 9'85 4'23 

The subscripts 01 and 02 denote beginning of first and second polymerizations. 

S T O ' I C H I O M E T R Y  A N D  A S S O C I A T I O N  C O N S T A N T S  O F  

C O M P L E X E S  O F  C A T A L Y S T S  W I T H  M O N O M E R  A N D  

P O L Y M E R  

All the initiation mechanisms which have been put forward for the 
polymerization of NVC by electron acceptor catalysts involve formation of 
a charge transfer complex between monomer (M) and catalyst (C). Under 
favourable conditions this complex might form radical-ion pairs and free 
radical ions. The following equilibria describe the system: 

K1 KII Km 
nlM + r~C \ ~ n3X1 ~ n3(.M+.C -) ~ n3(.M +) + n3('C-) (5) 

It is known that KH and Km for such complexes are comparable with K1 
only for strong electron acceptors and donors in polar solvents 1~. Inevitably 
the magnitude of all equilibrium constants would to a great extent deter- 
mine the initiation mechanism. Moreover, the polymer can also form a 
charge transfer complex with the catalyst 

K2 
n~C+ m P ,  ~n6X~ (6) 

Here, P represents a polymerized monomer unit. If K2 is comparable with 
K1 the complex X~ must be considered in the reaction mechanism, because 
it will alter the concentration xl of the monomer complex X1 in the course 
of polymerization. 

Therefore in the first instance the spectroscopic determination of K1 and 
K2 for the systems studied was considered. However, the determination of 
KI was possible only for TNM in toluene and for Ch in NB, for which the 
rate of polymerization is low and the decrease of monomer concentration 
during the measurement could be neglected. The charge transfer bands 
in the visible region were used for the determination of K1 and Ks. The 
method described by Moore and Anderson is is based on measurements of 
optical densities of the charge transfer band when one of the components 
is in excess and altered and the other is kept constant. 

247 



L PAC and P. I-L PLESCH 

If all the stoichiometric coefficients n are equal to one, the mathematical 
formulation of this method for KI is given by the equation (7). 

cob 1 1 
B -  = Kleme + • (7) 

where D denotes optical density of Xl at wavelength k, • is the eaXinction 
coefficient at )~, and b denotes cell length (can); co, me, pe denote the nominal 
concentrations of catalyst, monomer and monomeric units in polymer. From 
the slope and intercept of the straight line plots according to equation (7) 
K1 and • can be calculated. 

Complexes o/ TNM with monomer and polymer in toluene 
In this system not only the complexes between catalyst and monomer 

and polymer are formed, but also a complex between catalyst and toluene. 
Therefore equation (7) for the calculation of K1 cannot be applied directly, 
but the method can be extended for a system which involves two 1 : 1  
complexes. From the equilibria: 

K1 
M + C .  "Xl (8) 

K5 
T + C .  ":Ks (9) 

if me >> xl and IT] >> me (T denotes toluene), the expression for xl is 

xl = g l i n t / ( 1  + K; + Klm0 (10) 

where Kg =K~[TI. Hence 

be, _ I+K______~ + 1 (11) 
D KlCJHo E 

A similar treatment for the complex X2 gives 

b ~  I + K ;  1 - -  + -  (12) 
D K ~ e  • 

because the conditions me > xl and co > xs are always achieved by the 
formation of the strong catalyst-solvent complex, and therefore xl and x, 
are always very small. Equations (11) and (12) are similar to equation (7) 
and allow calculation of KI/(1 +KO and Ks/(I+K'5). From the first of 
these and equation (10) the value of Xl at any monomer and catalyst con- 
centrations can be ealcolatecL 

All the measurements were carried out at 20°C by the technique described 
at constant co=l~tx 10 -z and m e = 8 x l 0  -~ to 2 x 1 0  -1. For  the catalyst- 
polymer system, p0=3x 10 -~ and co=10 -I to 3x  10 -1. Figure 12 shows the 
absorption spectra of the complexes of TNM with monomer, polymer and 
toluene. The spectra were scanned immediately after mixing in order to 
avoid the error arising from the slow polymerization. The optical densities 
of the charge transfer bands were measured at 520 mp where the absorption 
of the catalyst-toluene ¢x>mplex was negligible. 

The plots according to equations (11) and (12) gave excellent straight lines. 
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Figure 12--Absorption spectra of complexes of 
TNM with toluene (a); polymer (b) and mono- 
mer (c) in toluene solution: (a) co----l-4X 10 -2, 

(b) co=l'4X 10-2; po=3-~ix 10 --+, 
(c) co=1-4X10-2; mo=2XlO -t 

This confirms the supposition that all the stoichiometrie codtieients are 
equal to unity and permits calculation of K1/(I+K's) and K~/(I+K's) 
(Table 7). The absorption maxima of X~ and X2 could not be determined 
because they overlapped with the absorption of Xs. 

Complexes oJ Ch with monomer and polymer and oJ TNM with polymer 
in NB 

These systems, like the previous one, involve two equilibria. But this 
time the second complex is between monomer or  polymer and IfiB (S), 
because this is a (weak) electron accepter. That  there is an interaction is 
shown by the broadening of the absorption of NB on addition of monomer 
or polymer. 

A similar mathematical treatment of this system of equilibria.: 

Kx 
M+C. " Xl 

K, 
M + S .  "X3 

and 

(8) 

03) 

(6) 
K~ 

P + C . .  ~X .  

K, 
P+ s .  - x ,  (14) 

on the supposition that m0 >> xx and p0 >~ x2, leads again to equation (11). 
All the measurements were carried out at 20°C with constant 

c0=1"3 x 10 -2 and variable mo=4 to 8× 10-L The  equilibrium in the 
polymer-catalyst system was measured at constant co=1-3 x 10 -~ and 
variable/70=6 x 10 -~ to 10-1M. 

Figure 13 shows the absorption spectra of the complexes X1 and X~ 
and the spectrum of Ch. The optical densities of the charge transfer bands 
were measured at 500 and 540 mFt and corrected for the weak absorption 
of Ch and of the complexes of NB with monomer and polymer. All the 
plots gave excellent straight lines and their linearity again confirms the 
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Figure 13--Absorption spectra of Ch and of 
the complexes of Ch with polymer and mono- 
mer in NB: (a) c0= 1'3 x 10 -3, (b) c0=1"3 x 10-3; 
P0=9×10 -z, (c) c0=1'3x10-3; m0=4Xl0-Z 

assumed stoichiometry of the complexes. Table 7 gives the calculated values 
of K1/(1 + K~) and K2/(1 + K~), where K~ = K3[S] and K~ = K,[S]. 

The association constant of the complex of T N M  with polymer was 
measured at c0=3-9 x 10-3M and p0=8 x 10 -2 to 1"7 x 10-~M. The linearity 
of the plot confirms that the complex is 1 : 1. 

The absorption maxima of Xt and X2 could not be determined because 
they overlapped with absorptions of X3 or X4. 

Spectra of charge transfer complex between Ch and monomer in acetonitrile 
and acetonitrile-water mixtures 

It is known that N,N'-tetramethyl-p-phenylenediamine and Ch form a 
charge transfer complex which in a polar solvent, like acetonitrile, disso- 
ciates to radical ions. The absorptions at 422 m/z (e= 10 s) and at 448 m/z 
(e = 1 "5 x 103) were attributed to the relatively stable Ch radical anion 1~. The 
known absorption of the Ch radical anion offered the opportunity to see 
whether the charge transfer complex of NVC and Ch under the same 
conditions gives rise to radical ions. 

The spectrum showed the absorption of the charge transfer complex 
(h . . . .  =488 m/z), but no absorption of radical ions. On the addition of ten 

Table 7. The 'effective' association constants of complexes of catalysts with 
monomer and polymer; temperature 20°C 

Donor TNM TNM Ch Ch TNM 
Acceptor monomer polymer monomer polymer polymer 
Solvent T T NB NB NB 

h (mp.) 520 520 500 540 540 
• (1. / mole em) 500 714 330 232 92 
K~/(1 +K~) 0"19 
K J ( I + K') 0'09 
K~/(I +K@ 2"52 
KJ(1 + K )  1"14 0"45 
g,~= x s tsL K~ = K~ [sL K,  = K m. 
T N M .  Ch, T and N B  denote tetrani tromethane,  chloranil ,  toluene and nitrobenzeoe.  The  values o f  
a s s o c i a t i o n  constants are expressed in (L/mole) .  
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per cent of water to the acetonitrile, the absorption at 488 m/z was strongly 
enhanced and a poorly resolved peak at 448 m/z appeared (radical anion). 
With 20 per cent of water this peak at 448 m/x was quite clear, and after 
15 minutes the charge transfer band had decreased and the peak at 448 m/z 
had become more prominent. This is a very important phenomenon for the 
initiation reaction because it indicates that if the monomer radical cation is 
the iniating species, the rate of initiation will be very low. The approximate 
estimation of the radical anion concentration in the experiments described 
by means of Foster's value 14 for the extinction coefficient gives a value of 
3 x 10 -6 to 3 x 10 -6 M. These results show that there is a reasonable possi- 
bility of radical ion formation in polar solvents like NB but the 
concentration should be expected to be very low. 

P R E P A R A T I O N  AND S T R U C T U R E  OF O L I G O M E R S  
Oligomers prepared in acetonitrile 

Since end group analysis is very useful for the diagnosis of polymerization 
mechanism, we aimed at preparing oligomers from NVC on which quanti- 
tative end group analysis would be possible. After a few polymerizations in 
NB with TNM in the presence of suitable chain-transfer agents NB had 
to be abandoned, because oligomers could not be precipitated with ethanol, 
and precipitation by ethanol-water (1:1)  mixture always yielded an in- 
tractable emulsion. Therefore we selected acetonitrile as an alternative 
solvent of high polarity and reasonable water solubility. The next problem 
was the choice of a transfer agent which would produce easily determinable 
end groups. After a number of experiments with esters (ethyl, benzyl, 
phenyl acetates), methanol and water, only the last two compounds were 
found to be sufficiently reactive at low concentrations to produce oligomers 
with two to five units. Phenyl acetate was the most reactive of the esters, 
but very high concentrations had to be used to obtain pentamer. 

All the polymerizations with methanol were carried out at room tem- 
perature in the dark with m~=0.43, [ T N M ] - ' 8 x l 0  -3 to 5 x 1 0  -I, and 
[MeOH] =0"3 to 1"0. The oligomers were precipitated and re-precipitated 
with 50 per cent methanol-water mixture, and dried at room temperature 
under vacuum for at least five hours. Even after the re-precipitation the 
oligomers still contained some complexed TNM. 9-(l'-Methoxyethyl)- 
carbazole, which was required as a reference compound, was prepared by 
addition of TNM to a solution of NVC in methanol and was isolated by 
precipitation with water. 

A quantitative analysis for CH3 end groups by p.m.r, spectroscopy, and 
for OCH3 end groups by i.r. spectroscopy on oligomers of DP between one 
and five showed that each molecule contained one end group of each kind, 
so that they have the expected structure (A) 

CH~CHNR2--[CH2CHNR2],---OCH3 (A) 

where NR~ denotes carbazyl. The same end groups, in the same proportions, 
were found in similarly prepared oligomers when 2 x 10 -8 M Ch or 5 × 10 -~ M 
hydrochloric acid were used as catalysts. 

Polymerization by TNM in acetonitrile in the presence of phenyl acetate 
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MECHANISM 

THE phenomenology of the polymerizations set out in Part I suggests that 
the complex between monomer and catalyst is the primary species involved 
in the initiation reaction. Consequently one needs to consider whether the 
propagating species itself is of the same kind, or whether it is a radical- 
cation formed by dissociation of the complex, or whether it is a radical 
or a cation. We will show that all our evidence is compatible with a cation 
being the propagating species and that some of it, at least, is not compatible 
with any of the alternative theories; this applies particularly to the polymer- 
izations by TNM in NB, to which system the discussion in this section is 
essentially confined. 

The initiation 
The concentration xx of the complex Xx between TNM and NVC cannot 

be calculated precisely because we could not measure KI/(I + K'3) for this 
system. However, the information in Table 7 allows us to estimate that it 
will be of the order of unity, so that Xl will be of the order of magnitude of 
C,, but smaller. 

From the results obtained concerning formation of the Ch radical anion 
in acetonitrile from Ch and NVC we may infer the formation of radical- 
cations and -anions also from TNM and NVC in NB. A direct spectroscopic 
check on this inference was not possible because of the overlapping of 
spectra. The analogy with the Ch-acetonitrile system also suggests that the 
ionogenic dissociation of the TNM-NVC complex will be similarly slow. 
Others s,~6 have recorded that very similar dissociations are also quite slow, 
and an explanation of the slowness of these dissociations has been given 1~. 

The most probable fate of the radical cations thus formed is that possibly 
before, and certainly after, the first propagation step the radical function 
becomes inactivated by reaction with excess catalyst, which is a well-known 
radical trap; thereafter the cation sets off a normal cationic propagation 
reaction. Combination of radicals to give a bi-cation growing by amphi- 
bainic* propagation is very unlikely in view of the great excess of catalyst 
over growing ends. The structures of the oligomers formed in the presence 
of transfer agents are those which would be expected for propagation by a 
cation, and it will be shown below that they are not easily, if at all, 
compatible with other types of propagation. A purely cationic propagation 
is further supported by the identical resuRs obtained in transfer experi- 
ments with the catalysts TNM, Ch and hydrochloric acid. Our view of the 
initiation is therefore formulated thus (C denotes catalys0: 

K1 
N V C + C ,  ~ X~ established rapidly (15) 

k, 
X~--- ~ NVC'++ C "- slow (16) 

• + NVC'+ + NVC---+ (NVC)2 fast (17) 
• + "(NVC)++C ~. C(NVC)2 fast (18) 

~'Amphibainie means going both ways.  
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Reaction (16) is rate determining; reaction (18) represents the inactivation 
of the radical function by the excess catalyst. 

Propagation and chain breaking reactions 
The molecular weight measurements lead to the following conclusions 

concerning the propagation and chain breaking reactions: 
(a) Neither the catalyst, nor any species whose concentration is proportional 

to that of the catalyst, takes any part in chain breaking reactions. 
(b) The chain breaking with monomer is the predominant reaction, and it 

must be of the same order in monomer as the propagation. 
(c) One of the chain breaking reactions must be of lower order in monomer 

than the propagation. 
Because of the manner in which the molecular weight increases with rn0, 

the propagation cannot be of zero order in monomer aS, and therefore we 
conclude that propagation is of first order in monomer. It follows from (b) 
that the transfer and/or termination with monomer must be of the same 
order~ Termination by mohomer must be relatively unimportant because all 
the polymerizations were complete and did not show any noticeable de- 
celeration at higher conversion. On the other hand, under the usual poly- 
merization conditions the concentration of polymer at the end of the reaction 
is about five times higher than co and therefore monomer transfer must be 
faster than termination. Also, we will show below that in the experiments 
with a second addition of monomer only 10 to 20 per cent of the decrease 
of the rate can be attributed to the loss of catalyst during the first polymer- 
ization. 

Conclusion (c) suggests some chain breaking reactions other than with 
monomer, e.g. impurities in the solvent or with" water. However, one 
characteristic feature of these polymerizatiolas is that the monomer seems 
to be the most basic substance in the system and therefore the transfer 
even with water is relatively unimportant; as will be shown later, consump- 
tion of water is so slow that the water concentration can be considered to 
be virtually constant throughout the reaction. The chemistry of the propaga- 
tion and chain breaking reactions can be written as follows (NR~ denotes 
carbazyl) : 

Propagation: 
+. k~ + 
CHNR2 + CH2=CHNR~ ~ ----CHNR2CH.CHNR~ (19) 

Monomer transler: 
Either: 

+ k,. 
--CHNRr--CH2--CHNR2 + CH~---CHNR2 

+ 

--CHNRz---CH=CHNR2 + CH3--CHNR~ (20a) 

Or: + km 
--CHNR2--CHz--CHNR2 + CH~----CHNR2. > 

-4- ~r 

--CH.~CHNR2--C~I"Is---N'CH=CH~ > 

--CH2CHNRr-C~2HT--NCH--CH,+ CH3CHNR~ • (20b) 
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M o n o m e r  termination: 
CH~---CH2 

+ k,~, I 
---CHNR2 + CH~--CHNR~ > ---CHNRr--NR2 

+ 

Transfer with water: 

+ k .  
--CHNR2 + H20 ---->- + ~ + 

--CH(NR2)OH~ > ---CH(NR2)OH + CH~CHNR2 

(2l) 

Whatever the actual charge distribution in the species (---CH2CHNR2) + 
may be, the regular structure of the polymer indicates that it reacts as if 
the charge were located at Ca. 

Because of the high DP of the polymers, we have no evidence to indicate 
whether monomer transfer takes place by proton transfer from growing ion 
to monomer (20a), or by ring alkylation and subsequent proton transfer 
from the alkylated ring to monomer (20b). 

The termination by monomer has been written as a quaternization be- 
cause we found that this does occur in toluene solution and in the absence 
of evidence to the contrary it seems a reasonable extrapolation to assume 
its occurrence also in this system. 

The mechanism of the transfer with water has been represented conven- 
tionally. It must be regarded as tentative, because we were unable to obtain 
clear evidence on the nature of the end groups formed in the presence of 
large amounts of water. 

THE MOLECULAR WEIGHT 
The mathematical formulation will involve the following 
addition to those used previously: 

k,~ 
kra~ 

kz 
k~ 

Vt 
7'  

m + 

Z 

Rate constant of propagation 
Rate constant of monomer transfer 
Rate constant of monomer termination 
Rate constant of transfer with impurities Z 
Rate constant of transfer with water 
Rate of propagation 
Total rate of chain breaking 

symbols, in 

Degree of polymerization of the polymer formed at time t 

Degree of polymerization up to the time t 

Degree of polymerization at complete conversion 
Total concentration of growing chains 
Concentration of unknown impurities Z 

The rate of 

Therefore 

the propagation and chain breaking reactions is given by: 

Vp = k~m+ m 

Vt = (k,~ + kmt)m+m + kzm+z 

P = kpm/[(k,,, + kmOm + kzz] 
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The expression for the measurable P at time t is given by 

P-- S dm/ ~ dm/P (25) 

If z is constant, the combination of equations (24) and (25) and integra- 
tion from rno to m gives 

1 km+ kmt krk~z 1 [ k.z + (kin + kmt + kp)m I 
p k,+ + kmt + kp + (k,~ + kmt + kp) 3 x - -  x In = " m-m0  [ k-~--~ (k,~ + k.+ + k . ~  J 

(26) 

Equation (26) describes the change of P with conversion. If P is high enough 

and the m at which P is measured not too low, the following simplifications 
can be made: 

k, >> k,, + k,~ and kdn >> k,z 

These conditions prevail in the experiments from which the dependence 

of molecular weight on conversion was obtained, since ~ ~ 600 and 
m >>0"05. 

Therefore equation (26) can be simplified to 

1 = km+ k,~t k+z 1 In m0 (27) 
k------~ + k'--~ m+-------'-m m 

The intercept and slope of the corresponding plot (Figure 14) give 
(k,++krat)/kr= 1.16x 10 -3 and k~z/k~= 1-0x 10 -+ mole/l., which show that 
the chain breaking with monomer is dominant. The fact that a straight 
line was obtained confirms the suggested chain breaking mechanisms. The 
term k~z/kr should be considered as describing a transfer with substances 
whose concentrations are practically constant throughout the reaction, of 
which water is an example. Equation (27) also allows determination of 

the initial degree of polymerization P0 =P0, because 

lim [In (m/mo)/(m - m0)] = 1/m0 (28) 
.m --> r% 

so that 1/~0 can be determined as indicated in Figure 14. 
It has been shown that in fact the molecular weights obtained at complete 

conversion (P1) give straight line Mayo plots [Figures 4(b) and 111, although 

such plots are strictly valid only for 1/~0 or 1/P. This can be understood 
from equation (29) which is derived from equation (26) by means of the 
assumptions that: 

k~ >> k,~ + k,~t and k.mo >> k~z 

'~ 2-0~ 

~, r5 ~ ' - - ' - - ' ~ -  Figure 1 4 - - T h e  p lo t  ac- 
1.0 F t , lira° I t co rd ing  to  e q u a t i o n  (27) 

0 I 2 3 4 

( 2.3 tog mo/rn)/(m O- ro) 
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and the condition that rn = 0 (complete conversion). 

1 k. ,+ k,.t k.z 1 k,z In - -  (29) 
p~ k. kp m0 kpm0 

The change of 1~too with m0 is much greater than the change of its 
logarithm and therefore the weight of the logarithmic term is small com- 
pared to l/m0, so that equation (29) approaches a linear function for 
moderate changes of m~. 

"7 

0 
/ /  

I I I I I • I I I 

2 5 8 
kz z kzz 

.korn ° X2"3 log k ~  ° 

Figure 15--The plot according to 
equation (29) 

Since we know kzz/kp--10 -4, the logarithmic term in equation (29) can 

be calculated and so the results obtained from ~1 can be tested. The plot 

of 1/~i against (k~z/k~mo)ln(k~z/kpmo) should give a straight line with slope 
unity and intercept (kin + k,,,t)/k~ = 1-16 x 10 -~. Figure 15 shows that the slope 
is 0"7 and the intercept is 0'88 x 10 -s. That these values are slightly lower 
than those given above is easily explained, because viseometric instead of 

number-average molecular weights were used to calculate Pt. Owing to the 
fact that the molecular weight decreases only slightly up to 80 per cent 
conversion, the distribution of the molecular weights up to that point is 
quite narrow and therefore the viscometric molecular weight is close to 
the number-average molecular weight. The larger decrease of molecular 
weight in the last 20 per cent of conversion widens the distribution, so 
that at complete conversion the viscometric molecular weight is higher than 

the number-average molecular weight, and so 1/PI will be lower. Therefore, 

at lower m0 lower values of 1/Pj are obtained, which explains the lower 
values of the intercept and slope in this plot. Thus the chain-breaking 
coefficients calculated from equation (28) are more accurate. 

The assumption that z is constant throughout the reaction can be shown 
to be valid with the example of transfer by water. The results in Table 4 
show that at the end of the polymerization the concentration of macro- 
molecules is at the most one fifth of the initial water concentration and, 
because the monomer transfer is about ten times faster than any other 
transfer in the system, the water concentration can be considered to be 
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constant. The slight decrease in the rate of polymerization at comparatively 
high concentrations of water (UP to 10 -2 mole/l) can be explained by the 
formation of less active H30 + ions. 

The results of our experiments with transfer agents would, in principle, 
allow us to calculate transfer coefficients. We have not done this because 
in our method of isolating the oligomers always some dimer, and possibly 

trimer, was lost, and thus the P values we obtained are not kinetically 
meaningful. 

K IN ETICS  OF POLYMERIZATION IN NB 
In the foregoing we concluded that most probably initiation is by radical 
cations, and therefore the following equilibria (each of which has been 
discussed before) have to be considered for an analysis of the kinetics: 

K1 
M + C . .  "Xl  (8) 

K2 
P + C .  " x~ (6) 

K3 
M + S  ~ X3 (13) 

K~ 
P + S ,  ~X4 (14) 

Ks 
T + C ~ X5 (9) 

where the nomenclature is as in Part I. Xs is included, because the poly- 
merizations were carried out in mixtures of NB and toluene (9 : 1) and 
TNM and Ch are known to form complexes with toluene. 

From this set of equilibria, supposing that xl<rn0; x4"~ IS] and 
x~ < [T], which are true under polymerizing conditions because m0 >> co, 
[S] >> Co and [T] >> co, the concentration x~ of X~ can be calculated as 

xl=mcoK(m) (30) 
where 

K~ / [  K,m K2(mo- m)] 
K(m) = ~ , L  1 + K; + 1 + K------~ + i T ~  ] 

m is the total concentration of complexed and uncomplexed monomer which 
has not yet polymerized and K'~ = K3[S], K] = K4[S], K's = Ks[T]. 

The formation of radical cations is given by equation (16). Ion pairs 
axe not considered because of the low concentration of active centres and 
the high polarity of the solvent. It has been pointed out earlier that reaction 
(16) is expected to be slow and therefore the concentration of active eentres 
would increase in the course of the polymerization. The result of that would 
be a non-stationary polymerization, if there were no termination. The 
experimental results showed that there is indeed always a short acceleration, 
but that thereafter the overall reaction is described by equation (31). 

- d m  / d t  = k l com (31) 
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and the propagation was found to be of first order in monomer, so that 

- d m / d t  = kpm+m (32) 

These two equations are valid simultaneously only if m + is constant and 
directly proportional to co. These conditions would be fulfilled if reaction 
(16) were: 
either finished within the first part of the polymerization which must show 

an acceleration; then we would have m+=c0; and there could be no 
termination (stationary state of the Second Kind); 

or very slow, and a constant m + maintained by a termination reaction 
(stationary state of the First Kind). 

According to Scott an equimolar mixture of hydrochloric acid and 
diethyl hydrogen phosphate at a concentration of 10 -7 causes noticeable 
polymerization in a few minutes in acetonitdle. Therefore, the first 
alternative does not seem to be reasonable, because in this ease the con- 
centration of active centres m+=c0 would be of the order of 10 -4 for the 
experiments with TNM and 10 -~ for those with Ch, the polymerization 
would be practically instantaneous, and the rate constants would be the 
same. Moreover, it has been shown above that the ionogenic dissociation 
of the NVC-acceptor complexes is very slow, and therefore the first 
alternative can be ruled out. 

Furthermore, from the experiments with a second addition of monomer 
(Table 6) it can be shown that in this system a termination does exist. 
In both experiments the rate constant (kl)2 of the second polymerization 
was about half of the (ki)1 in the first polymerization. According to 
equation (16) this means that xl must have been reduced by half 
as well. From equation (30) it would be possible to estimate (xl)t and 
(x02 at the beginning of the first and second polymerizations if all asso- 
ciation constants were known. But from the analogy with Ch (Table 7) the 
value of Ka/(I+K'~) for TNM is expected to be about two. From the 
literature a9 K5 is also known to be about two, and Kz/(1 + K',) was found to 
be 0"45 l./mole. Table 8 shows the calculated ratio (xl)2/(xOa~0"7, i.e. the 
decrease in rate calculated in this way is much less than was found 
experimentally (0"43 and 0-49). The most unfavourable case, producing the 

Table  8. Polymer i za t ions  with second  addi t ion  of  m o n o m e r  and  change  o f  x 1 

10 ~ (Co) 1 10 ~ (Co) 2 (mo)l (mo) 2 [T] 1 
No. (M) (M) (M) (M) (M) 

158 5"50 5"22 0"260 0"238 0'81 
159 5"42 5"18 0"245 0"240 0"80 

[T]2 (xl)2" (xl)2t (kl)2~ 
(M) 10 6 (xt) 1 10 6 (Xl) 2 (X~) 1 (XI) t (k~) 1 

(M) (M) 

1 "24 9"11 6'09 0"68 0"57 0"49 
1 "22 8"58 6"16 0"71 0"62 0"43 

*Calculated from equation (30). 
tCalculated for the case K 5 >~ K1/(I+K~)+K2/(I+K~). 

:t Experimental. 
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lowest value of this ratio, would be that in which the decrease of xl were 
caused only by the toluene which is added with the monomer in the second 
addition. In this case Ks would be much greater than K1/ ( I+K'3)+ 
K~/(1 +K'4). The calculation (Table 8) shows that then (xl)~/(xl)t would be 
about 0"60. Therefore the ca. 46 per cent decrease in the rate of the second 
polymerization cannot be attributed only to the formation of complexes 
X2 and X5 and the difference must be attributed to a termination reaction 
which can consume about 10 to 20 per cent of the catalyst used. Such a 
termination reaction is important from the kinetic point of view, but would 
not have a noticeable effect on the molecular weight, which is largely 
controlled by monomer transfer. 

The equation for the rate of formation o~ propagating cations can now 
be written as 

d['NVC +] / dt =dm + / dt = k, xl - k , , m + m  (33) 

Because of the known decrease of co during the polymerization, co in 
equation (30) has to be rei~laced by c0(1-/3), where/3 is the relative decrease 
of co. If the steady state assumption is applied to equation (33), and the 
resultant value for m + is combined with the reformulated equation (30) to 
eliminate xl, we obtain 

m + = k ,co(1- /3 )K(m) /k .~  (34) 

and therefore the overall rate of polymerization is given by 

- d m  / dt = k,k,com(1 - / 3 ) K ( m )  / kmt (35) 

Equation (35) would agree with the experimental equation (31) if the term 

(1 -/3)K(rn) (36) 

could be proved to be (approximately) constant throughout the reaction. 
This can be done by estimating the value of this term at the beginning 
and at the end of the polymerization, because/3 is known at these points. 
Taking a 20 per cent loss of catalyst (/3 = 0"2) at the end of the reaction, 
and m0=0"3, K 1 / ( I + K ' 3 ) = K s = 2  and K 2 / ( l + K ' , ) = 0 " 4 5  L/mole, the cal- 
culated decrease of the term (36) at the end of the polymerization is eight 
per cent, so that it can indeed be regarded as constant. 

Finally, the comparison of equation (35) with the experimental equation 
(31) shows that the rate constant k~ is given by 

kt = k ~ ( 1  - ~)K(m)  ] I¢~ (37) 
and both equations show the same dependence on co and m, which confirms 
the mechanism suggested for the polymerization by TNM in NB solution. 

The polymerization catalysed by Ch showed some similarity with the 
system discussed. The reaction is internally of first order and gave the same 
relationship between molecular weight and initial monomer concentration 
[Figures 4(a) and 4(b)]. But externally (as far as the poor reproducibility 
permits conclusions) it exhibited a maximum in the dependence of k] on 
rno (Figures 2 and 3). The reaction order in catalyst is very uncertain and 
therefore further discussion of the mechanism would not be justified at 
this stage. 
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D I S C U S S I O N  O F  A L T E R N A T I V E  M E C H A N I S M S  

Scott e t a / .  1 took the view that the reactions here under discussion are 
initiated by radical-cations of the Wurster type--with which we agree. 
However, they regarded the propagating species as of the same type, with 
no separation of radical and cationic functions but they did not formulate 
this suggestion in detail. The only way of representing the chemistry of 
such a propagation involves a 1-3 hydrogen shift 

+ + 

CH~CHNR2 + CH2: CHNR2. > CH3CHNR2CHCHNR.~ 

The reaction of the resultant species with a transfer agent such as phenyl 
acetate would presumably lead to 1,2-addition of the fragments of the 
transfer agent--which is contrary to our results. 

These authors also argued that, because NVC could be polymerized in 
styrene or acrylonitrile (catalyst not stated!) without these monomers being 
affected, therefore radicals as such must be absent. However, this is 
invalid because all the organic catalysts considered in this context are well 
known radical traps and would sequester the radical function rapidly. 

We conclude that propagation by radical-cations is very unlikely in these 
systems. 

The reaction mechanism put forward by EllingeP'5 involves the complex 
between NVC and the electron acceptor as initiating species, and represents 
the propagation as a reaction of a complexed terminal double bond with a 
complexed monomer molecule. This scheme, like that of Scott et al., 
involves a 1-3 hydrogen shift 

2(CH2 : CHNR2, C) > CH3CHNR2CH--CHNR2, C + C 

Whilst it is remotely possible that some such mechanism applies in some 
of the systems studied by Ellinger, it is evidently at variance with the 
results obtained by us: (a) because of our results on transfer by phenyl 
acetate; (b) because it is incompatible with the kinetics which we found. 

Nomori et al? favour the view that in the polymerization of NVC by Ch 
in acetonitrile the propagation involves reaction of a terminal complex 
with uncomplexed monomers. They do not specify details of their theory 
and it can he ruled out on the same grounds as those of Scott and of 
Ellinger. Comparison of their so-called calculation of the association con- 
stant of carbazole and C'h in toluene and in acetonitrile, with our similar 
studies, shows that their neglect of the interaction of Ch with toluene, and 
of NVC with acetonitrile, invalidates their results. Furthermore, their 
comparison of polymerization rate in toluene and in acetonitrile is of small 
utility without evidence that the kinetics of the reactions are  the same-- 
which, on the basis of our results, seems unlikely. 

In conclusion, we maintain that there is no evidence from other workers 
which is incompatible with our view that in the systems studied by us 
the propagation is conventionally cationic, and that, at least for the 
reactions catalysed by TNM in NB, one is dealing with a kinetic situation 
closely similar to that in conventional radical reactions: slow initiation, 
balanced by a termination which maintains a (nearly) constant, very small, 
concentration of rapidly growing centres. However, aware of the dangers 
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of generalizations in this field, we claim no wide validity for our  views at  
present and advise that each system be investigated fully before mechanist ic  
conclusions are drawn. 
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The Coil Dimensions of Poly(olefin 
sulphone)s III Poly(hexene-1 sulphone) 
in Dioxan, Benzene and Mixed Solvents 

T. W. BATES and K. J. IVlN* 

The viscosity~molecular weight relation /or poly(hexene-1 sulphone) /ractions 
in a dioxan-n-hexane O-mixture was found to be [~]o=KoM~=6"5×lO-2M~ 

ml g-1 (0=20.5oc). Viscosity measurements have also been made in benzene- 
cyclohexane non-O-mixtures and in the two good solvents benzene and dioxan 
at 25°C. For the benzene-cyclohexane mixtures K o was [ound to be 
(6"6 +0"2)× 10 -2 ml g-a by means o / t he  Flory-Fox-SchaeJgen and Stockmayer- 
Fixman extrapolation methods. The polymer thus has the same unperturbed 
dimensions in both dioxan-n-hexane and benzene-cyclohexane mixtures, 
(r~)/nl  z being 6"75+0"14. This is some 15 per cent greater than that ]ound /or 

the O-mixtures methyl ethyl ketone-isopropanol and methyl ethyl ketone- 
n-hexane. 

THE following abbreviations will be used in this paper : 

PHS poly(hexene-1 sulphone) IPA isopropanol 
MEK methyl ethyl ketone HEX n-hexane 
BENZ benzene CHEX cyclohexane 
DIOX dioxan 

Previous results indicate that (~) ,  the mean square unperturbed end-to- 
end distance in PHS, depends on the nature of the 0-solvent 1. Viscosity 
measurements show that the chain is rather more extended in the 0-solvent 
n-hexyl chloride than in either the 0-mixtures MEK-IPA or M E K - H E X  1'z. 

In order to investigate this effect further, and at the same time to obtain 
data for correlation with dipole moment measurements, these investigations 
have now been extended to the following solvents: DIOX, BENZ, and 
DIOX-HEX and BENZ-CHEX mixtures. The mixtures were chosen to 
be non-polar and of low dielectric constant. 

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

The fractions were the same as those previously employed 1,2, Mw/M, 
being 1-13+0'02, and limiting viscosity numbers were determined in the 
usual way. 

The 0-temperature for PHS in a 40-60 DIOX-HEX mixture (vol./vol. at 
25 °) was determined as 20-5°+ 1-0°C from liquid-liquid phase separation 
temperatures as previously described 1,2. This method was found to be in- 
applicable to BENZ-HEX mixtures because solid, not liquid, separated on 
cooling. 

*Department of Claemistry, The Queen's University of Belfast. 
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2"4 

2"0 

0 

1"2- 

4.'8' 
I I [ _ 

5-2 5.6 6.0 
tog/~n 

Figure /--Limiting viscosity 
numbers of PHS fractions in 
various solvents: ~, BENZ 
250; E), DIOX 25°C; e, 43-57 
BENZ--CHEX 25°C; tD, 40-60 
DIOX-HEX 20"5°C; O, 35-65 

BENZ-CHEX 25"C 

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

The viscosity results  are shown in Figure 1 and the parameters in the 
equation [ ~ ] - - K M  a are summarized in Table 1, along with the Huggins's 

Table 1. Viscosity parameters for PHS in various solvents. Molecular weight range: 
92 000 to 1 066 000 

Solvent T, k', IO~K, 
(vol./vol. at 25 °) *C mean ml g-1 

40--60 DIOX-HEX 20"5" 0"57 _+ 0"09 6"5 0"50 
35-65 BENZ-CHEX 25 1"36_+0"15 3'4 0-56 
43-57 BENZ-CHEX 25 0"96_+0"15 1"7 0"63 
BENZ 25 0"39_+ 0"04 0"89 0"70 
DIOX 25 0'37 _+ 0"05 0"62 0'76 

*O-temperature. 

k" values. I t  will be noted that addition of cyclohexane to benzene causes a 
to fall from 0"70 in pure benzene to 0-56 in 35-65 B E N Z - C H E X .  How- 
ever, further decrease in the solvent power, either by lowering the tempera- 
ture to 13°C or by increasing the proportion of cyclohexane to 66 per cent 
at 25°C, resulted in phase separation for concentrations greater than about 
0.3 per cent. I t  thus appears that 0 conditions are physically unattainable 
in this mixture, which is probably connected with the separation of solid 
rather than a second liquid phase on cooling. 

Ko corresponding to [~q]o/M~ for a 0-solvent is given directly for 40--60 
D I O X - H E X  as 6"5 x 10-2mlg -I (Table 1). For the other solvents the 
extrapolation procedures of Flory, Fox and Schaefgen 4 (FFS) or Stockmayer 
and Fixman ~'6 (SF) were tired. These are shown in Figures 2 and 3 respec- 
tively, the intercept at M = 0  being KO in both cases. The earlier results 
using other solvents are also included and the K0 values summarized in 
Table 2. The extrapolation methods appear  not to be reliable for benzene 
and dioxan, but satisfactory for B E N Z - C H E X  in that both methods give 
the same answer. The discordant values for n-hexyl chloride in Table I are 
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THE COIL DIMENSIONs OF POLY(OLEFIN SULPblONE)s 111[ 
due to the anomaly previously 

discussion, noted~ and wilI be omitted from the present 

I 

0"75 

0,29 

.j.1 
Q 

a 

8-------'-----/-- 

e~trapolation of limiting viscosit n 
bers for pu~  . Y urn- 
@, /3 /O--"~  tractions: 
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THE COIL DIMENSIONS OF POLY(OLEFIN SULPHONE)S III 

The so-called characteristic ratio 7, (r~>lnt 2, for the polymer chain has 
been calculated from the Flory 3 relationship, K o = ~  ((~>/M) 3/2, taking 
as the experimental value 8 2.5 x 1023 and n/2 as z(~._c+2F~._s) where z is 
the degree of polymerization, Ic~= 1.54A and lc_s= 1-82 A. The results 
are shown in Table 2 together with the parameter cr expressing (~>~ 
relative to the value for free rotation, assuming tetrahedral valence angles. 

It  may be seen that PHS has the same unperturbed dimensions in D I O X -  
H E X  and B E N Z - C H E X  mixtures, but that in these solvents cr is some 
seven per cent greater than in M E K - I P A  or M E K - H E X  mixtures. This 
difference appears to be well outside the experimental error and supports 
the suggestion ~ that the conformation in the 0-mixture is determined pri- 
marily by the polarity of the solvent component of the mixture as a result 
of preferential attraction by the polymer molecules. Such effects have re- 
cently been established for other polymers 9-~2. I t  is difficult to relate the 
magnitude of (r~>/nl 2 to some property of the solvent medium, particularly 
for a ternary system of the type polymer-solvent-non-solvent.  The correla- 
tion with the dielectric constant E1 of the solvent component (Table 2) may 
be accidental. However, it is worth noting that models show that rotations 
from the trans conformation about the C - - C  bond in PHS place adjacent 
sulphone groups in close proximity, resulting in severe steric and dipolar 
repulsions. In solvent mixtures containing a polar component the dipolar 
repulsions will be reduced so that a higher proportion of gauche conforma- 
tions about the C ~  bond may be allowed, hence reducing (r2>/nl 2. 

T.W.B. thanks the University of Leeds ]or a postgraduate studentship. 

Department o] Physical Chemistry, 
University o] Leeds 

(Received September 1966) 
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Communication 

A Method for the Determination of Number Average 
Molecular Weights of Linear Polymers less than 5 000 

THE determination of low number average molecular weights of linear 
polymers in the region 500 to 5 000 presents considerable difficulties. The 
methods usually employed involve either one or other of the colligative 
properties of polymer solutions or quantitative assay of the end-group 
content of the polymer. It has been shown 1 that at constant temperature 
the density of a linear polymer in the liquid or liquid-like state is deter- 
mined by the weight fraction of end-groups and in principle, therefore, a 
determination of the density enables the number average molecular weight 
to be calculated. The appropriate equation is 

p (p ,  - p , )  ~ - -  M,p~ (p~ _p) (1) 

where p and Mn are the density and number average molecular weight 
of the polymer, p, and M, are the density and molecular weight of the 
substance formed by the combination of the two end-groups, and pp is the 
density of very high molecular weight polymer. It is obvious that the 
determination of Mn requires a knowledge of the end-groups Of the polymer 
and the values of the three densities : p,, p and pp. 

The measurement of pe is not difficult if the end-group substance is 
available and exists in the liquid state at the temperature at which the 
polymer densities are determined; if the end-group substance is a solid, 
the density it would have in the liquid state at the experimental temperature 
can be obtained either by extrapolation of the density/temperature 
relationship established above the melting point to the temperature in 
question or by measuring its density in solution; this latter method is the 
more convenient but care must be taken to choose a solvent in which the 
end-group substance dissolves without deviating from the volume additivity 
rule. On the other hand, the determination of the two polymer densities, 
p and pp, is not straightforward unless both samples are liquids of fairly 
low viscosity. In the usual situation where one or both of the polymer 
samples are solids or liquids of extremely high viscosity, errors in the 
determination of the polymer densities may arise from: (1) contamination 
of the polymer sample by air or by solvents; (2) non-equilibrium packing 
of the polymer molecules. The first source of error can be largely avoided 
by heating a sample of the polymer under vacuum to drive off all volatile 
material provided, of course, that the polymer is thermally stable. The 
second source of error can be minimized by measuring the polymer 
densities at a temperature greater than the glass transition temperature 

269 



COMMUNICATION 

of the polymer. The combined effect of errors dpo dp a._nd dp...~, in the three 
densities pc, p and pp is to give rise to an error of dM. in M.  given by 

d / ~  _ p, (p, _ p)~ + (p, _ p~)2 
~.  (p,-p) (p,- pc) 

+ - ( / (2) 
\ P ,  f ! 

Equation (2) enables the practical limits of the technique to be estimated. 
If we assume that the relative errors in the three densities are identical, 
the relative error in M.  becomes 

dM,_ = ~/2dp,  . (1 -x+x~)  v~ (3) 
M. pp - p, x 

where x is ( p p - p ) / ( p p - p , ) .  Since p lies between p. and pp. x lies between 
1 and 0 and the corresponding relative error in M.  between ~/2 dp,/(pp - p , )  
and infinity. The relative error in M, is thus unacceptable unless a sub- 
stantial difference exists between the density of the high molecular weight 
polymer and the end-group substance. This is made clear in Table 1 in which 
we have estimated the relative errors in M.  for a number of values of 
(p , -pe)  and x assuming a value for ]dp,]  of 0-0005 g m1-1. This latter 
value is the result of a number of experiments which we have carried out 
to test the above arguments. We have also indicated the approximate value 
of the polymer molecular weight corresponding to the chosen values of x 
by putting M,=100 and p , [ p = l  in equation (1). 

Table 1. The relative errors in M"-'. calculated according to equation (3) 
with I dp~ I =0"0005 g m1-1 

Approx. mol. 
wt polymer 200 l 000 5 000 

~ ~  0"5 O" 1 0"02 

0"2000 0"006 0"03 0"2 
0.1000 0"01 0"07 0"4 
0-0500 0'02 0.1 0"7 

Obviously, molecular weights much above 5 000 cannot be measured 
with any accuracy by this technique given that the relative errors in th e 
measurement of the individual densities of end-group substance, polymer 
and high molecular weight polymer are around +0.0005 gm1-1. The 
lower limit of molecular weight to which the technique might be applied 
is determined not by the errors discussed above but by the disadvantages 
of the technique compared to conventional methods of molecular weight 
determination. 

In order to confirm our arguments, we have prepared three samples of 
syndiotactic polymethyl methacrylate with fluorenyl and hydrogen end- 
groups of number average molecular weights (1.52+0.05), (6.25+0-25) 
and (23-2+1-1)x 103; these values were obtained from the absorbance of 
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the fluorenyl end-group in the ultra-violet s. The densities of these three 
polymers were measured in a density gradient column at 25 °. In using this 
method it is essential to choose a flotation medium to which the polymer 
is impermeable; in our case a mixture of sodium sulphate and water was 
selected. Taking p~ as the density of the 23"2 x 103 polymer and pe as the 
density of fluorene in benzene solution, the molecular weights of the first 
two polymers were calculated as (1.58+0"14) and (5.0+0.9)x 103. These 
results are in reasonable agreement with the spectroscopic values and suggest 
that the problems associated with volume equilibration below the glass 
transition temperature (115°C for high molecular weight syndiotactic 
polymethyl methacrylate a) are not too serious. 

Our experience so far indicates that the density method of molecular 
weight determination is of some utility for polymers. It has the advantages 
of requiring simple apparatus and only small amounts of material and it 
is convenient for routine work. Furthermore, its scope and range of 
applicability for any required degree of precision can be estimated in 
advance given the densities of the end-group substance and high molecular 
weight polymer. Its disadvantages are that it is not applicable to polymer 
samples which are partially crystalline, that the end-groups of the polymers 
must be known with certainty and that the densities of the end-group 
substance and high molecular weight polymer must be determined 
separately. Nevertheless, in the absence of specific information concerning 
the end-groups, the density method can be employed to arrange a series of 
polymers in order of molecular weight if all the polymers are otherwise 
identical. 

D. MARGERISON 
Miss V. A. NYss 
Mrs E. PULAT 

Donnan Laboratories, 
University of Liverpool 

(Received December 1966) 
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ANNOUNCEMENTS 

M E C H A N I C S  OF F I B R O U S  S T R U C T U R E S  
A special course Of lectures on the Mechanics of Fibrous Structures has 
been arranged at the University of Manchester Institute of Science and 
Technology, Sackville Street, Manchester 1, to be given during 3 to 7 July 
next. It is hoped the following will be among the lecturers: R. ARRIDGE, 
S. BACKER, H. CORTE, P. GROSBERG, J. C. HALPIN, J. W. S. HEARLE, 
M. KONOPASEK, E. SMITH and S. W. TSAI. Subjects for the lectures will 
include the engineering approach to textiles; general methods of analysis; 
structural mechanics of fibres, yams, woven and knitted fabrics, non-woven 
fabrics, fibre-reinforced materials, paper, and fabricated textiles; use of 
computer methods and of dynamic modulus measurements. Application 
forms and details can be obtained from the Registrar, at the address given 
above. 

C O N F E R E N C E  ON N O N - N E W T O N I A N  F L O W  T H R O U G H  
PIPES AND PASSAGES 

Papers are invited for a conference to be held at Shrivenham from 19 to 
21 September on the flow of non-Newtonian fluids through pipes, ducts, 
passages and open channels. Further information may be obtained from 
Dr. M. F. Culpin, 8 Broadway, Pontypool, Mon. 

Contributions to Polymer 
Papers accepted for future issues of 
POLYMER include the following: 

Copolymerization of Styrene and Some Alpha Olefins using Ziegler-Natta 
Catalyst Systems 1--The Fractionation and Characterization of the 
Products ol Copolymerization--B. BAKER and P. J. T. TAIT 

Conversion Factors in Dilatometry--C. E. M. MORRIS and A. G. PARRS 
Macromolecular Polymorphism and Stereoregular Synthetic Polymers-- 

F. DANUSSO 
The Dilute Solution Properties of Polyacenaphthalene I, II--J. M. 

BARRALES-RIENDA and D. C. PEPPER 
The Polymerization of Some Epoxides by Diphenylzine, Phenylzinc 

t-Butoxide and Zinc t-Butoxide--J. M. BRUCE and F. M. RABAGLIATI 
Solution and Diffusion of Gases in Poly(vinyl chloride)--R. M. BARRER, 

R. MALLINDER and P. S.-L. WONG 
Association of Polyacrylonitrile Solutions--R. B. BEEVERS 
Temperature Dependence of Association in Polyacrylonitrile Solutionsm 

--R.  B. BEEVERS 
Mechanical History Effects in the Crystallization of cis-l,4-Polybutadiene 

---J. C. MITCHELL 
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Melting Character&tics of Isotactic 
Polypropylene Oxide 

W. COOPER, D. E. EAVES and G. VAUG~Lh'~ 

Differential thermal analyses and dilatometric measurements o/ isotactic poly- 
propylene oxide have been made. It has been shown that polymers having a 
thermal history o/ slow crystallization give curves having two melting transi- 
tions, whereas polymers crystallized rapidly have only one. It is suggested that 
the two transitions result [rom different modifications o[ a single crystal struc- 
ture produced by different nucleation mechanisms during the crystallization 

process. 

THE melting behaviour of polymers is known to be markedly dependent 
upon the thermal history of the sample. Generally imperfections in the 
crystals are reduced, e.g. the lamellar thickness is increased 1'~, by raising 
the temperature of crystallization and a higher melting point is observed. In 
many cases the number of melting transitions which are detected also varies 
and this has been ascribed either to the existence of different crystalline 
forms with distinguishable unit cell dimensions 8 or to the presence of more 
than one morphological form of a single crystal structure". 

With polypropylene oxide, for which only one crystal form has been 
described 8, the melting point and degree of crystallinity are raised by 
increased stereoregularity in the polymer s'~°. Stereoregularity determines 
mainly the ratio of primary to secondary crystallization but has a relatively 
minor effect on nucleation and spherulite growth rates--which are governed 
by crystallization temperature tl. In this paper the effect of crystallization 
temperature on the subsequent melting behaviour of the polymer is 
examined. 

E X P E R I M E N T A L  
Polymers A (b7]=0'38) and B ([~]=7"3)were the isotactic fractions o13- 
tained by cooling to - 2 0 ° C  acetone solutions of the crude polypropylene 
oxides prepared using FeCI3/H~O a2 and ZnEh/H~O 13 respectively as catalyst. 
Polymer C ([~7] = 0.09) was obtained from B by means of ozone degradation 
at 20°C in chloroform solution and D ([~] =0.14) similarly from A. 

Differential thermal analysis (DTA) 
The apparatus has been described previously 1~, and uses thermistors as 

detectors with a 1"5 g sample. Heating rates of 3 to 6 deg. C/h were used. 
Samples were melted into the cells and allowed to cool at room temperature 
before carrying out any thermal treatment. 

The start of melting corresponds to an endothermic deviation from the 
baseline, peaks were measured as the points of maximum deviation, and an 
indication of the final melting temperature was obtained from the inflection 
point as the baseline was resumed. Precrystallization (crystallization occur- 
ring prior to melting) was indicated by an exothermic peak. 

273 



W. COOPER, D. E. EAVES and G. V A U G H A N  

Dilatometry 
Polymers (approximately 4 g) were loaded into dilatometers under vacuum 

and mercury was added to fill the bulb to the stem. The heating rate was 
15 deg. C/h and the expansion was followed by an automatic recorder 1~. 
The start of melting, the melting peak and the final melting temperature 
were taken as .the first positive deviation from straight line expansion, the 
point of maximum slope and the point at which linear expansion was 
resumed respectively. Precrystallization was indicated by a negative deviation 
from linear expansion. Crystallinity was calculated from density consider- 
ations, taking the amorphous density at 20°C as 1"002 g/cm 8 and calculating 
the crystalline density at 20°C from X-ray data 8 as 1.155 g/cm 3. 

X-Ray 
Debye-Scherrer scans were made on 1 mm sheets of polymer using a 

Cu K~ beam. 

R E S U L T S  
DTA results are given in Tables 1 and 2. Table 1 shows the effect of thermal 
history on various polymer samples, and Table 2 shows the effect of crystal- 
lization temperature. Typical DTA curves are shown in Figures 1 and 2 
where the slight baseline curvature and slope are caused by a small amount 
of thermistor imbalance. Crystallization on slow cooling as judged by the 
exothermic ,peak occurred at 57°C (polymer A). Dilatometric results are 
shown in Table 3 and typical curves in Figure 3. In Figure 4 is shown the 
DTA peak temperature as a function of crystallization temperature. 

D ISCUSSION 

Three features may be observed in the dilatometric and DTA curvesn 
precrystallization, primary melting and, under certain circumstances, a 
secondary melting transition some 5 to 10 deg. C below the main peak. 
Precrystallization is observed when the polymers have been crystallized 
rapidly and it can be eliminated by annealing the polymer. The phenome- 
non has been observed for other polymers (e.g. in transpolyisoprene ~) and 
is thought to be caused by crystallization of amorphous polymer during 
the heating cycle prior to the melting transition. It is likely that this amor- 
phous polymer is 'trapped' as a result of the rapid rate of cooling and 
crystallizes only when a ~ubsequent temperature rise allows sufficient 
mobility for orientation of the polymer chain on to existing crystallites to 
occur. The primary melting transition is as expected. Dilatometric and 
DTA results agree within experimental error, and are in accord with 
previous observations 9. 

The secondary melting transition, found in all samples which have been 
crystallized by cooling slowly and continuously from the melt, or, for 
polymer A, crystallizing at fixed temperatures between 40°C and 60°C, has 
not previously been reported. 

This could arise from several causes. 
(1) An experimental effect caused by the use of too rapid a rate of 

heating. 
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MELTING CHARACTERISTICS OF ISOTACTIC POLYPROPYLENE OXIDE 

Figure /--Effect of cooling rate 
on DTA curves of polypropyl- 
erie oxides; curve a, Polymer 
A, cooled to room temperature 
from malt; curve b, Polymer A, 
cooled slowly to room tempera- 
ture from melt; curve e, Poly- 
mer D, cooled rapidly to 
--78"C from melt; curve d, 
Polymer D, cooled to room 
temperature from melt; curve 
e, Polymer D, cooled slowly to 

room temperature from melt 

"X 

/ 

! ! 

67,5 .', ~ ~ !  

I , : [ 

51-6 

Ar 

(2) The presence of  two crystal forms with distinct lattice structures. 
(3) Crystallization occurring during the heating cycle with the resulting 

trough in a single peak giving the appearance of two peaks. Such a change 
might occur from the crystallization of amorphous polymer previously 
trapped by the crystallites and liberated only after some have melted or 
by the recrystallization of amorphous polymer derived from the melting of 
the less perfect crystals. [Crystallization of amorphous polymer trapped by 

7-3 

Figure 2--Effect  of crystallization 
temperature on DTA curves of 
polymer A; curve a, crystallized 
at 60°C; curve b, crystallized at  
40"C; curve c, crystallized at 20°C; 

curve d, crystallized at 0°C 

,dr (+ ve &H)  
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Figure 3--Effect of ~ 
thermal treatment on 
dilatometric curves for ~ E a 
Polymer A; curve a, ~ I  
cooled rapidly to 0*C 
from melt; curve b, 
cooled slowly to room 

temperature from melt >o ~_ 
/ I 

30 40 50 60 70 80 

Temperature, °C 

a viscosity effect may also" occur (precrystallization) but is generally found 
at temperatures well below the melting point before any appreciable melting 
has occurred.] 

(4) The presence of one crystal structure in different morphological 
forms or in crystals of various perfections. 

The rates of heating were low (3 to 6 deg. C/h  in DTA and 15 deg. C/h  
in dilatometric experiments) so the possibility that it results from markedly 
non-equilibrium heating appears to be unlikely. It would be expected that 
if the existence of two endotherms were adventitious, resulting from the 
heating rate, apparatus, or the geometry of the sample, then the differential 
thermograms would depend critically on the experimental conditions. In 
fact this polymer has been found, independently le, to exhibit identical 
behaviour in a Du Pont 900 thermal analyser at ~t heating rate of 300 deg. 
C/h. It is apparent that it is the thermal history of the polymer which has 
the most significant influence. 

The occurrence of two distinct crystalline modifications is likewise ira- 

80 

7O 
.o 

60 

E 

4O 

n'~g~p oi nt 
first rneRing peak 

• Initial crystallization 

3c do ;o 
Crystallization temperature, oC 

Figure 4---Variation of peak tomperature (DTA) with crystallization 
temperature 
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I 
I 

I i 

40 36 32 2 16 12 
2e 

Figure 5--Effect of 
thermal treatment on X- 
ray diffraction spectra of 
polymer A; curve a, 
cooled rapidly to --20°C 
from melt (single melting 
peak); curve b, cooled 
slowly to room tempera- 
ture from melt (two 

melting peaks) 

probable although superficially similar DTA and dilatometric melting curves 
have been observed for transpolyisoprene 3, which is known to exist in two 
modifications with different lattice structures and melting points, readily 
distinguished by their X-ray diffraction patterns 17. The X-ray diffraction 
patterns for polypropylene oxides which show the two transitions (Figure 
5, b) are similar to those obtained from samples which have only one tran- 
sition (Figure 5, a). The principal peaks, which are seen to be present in 
both curves, correspond closely with the results of Stanley and Litt 8 and 
can be acounted for on the basis of a single orthorhombic crystal lattice. 
However, minor differences in certain normalized peak intensities, particu- 
larly those corresponding to spacings of 3"90, 3"65 and 3.48 A, do indicate 
some difference in crystal size and perfection between the two types of 
polymer. 

The possibility that recrystallization occurs during melting is unlikely 
since it would be expected to increase with increased rate of crystallization 
in preparing the sample, whereas the two peaked melting curves are 
observed when the polymer is crystallized slowly (at about 55°C). The 
maximum rate of crystallization oocurs at about 30°C and at this tempera- 
ture there is only a minor second transition. 

Multiple melting transitions have been observed with polyethylene 4' ~, poly- 
ethylene terephthalate 6 and polybutadiene 7, and have generally been ascribed 
to the existence of two or more modifications of a single crystalline struc- 
ture, which would possess definite unit cell dimensions. This explanation 
would seem to be appropriate to these observations, rather than the alter- 
native that they result from an assembly of more or less disordered crystal- 
lites entrapped during crystallization in a metastable condition. The two 
peaks are most probably the result of multiple independent nucleation as 
has been proposed by Aggarwal et al. u for polypropylene oxide and by 
Holden 5 for polyethylene. It should be observed, however, that in the present 
instance the two peaks were obtained essentially under conditions giving 
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slow crystallization, either at a single temperature  or  over a continuous 
range of  decreasing temperature (in D T A  experiments the crystallization 
exotherm produces a deviation f rom the natural  cooling rate of  only 2°C  
and in di latometry the effect would  be even smaller). I n  previous work  the 
polymers  were generally either partly crystallized and annealed at several 
distinct temperatures 5 or  cooled rapidly f rom the melP. 

The authors wish to thank Mr  D. Windle Jor assistance with the 
experimental work. 

Dunlop Research Centre, 
Fort Dunlop, Birmingham, 24 
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Macromolecular Polymorphism and 
Stereoregular Synthetic Polymers* 

F. Dni~Jsso 

Definitions and general concepts on polymorphism are briefly reviewed and 
specific aspects of the polymorphism of macromolecular substances are 
emphasized. 

A list of synthetic crystallizable polymers for which polymorphism pheno- 
mena have been observed to date is presented. For each polymer are briefly 
reported or discussed: the number o] polymorphic forms discovered, the types 
of unit cell ]ound in the crystallographic research and brief in]ormation about 
thermodynamic stability, kinetic transformations, physical properties and con- 
ditions of preparation of single crystalline modifications. Either chain con- 
formation or mode of packing of chains can be responsible ]or structural 
differences among crystalline modifications. 

More detailed information is then given and a number of experimental results 
is presented relating to typical cases of enantiotropy and of monotropy found 
among stereoregular polymers. An extended analysis is made of the enantio- 
tropy of transtactic polybutadiene, which can appear in two crystalline modifica- 
tions, and shows a reversible solid-solid transition ]rom one form to the other. 

The results of a detailed experimental investigation are also reported on the 
monotropy of isotactie polybutene-1, for which three polymorphic modifica- 
tions were recognized and thermodynamic and kinetic trans]ormations were 
examined in different experimental conditions. 

A discussion finally deals with the theoretical problem of the prediction o] 
the existence o] different polymorphic modifications of given macromolecular 
chain structures. Satisfactory results have so far been obtained, in the chain 
conformational polymorphism of isotactic and syndiotactic polypropylene by 
means of a recent analysis of the energy minima of an isolated chain. This 
kind of approach appears to be of general application and to be the most 

convenient ]or the analysis o] even more complicated chains. 

S O M E  G E N E R A L  I D E A S  

THE property of a given substance to have more than one characteristic 
crystalline structure goes under the name of "polymorphism'. 

Two different structures or crystalline modifications of a given substance 
are today generally accepted to be distinct when they are characterized 
by atomic or molecular short-range arrangements presenting at least some 
difference in the elements of geometric regularity or symmetry. 

Using physical or thermodynamical terms, two crystalline modifications 
may be said to differ when they form two separate and different phases. 
This statement, however, implies the concept of phase. This can be 
expressed in the sense used by Gibbs, but in practice it is known that this 
concept leads to ambiguities when more subtle differences have to be 
specified. 

It is clear that two different polymorphous modifications must present 

*The content  o f  this review was partly the subject of a lecture given at the Thirteenth Canadian High 
Polymer Forum, Ottawa,  23 to  25 September 196.5. 
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appreciable differences in at least some of their macroscopic physical 
properties, such as the external crystalline habit, solubility, or optical, 
volumetric, mechanical or electric properties. It is to these differences in 
properties that we normally refer our experiments when the occurrence of 
polymorphism is first noticed. 

A crystallographic distinction at the atomic or molecular level is, how- 
ever, considered indispensable for a conclusive judgement on the occurrence 
of polymorphism. This characteristic is clearly both necessary and sufficient 
for this purpose, while a distinction based on macroscopic physical 
properties often appears to be insufficient for a definitive characterization. 

It may be of interest to remember that the difficulty of characterizing the 
polymorphism of a substance, and the attendant ambiguities, arise from 
various causes. For example two crystals of identical structure from the 
point of view of geometrical regularity and symmetry can, in certain cases, 
rotate the plane of polarized light in opposite directions. A well known case 
of this type is that of the enantiomorphous crystals of quartz which, however, 
are not two distinct polymorphic forms. The temperature of fusion can 
sometimes be markedly influenced by imperfections of the crystalline struc- 
ture and may vary even when the qualitative intrinsic crystalline properties 
do not vary. Similarly, dynamic isomerism, certain second order transitions 
and lattice strain effects are all instances of phenomena which cannot be 
connected with polymorphism but perhaps only with a 'pseudopolymorph- 
ism '1. Ambiguity can in a certain way arise from 'mesomorphism', which 
corresponds to partially disordered states of smectic or nematic nature. 
These are generally not recognized by crystallographers to be polymorphic 
forms, as they do not imply a three-dimensional arrangement which is 
considered indispensable for crystallographic definitions. 

Polymorphism is a very widespread phenomenon both among the chemical 
elements and the compounds. In particular it also occurs very frequently 
among organic compounds 2, even if solid state properties of these are 
often not investigated in detail. 

Synthetic polymers have been extensively studied since about 1930 but, 
with few exceptions, polymorphism has been thoroughly studied only in 
the last few years. 

The reason is very simple. Until ten years ago, the crystallizable synthetic 
polymers were relatively few and were studied essentially with a view to 
immediate application. On the other hand, in the last ten years, research 
on the crystalline state was specially developed and stimulated by numerous 
new polymers, which were almost all crystallizable. In particular, the dis- 
covery of synthetic stereoregular polymers has considerably improved the 
study of crystalline macromolecular structures. 

The high stereospecificity of some processes of synthesis and the crystal- 
lizability to a substantial degree of different polymers obtained with an 
excellent steric purity, have specially encouraged investigation of the 
macromolecular solid state. This research appeared more complete and 
meaningful than that done on previously known polymers. 

Thus, until a few years ago, macromolecular polymorphism had been 
studied only occasionally and was considered relatively uncommon; how- 
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ever, it now appears to be a widespread phenomenon, exactly as we have 
seen with low-molecular-weight substances. 

Among the first cases of macromolecular polymorphism to be observed 
is that described in 1930 by Hopff, Von Susich and Hauser for 'gutta- 
percha '3 which was later studied in detail by Burro 4. Subsequently, before 
the discovery of synthetic stereoregular polymers (1954), Fuller and 
co-workers around 1940 presented some data on polyesters 5'6 and Bunn 
and Garner r reported on the polymorphism of polyamides. 

Some discussion has also taken place on the structure of natural pro- 
teins: thus, some mechanical properties of the filaments of the animal 
kingdom (hair, fibres) were connected by Astbury with the concept of 
polymorphism ~. However, in this respect it must be borne in mind that 
definitive conclusions have only been reached very recently on the exist- 
ence and role of real polymorphism 9. In fact, while both elasticity and 
extensibility of filaments, or of animal fibrous tissues, must be deafly 
attributed to changes in the conformation of polymeric chains, it is not 
equally clear whether real polymorphous phases are present in these cases. 

Table 1 lists the polymers for which polymorphism has been dearly 

Table 1. Polymorphism of synthetic polymers 

Devoid o[ stereoisomerism* Stereoregular 

Polyethylene 
Polytetrafluorcthylene 
Polyoxymethylene 
Polyselenomethylene 
Polydimethylketene 
Polyvinylidenefluoride 
Polyvinylalcohol 
Poly-p-xylene 
Polytrimethylenesebacate 
Polyhexamethyleneadipamide 
Polyhexamethylenesebacamide 
Poly-E-caproamide 
Other polyamides 

Transtactic polyisoprene 
Transtactic polybutadiene 
Transtactic polypentenamer 
Isotactie polypropylene 
Isotactic polybutene- ! 
Isotactic polypentene-1 
Isotactic polyheptene-I 
Isotactic polytetradecene-I 
Isotactic polyhexadecene-1 
Isotactic polyoctadecene-! 
lsotactic polyvinylcyclopropane 
(Isotactic polyvinylcyclohexane) 
Crystallizable poly-2-vinylpyridine 
Syndiotactic polypropylene 

*Except for polyvinylalcohol which can be crystalline even when not stereoregular. 

observed. The polymers without possibility of stereoisomerism are quoted 
on the left, together with those for which the crystallizability does not 
require stereoregularity (e.g. in polyvinylalcohol). On the right, the stereo- 
regular polymers are listed: the first three being transtactic, the following 
ten isotactic, the last one being syndiotactic. 

P O L Y M O R P H I S M  OF P O L Y M E R S  W I T H O U T  
S T E R E O I S O M E R I S M  

A very short survey of the situation of macromolecular polymorphism in 
polymers for which there is no possibility of stereoirregularity may be of 
interest (Table 2). 

The first polymer shown, polyethylene, is the simplest olefin polymer. 
It usually appears in the well known orthorhombic form, which was the 
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Table 2. Polymorphism of synthetic polymers for which there is no possibility of 
stereoirregularity 

Number of Denomination, crystalline 
Polymer and structural unit polymorph* class, other in]ormation 
Polyethylene Ortho, Mono, Tri 

--CH~---CH 2 -  3 Ortho and Tri have equal 
chain conformations. Mono 
under stretching 

Polytetrafluorethylene Modifs. I, II, III 
---CF2---CF 2 -  3 All P.Hex, with chain re- 

peat 2'59A. Different helix 
chains. Enantiotropy 

Polyoxymethylene Hex, Ortho 
---CH~----O-- 2 Slightly different helix 

chains. Ortho transforms 
to Hex at 70"C 

Polyselenomethylene Hex, Ortho 
--Cl-le--Se-- 2 Ortho transforms to Hex 

at about 200°C 
Polydimethylketene Modifs. a (Ortho),/3 

CH 3 Different helix chain con- 
I formations. Modif. a trans- 

--C--C-- 2 forms to /3 at about 250"C. 
I II Enantiotropy 

CH 30 

'Polyvinylidenefluoride 

Polyvinylalcohol 

--CH2.--CFf--- 

--CH~--CH-- 
l 
OH 

Modifs. I, II, III 
3 Modifs. I and II character- 

ized; different chain confor- 
mations. Modif. I by stretch-. 
ing 
Rho, Mono 

2 Mono more stable at normal 
temperatures 

Poly-p-xylene 
--CH~I~-- 

Polytrimethylenescbaeate 
--O---(CH~3--O---CO--(CH2)s--CO-- 

Polyhexamethyleneadipamide 
--lqH---(CI-~---NH--CO---(CHO4--CO-- 

Polyhexamethylenesebacamide 
--NH---(CH2)~---NH--CO---(CH08--CO-- 

Poly ¢ caproamide 
--NH--(CH05---CO-- 

Other polyamides 

2 Modifs. a (Mono),/3 (Mono) 

2 Tet, Mono 
Modffs, a (Tri), 13 (Tri) 

2 Equal chain conformations 

Modifs. a (Tri), fl (Tri) 
2 Equal chain conformations 

Modifs. a (Mono), /3 (Hex), 
3 y (Mon 9) 

Modif. a at high tempera- 
ture; modif. /3 at low tem- 
perature; modif, y from 
special solutions or treat- 
ments 

2 (3) For example : polyamide 
7-7; even numbered poly- 
amides x; polyamide 11 
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first macromolecular crystalline structure studied in detail 1°. Extra reflections 
were occasionally observed by X-rays: in some particular cases, their study 
led to the detection of the polymorphism. A triclinic modification 11-t5, with 
the same zig-zag planar chain conformation as the orthorhombic one, was 
found in some cold-worked samples or in some single crystals, having an 
orthorhombic subcell. It is also formed by subsequent crystallization of part 
of the polymer below 95°C. Its density being very similar to that of the 
orthorhombic modification it can hardly be detected by dilatometric 
methods 13'~. The third modification is monoclinic ~6-~8 and was also observed 
in substantial amounts in cold-stretched samples; it is transformed into 
the orthorhombic form when the crystals relax~E 

Polytetrafluorethylene seems to possess at least three modifications~9: 
modif. I is stable below 20 °, modif. II is stable between 20 ° and 30 °, and 
modif. III is stable above 30°C. They are all pseudohexagonal, with the 
same chain repeat of 2.59 A. However, the chain conformations are differ- 
ent; modif. I corresponds to a 6"5/6 helix (6-5 monomeric units per 6 pitches) 
and modif. II  corresponds to a 7"5/7 helix. By increasing the temperature 
the helix tends as a limit to relax towards a planar zig-zag. It is interesting 
to observe that many experimental facts are in favour of an enantiotropic 
situation, at least between modifs. I and II. This is of great importance, 
since, as we shall see later on, the macromolecular enantiotropic systems 
known so far are very few. 

Polyoxymethylene, a polymer of formaldehyde, has two modifications of 
which one is hexagonal, and has been known for a long time 2°'m, and the 
other is orthorhombicm.=; these have slightly different helix chain con- 
formations (respectively 29/16 and 2/1) being essentially binary helices 
having a square projection with two monomeric units per pitch. At 75 ° to 
80°C the orthorhombic modification transforms into the hexagonal 
modification which then remains stable even at low temperature. 

The polymorphism of polyselenomethylene is just like that of polyoxy- 
methylene; the orthorhombic modification here transforms into the hex- 
agonal one at about 2 0 0 ° ~ .  

An interesting case is that of polydimethylketene 27, which seems to be 
an enantiotropic system. The a and /3 modifications have chain conform- 
ations which in a certain sense are similar and different at the same time. 

Figure I--Chain conformation of polydimethylketene in modif, flzT~ 

The fl modification has a binary helix conformation (Figure 1) and is stable 
above about 250°C. The c~ modification, on the contrary, has a double 
twofold helix chain conformation (Figure 2) and is stable below 250°C, 
that is at a lower temperature. The unit cell of this last modification is 
orthorhombic (Figure 3). 
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',,o c2F'  

' -j c, 

c; 

b/Z 

l a~4 

0 Carbon @ Methyt group 0 Oxygen 

Figure 2--Project ion normal  to the chain axis of the polydimethylketene in modif, c~ 
and its electron density projection on (001) zT° 

Polyvinylidene fluoride has at least three modifications =. Modification I 
is obtained by cold-stretching and shows a very similar structure to that 
recently determined for polyvinyl fluoride (orthorhombic)n; the chain 
conformation is a planar zig-zag with a repeat of 2"57 A corresponding to 
one monomeric unit. Modification II has a chain conformation that is 
very similar to that of modification I, but with a repeat of 4.66 A, corres- 
ponding to two monomeric units. By melting and cooling modification I, 
a mixture of modifications II and III is obtained. 

Figure 3--Project ion on (001) of the structure of  dimethylketene in modif, ct ~e 
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Molten and slowly cooled polyvinylalcohol crystallizes into a monoclinic 
modification; contrariwise, after quenching it yields a modification with an 
orthorhombic unit celP °. Crystallinity in this polymer does not require a 
stereoregular molecular structure 31. 

Similarly, two crystalline modifications have been observed in the 
polymers of p-xylene 3~. 

Among the linear polyesters, two different assignments of crystal structure 
were suggested for polytfimethylenesebacate, one of tetragonal unit cell s 
and one of monoclinic unit celP. These characterizations can be inter- 
preted in terms of a dimorphism. 

Moreover, there is the wide class of polyamides, in which at least 
dimorphism frequently occurs. Let us recall some examples. 

With regard to polyhexamethyleneadipamide and polyhexamethylene- 
sebacamide (polyamides 6.6 and 6.10), two polymorphous forms were 
observed long ago 7 which were called a and fl; they are both triclinic and 
differ in the packing of the chains that have the same conformation. 

The situation of poly-E-caproamide (polyamide 6) is more complex; 
besides the two modifications a and fl~, it presents a third modification ya. 
The o~ and fl modifications form by crystallization at high and low temp- 
eratures respectively. By cold stretching, the at modification transforms into 
the fl one. Modification y forms by particular processes, e.g. by treating 
modification a with a solution of potassium iodine-iodide, or sodium 
thiosulphate. 

Polymorphism (commonly dimorphism) has been observed in various 
other polyamides, such as polyamide 7.7, some polyamides-x with even- 
numbered x,  and polyamide 1 13s. 

P O L Y M O R P H I S M  OF S T E R E O R E G U L A R  P O L Y M E R S  
The situation of the polymorphism of stereoregular polymers is summarized 
in Tabte 3. 

The first polymer shown is transtactic polyisoprene which occurs in nature 
as gutta-percha. Three polymorphous forms were observed for iP'4"~-~ which 
corresponds to three different chain conformations. Figure 4 shows the 
three conformations that were suggested by Natta and Corradini 37, partly 
modified with respect to the earlier suggestions by Bunn ~. Modif. a forms 
under stretching; modif, fl is obtained by low-temperature crystallization 
and shows an orthorhombic structure, which was studied for the first time 
in detail by Bunn*; the y modification, which is more stable than the fl, 
forms by the transformation of modification fl below 64°C or by crystalliz- 

Table 3. Polymorphism of synthetic stereoregular polymers 

Number o/ Denomination, crystalline 
Polymer and structural unit polymorphs class, other in[ormation 

Polyisoprene (transtactic) 3 Modifs. a,/3 (Ortho), 3, 
--CH~--C--CH---CH 2 -  Different chain conforma- 

] tions. Modif. a under 
CH~ stretching. Modif. fl trans- 

forms to modif, y below 
64°C. Monotropy fl--y 
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Table 3---continued 

Number of Denomination, crystalline 
Polymer and structural unit polymorphs class, other information 

Polybutadiene (transtactic) 2 Modifs. 1 (P. Hex), 
---CHf---CH-.----CH--CI-L z -  2 (P. Hex) 

Different freedom in chain 
conformations. Modif. 1 
transforms reversibly to 
modif. 2 (by heating) at 
76"C. Enantiotropy 

Polypentenamer (transtactic) 
--CH__--CH---CH2--CH2--CH~--- 

Modifs. 1 (Ortho), 2 
Different chain conforma- 
tions. Both modifications 
under stretching (Rubber- 
like material; melts at room 
temperature) 

Polypropylene (isotactic) 
~ C H f - - C H - -  

I 
CH3 

Modifs. a (Mono), 13 (P. 
Hex), y (Tri) 

Modif. a by normal cooling 
or by stretching the other 
two. Modif. /3 from certain 
samples of good stereoregu- 
larity. Modif. 3~ from 
stereoblock samples, nor- 
mally with low molecular 
weight. All ternary helix 
chains; different packings. 
One mesomorphous modifi- 
cation in addition (smectic) 

Polybutene-1 (isotactic) 
- - - -c~---c i - i - -  

I 
¢I-h 
I 

CH 3 

Modifs. 1 (Rho), 2 (Tet), 
3 (Ortho) 

Modifs. 1 and 2 different 
helix chains. Modif. 1 by 
transforming the other two; 
modif. 2 from the melt; 
modif. 3 from solutions. 
Modif. 2 easily transforms 
to modif. 1 far from melting 
temperature; modif. 3 near 
melting. Monotropy 2-I 
and 3-1 

Polypentene-1 (isotactic) 
---CHf--CH~ 

l 
(CH0~ 

I 
CH~ 

Modifs. 1 (Mono), 2 (P. 
Ortho) 

Different helix chains. 
Modif. 2 transforms to 
modif. 1 below 80oc 

Polyheptene- I (isotactic) 
--CHf---CH~ 

I 
(CH2), 

I 
CH s 

Modifs. a,/3 
Modif. c~ by stretching. 
Modif. /3 by cooling 
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Table 3--continued 

Number of Denomination, crystalline 
Polymer and structural unit polymorphs class, other in/ormation 

2 Polytetradecene-1 (isotactic) 
---CHf--CH-- 

(CH2)u 

CH 3 

Polyhexadecene-1 (isotactic) 2 
-----CHf--CH-- Modifs. I, II (Ortho) 

I | Modif. I by quenching. 
(CH2)I3 I Modif. II by cooling the 

I melt or by heating modif. I. 
CH 3 One mesomorphous modifi- 

cation in addition 
Polyoctadecene-1 (isotactic) 

---CHf----CH-- 

(CH2)15 
f 

CH~ 

Polyvinylcyclopropane (isotactic) 
---CHf--CH 

] / C H  
HC< I 

\ C H  

Modifs. 1 and 2 
Modif. 2 by cooling the 
melt. Modif. 1 by suitable 
quenching; transforms to 
modif. 2 by heating 

Polyvinylcyclohexane (isotactic) 
----C~---CH-- 

(2) (Tet. 4[1 helix; Tri, 3/1 
helix) 

Poly-2-vinylpyridine (crystallizable) 2 
---CH~--CH-- 

/\ 
rl N 
\// 

Polypropylene (syndiotactic) 2 
--CHr-CH 

CH 3 

Modifs. 1, 2 
Only disclosed 

Ortho, probably P. Hex 
Different chain conforma- 
tions (helix and zig-zag). 
Ortho more stable. P. Hex 
by stretching quenched poly- 
mer; transforms to Ortho 
by heating 

ation from the melt above about 60°C. The fl and 7 modifications are 
clearly in a monotropic relationship, as found by Mandelkern ~. 

Transtactic polybutadiene shows two polymorphous modifications3~t 
Modif. 1 has a pseudohexagonal unit cell and is stable at low temperature; 
at 76°C it transforms into modif. 2 with a transition that was shown by us 
to be enantiotropic, as we will see better later. Modif. 1 has a crystal struc- 
ture  very similar to that of fl gutta-percha; its chain conformation is shown 
in Figure 5. When modif. 1 transforms into modif. 2, which is stable above 
76°C and melts at 145°C, the chains still have a pseudohexagonal mode of 
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Figure 4----Chain conforma- 
tions in the three poly- 
morphs of transtactic poly- 
isoprene (as suggested by 

Natta and Corradini) ~7 

C 

C 

C 

C 

,8 

3<3 

~O 

C 

C 
) 

C 

C 
3 ( 

0¢ 

Figure 5--Model of chain 
of transtactic polybutadiene 

in modification 140 

Polybutadiene 1-4 trans H 
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Figure 6- -Model  of chain of transtactic polypentenamer in modification 1 ̀5 

packing, with parallel axes, but they are more free to move and to rotate 
along the chain axes, at least for long segments. 

The phase change is accompanied by a decrease in density which can be 
estimated to be about ten per cent and the chain repeat shortens by about 
five per cent. Consequently, by the transition, an oriented fibre of this 
polymer undergoes a shrinkage caused by a real phase change which can 
be carried out reversibly with respect to the temperature (except for a 
hysteresis cycle: see below, Figure 22). 

Transtactic polypentenamer is a new linear polymer of cyclopentene, 
which was obtained by us in the stereoregular form by stereospecific 
catalysts". It is a rubberlike material, which is, like rubber, amorphous 
at room temperature or slightly above. It  crystallizes under stretching, and 
two polymorphous forms can be obtained. Modif. 1 should have an 
orthorhombic crystalline unit celP '~ with a chain repeat of 11"90 A, 
corresponding to two monomeric units. The chain conformation can be 
seen in Figure 6; it contains segments of five carbon atoms conformed in a 
planar zig-zag, as in polyethylene, and periodic deviations due to the double 

I/4 .4-..= _ I ._...lk. 

-1,-,- 1/4 

-a= 728  ~ - -  

Figure 7--Structure of transtactic polypentenamer in modif. ! [projection on 
to (001) planel '5 
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bonds. The similarity with the structure of the orthorhombic modification 
of polyethylene is also seen from the type of arrangement in the unit cell, 
reported in Figure 7. A strict similarity also exists with the orthorhombie 
structure of the polyesters having an odd number of atoms in the repeating 
unit ~,~. 

On the other hand, modif. 2, as shown by i.r. analysis on certain samples '7, 

Figure 8--Chain conformation of isotactic poly- 
propylene 'a 
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is characterized by a different chain conformation with planar zig-zag 
segments that are tilted with respect to the chain axis. 

Three polymorphous structures have been found so far for isotactie 
polypropylene: essentially they differ in the mode of packing of the chains, 

, ~  "'" 9/12 : , 

, - - ~ ~  7/~2 

2112 . ,o 

. ~  6/12 

Figure 9--Structure of isotactic polypropylene in modification a [projection 
on to (001) plane]; dotted lines : possible isbmorphous chains 4s 

which always have the threefold helix conformation shown in Figure 8 ~. 
The structure of the unit cell of modif, c~ is reported in Figure 9 and 
eorrespon~ to a monoclinic unit cell with facing enantiomorphous helices% 
The f l  and Y modifications, which were discovered much later, appear 
instead to have a pseudohexagonal 4~-52 and a triclinic ~1'5'~ structure respec- 
tively, Figure 10 shows the X-ray diagrams of the three modifications ~. 
Figure 11 shows two possible modes of packing for modif, fl, as suggested 
by Turner-Jones et a/.S~; according to these, the pseudohexagonal unit cell is 
particularly large and contains twelve chains arranged in triplets of helices 
having the same sense. Figure 12 shows the mode of packing, as discussed 
by the same authors~% for the Y modification (bottom), compared with that 
of the ot modification (top). The fl modification, at first observed in certain 
spherulites .9, was then obtained in substantial amounts by crystallizing 
polymer samples, melted not above 230 ° and quenched below 130°C. Only 
some polymeric samples yielded the fl modification in substantial amounts; 
the reason for this has not been elucidated so faP 2. The 3' modif, is obtained 
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~form 

0 o 

Figure /O--X-Ray diffraction 
diagrams of isotactic poly- 
propylene crystalline modifica- 

tions ~ 

by crystallizing under slow cooling only partially stereoregular polymers, of 
the isotactic stereoblock type, usually having a relatively low molecular 
weight. Common polypropylenes of good steric purity, cooled at the usual 
rates, crystallize into the more stable modif, c~, which therefore is 
predominant when handling isotactic polypropylene. This explains why 
polymorphism in this polymer was observed with some delay. 

The polymorphism of the next polymer, isotactic polybutene-1, is more 
versatile, at least from the phenomenological point of view. Three poly- 
morphous modifications are known so far, which have been the object of 
exceptionally intensive studies in these last three years ~75. 

Modif. 1, with threefold helix chains and a rhombohedral unit cell, and 
modif. 2, with almost fourfold helix chains and a tetragonal unit cell, were 
discovered since our synthesis of the first isotactic polymers, of which 
polybutene-1 was an example ~ .  The crystal structure of modif. 1 is 
indicated in Figure 13 (top), where a comparison is also made with the 
structure of the monoclinic modif, o~ of isotactic polypropylene (bottom). 
The structure of modif. 2 was later revised, and a chain conformation 11/3 
(with eleven monomeric units every three pitches)was ascertained for it so. 
Modif. 2 is formed by crystallization of the moken polymer and transforms 
into modif. 1 with a rate which is maximum at practically room temperature. 
Modif. 1 is in practice obtained only by transformation of modif. 2, 
except in those very particular cases in which it can be obtained by direct 
crystallization from solution in a less stable morphological texture s7.~,7°, 
which can also be obtained by solid-solid transformation of the modif. 3 ~. 
M0dif. 3, discovered after the first two 5r-~, forms by crystallization from 
solution and is either mixed with other modifications 67 or pure when 
prepared under suitable conditions ~ .  It is supposed to have an ortho- 
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3 9 

Figure 12--Isotaetie poly- 
propylene : (a) structure of  
modif, a; (b) possible structure 

of modif. 3~ a 

rhombic unit cell ~7,~. By thermodynamic investigations we have ascer- 
tained s° that modifs. 2 and 3 are in a monotropic relationship with modif. 1. 
However, while modif. 3 transforms into modif. 1 practically in its melting 
interval, modif. 2 easily transforms into modif. 1 only at temperatures about 
100 deg. C lower than those of melting ~'7~'7~. A direct transformation 
between modif. 2 and 3 has not been observed so far. 

The subsequent polymer listed in Table 3 is isotactic polypentene- 1, which 
appears to be dimorphous. Modif. 2 has been known to us since the 
synthesis of the first isotactic polymers; its chains have a threefold helix 
conformationV% packed in a monoclinic unit celFL Such a modification 
forms by natural cooling of the molten polymer and melts at 80°C. We 
have later found 7s that the molten polymer when left to stand for a long 
time slightly above 80°C, crystallizes very slowly into a new modification, 
namely modif. 1. The latter melts at very variable temperatures, in practice 
between 90 ° and ll0°C, depending regularly and to a marked extent on 
the crystallization temperature, as can be seen from Figure 14 (melting 
temperature versus crystallization temperature). The behaviour of this 
modification of polypentene-I stimulated our attention to the general concept 
of 'equilibrium melting temperature'. This led us ~'~, at the same time as 
Hoffman and Weeks", to the method, later applied to other polymers, of 
the experimental evaluation of the 'equilibrium melting temperature' by 
extrapolation of the melting temperatures measured rapidly on the polymer 
crystallized at various temperatures (in the case of this polymorph, the 
equilibrium melting temperature should be at about 130°C). 

Modif. 1 of polypentene-1 is the more stable, since modif. 2 transforms 
into it with adequate thermal treatment slightly below the melting temp- 
erature. Modif. 1 has fourfold helix chains, packed in a pseudo-ortho- 
rhombic unit celF 7. 

An interesting case of po!ymorphism is that found in isotactic polymers 
of higher olefins of the same normal aliphatic series, and examined in a 

296 



MACROMOLECULAR POLYMORPHISM AND STEREOREGULAR POLYMERS 

6/12 0/12 

.~ .~ l  ~ - j v  lO/12 

2/12 8/1(~2 ~ ~  ) 

2/121 8/12). ~ - ~  

10/12 4/12 

6/12 

6 / 1 2 " ~ ~  

10/12 

0/12 

8/12 

8/12 ~ /12 

4/12 

9/12 3/12 9/12 3/12 

,c~,<~l ~ 6/12:0/12 ~6~,0_ 1 ~ 9  / 
7/12 1/12 7/12 1/12 

3~ 
L l , , 
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recent study by Turner-Jones B°. Polyheptene-1 crystallizes in two modifi- 
cations, one of them under stretching, both having a structure which has 
not been characterized so far. Polytetradecene-1, polyhexadecene-1 and 
polyoctadecene-1 are dimorphous and the two different modifications of 
each are correspondingly similar in the series of the three polymers. Modif. I 
is obtained by quenching melted polymer at 0°C, followed by crystallization 
between 30°C .and a temperature which is about five degrees below that of 
melting. Modif. II can be obtained by heating modif. I slightly below 
melting or by slowly cooling the molten polymer. Thus, modif. II is the 
more stable; it also has a higher degree of crystallinity and an orthorhombic 
unit cell. 

In polymers with such a long side chain in the monomeric unit, some 
difficulty could have been expected in reaching an ordered conformation 
of the main chain; that is, it might be  supposed that crystallinity would 
occur only to a reduced extent by packing of the paraffinic side chains, as 
happens in some atactic polymers with a long side chain (e.g. polyacrylates 
or polymethacrylates of higher alcohols). It has, however, been proved that 
a stable packing of macromolecules is nevertheless possible with a regular 
conformation of both the main chain and the side chains. 

The structure of polymers of Cx~, C16 and C18 ct-olefins was not deter- 
mined with sufficient accuracy but various elements were pointed out 8°. 
Figure 15 shows two structures suggested for the more stable modif. II 
of such polymers. It can be seen that each polymer chain actually forms a 
kind of layer which, packed with similar layers in a regular manner, leads 
to a real three-dimensional crystallinity. In particular, the main chain 
assumes a regular fourfold helix conformation. This structure of modif. II 
is essentially orthorhombic like that of paraffins or of polyethylene, and 
can be considered mainly determined by the strong tendency of the side 
chains to crystallize. 

On the contrary, in modif. I there is only a limited packing of the side 
chains and it can be assumed that crystallization is governed by the heli- 
coidal form of the main chains. Such a form is, however, less stable in 
these polymers. 

Thus, while in isotactic polypropylene, polybutene or polypentene we 
cannot think of a stable conformation different from the helicoidal one, in 
the polymers of higher normal olefins we see that, except for some inter- 
mediate and uncertain terms having a low melting temperature, the more 
stable crystal network becomes that of the orthorhombic packing of chains 
having a zig-zag planar conformation, these chains being not the main 
chains, but side chains. To these last, however, the main chains can adapt 
themselves and equally assume a suitable helicoidal form, so that they 
too can be inserted in the structure. 

Next in our examination we find isotactic polyvinylcyclopropane. Under 
X-ray examination this polymer has appeared to us to be at least di- 
morphous; however, the crystal structures have not been thoroughly 
studied by us 8I's~. Modif. 2 is formed by normal crystallization from the 
melt; by contrast, modification I forms by suitable quenching and cooling 
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b:6.7~ 
c:7o.~ ~, 

O :7"5A ~,.~ 

2/4 ÷ 1/4 ÷ Z/4 3/t. 

7b 

C:6-7~ ~ ~  

2/4 3/4 

8b 1/4" 0/4" 
Figure 15--Type of structure envisaged for modification II of 
isotactic polytetradecene, polyhexadecene and polyoctadecene 80. 
Top: 'right' and 'left' helices; side chains all tilted in same 
direction. Bottom : helices both of same hand; side chains tilted 

'up' and 'down' 

rates, and is transformed by heating into modif. 2. Figure 16 shows the 
diffraction patterns of the two pure modifications, not hitherto published ~. 

It  is of interest to observe that, while modif. 2 is more dense than the 
amorphous polymer (density at 30°C, polymer in modif. 2, 0.976 g cm-S; 
atactic polymer, 0-957 g cm-3), modif. 1 is so little dense, that below about 
55°C it is less dense than the amorphous polymer (at 30°C polymer in 
modif. I, 0.951 g cm-3). A similar phenomenon has been seen so far also 
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and only in modif. 2 of isotactic polybutene-F ~,75 and in isotactic poly-4 
methylpentene-1 s3. 

Isotactic polyvinylcyclohexane seems to have two modifications, in that 
a fourfold helix tetragonal structure 8~ and a threefold helix triclinic one s 
have been independently suggested for it. This polymorphism, however, 
must be further defined. 

With regard to the crystallizable poly-2-vinylpyridine, prepared by stereo- 
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Figure 16--X-ray diagrams of the two modifications of isotactic polyvinylcyclo- 
propane 82 : (a) modif. 1; (b) modif. 2 

specific polymerization, we have detected two modifications by X-ray ~, 
the structures of which, however, have not yet been characterized. 

Finally, there is syndiotactie polypropylene, which we deal with as the 
last case, being the only syndiotactic polymer which has so far shown poly- 
morphism. We have recognized two modifications for it, The orthorhombic 
modification was found in the first preparation of the polyme# 7, and is 
the more stable; its chains have the well known twofold helix conformation 
with binary axes perpendicular to the chain axis. Only a year ago ~ 
we found, by cold stretching of the quenched polymer, a probably pseudo- 
hexagonal modification, in which the chains assume a planar zig-zag 
conformation or nearly so. Such a modification is transformed into the 
orthorhombic one by heating, e.g. in a few hours at 100°C. 

R E S U L T S  ON E N A N T I O T R O P I C  P O L Y M E R I C  S Y S T E M S  
In the course of the preceding examination we have seen that the cases of 
enantiotropy appear to be very few in the macromolecular field. This does 
not mean of course that they are necessarily few, but simply that the cases 
of macromolecular polymorphism sufficiently studied are still few. 

We may in general say that a system should be classified as enantio- 
tropic or monotropic only when a complete thermodynamic, and possibly 
also kinetic, investigation has shown it to be such. Actually, a complete 
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study is only seldom available and unfortunately it happens that systems 
not yet recognized for certain to be enantiotropic are frequently reported 
as monotropic. 

It is known that enantiotropy can frequently be recognized by the 
ascertainment of transitions, from one polymorph to another one, of a 
'thermodynamic', and not 'kinetic', character. At constant pressure, such 
a transformation is endothermal when caused by increasing the temperature, 
and exothermal when decreasing the temperature. It should be 'reversible', 
that is easily taking place in both directions. As a matter of fact, it is very 
seldom that a transformation of this type is 'prompt'. It is mostly 'sus- 
pended', in a more or less wide range, towards either high or low temp- 
eratures, or in both directions. Consequently, a hysteresis band is to be 
expected, which, if not entirely revealed by the investigation, may simulate 
monotropic behaviour. 

Among the few cases of enantiotropy so far known with certainty for 
the polymers, the clearest is that of transtactic polybutadiene; it will be 
briefly illustrated here, insofar as it has been experimentally studied in 
its essential features 39'3. 

Figure 17--Thermograms of 
transtactic polybutadiene. 
(a) and (b): in the first and 
in subsequent beatings; (c) 
recorded during a cooling 
run after the second 
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From Figure 17 we may see the behaviour of the polymer as revealed by 
differential thermal analysis of the calorimetric type '2. Thermogram (a) is 
that of the first heating of the polymer as prepared from polymerization 
and not previously melted: the first peak is that of the transformation of 
modif. 1 to modif. 2 and the second is that of the subsequent melting of 
modif. 2. Thermogram (b) is common to a number of heating runs per- 
formed after the first on the same polymer sample. Thermogram (c) was 
on the contrary recorded during a controlled cooling run. 

In the first run the transition takes place at a lower temperature and with 
a smaller thermal intensity. In the subsequent runs it settles at 76°C, with 
about twice the thermal intensity. The melting, on the contrary, appears to 
take place every time at 145°C. This means that the sample, initially in 
modif. 1 with a defective crystalline texture, in the polymorphous transition 
of the first run is already transformed in a well crystallized modif. 2. By 
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cooling the sample, modif. 2 crystallizes first, and then its exothermal trans- 
formation to modif. 1 takes place. In both polymorphous and melting 
transitions an undercooling suspension is apparent. In particular, the poly- 
morphous transformation proves to be substantially reversible, with features 
which are strictly similar to those of the melting. 
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Figure 18--Dilatometr ic  curves of trans- 
tactic polybutadiene. Full curve: heat- 
ing at a rate of 6 deg. C /h ;  dashed curve: 

cooling at a rate of 4 deg. C / h  t~ 

In Figure 18 dilatometric curves are reported of a heating and a sub- 
sequent cooling run of a similar sample 'a in conditions not too different 
from those of the preceding figure: here the similarity between the two 
phase transitions is in a sense even more evident. Both the transitions are 
clearly of a 'diffuse' kind. 

Particularly interesting are the results relative to the same polymorphous 
transition effected in the presence of a solvent or with a polymer chemically 
modified by introduction of various amounts of comonomeric units of 
another diolefin in the chain 89. 

Figure 19 shows qualitatively two typical sets of results. The upper curve 
is a horizontal straight line: it indicates that the transition temperature 
(on the ordinates) is not affected by the presence of a solvent, as is to be 

Figure 19--Enant iotropic  transition 
temperature of transtactic poly- 
butadiene versus composition in the 
presence of a solvent and  with the 
polymer chemically modified by in- 
troduction in the chain of isomor- 
phous comonomeric units of another  

diolefin ~ 
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MACROMOLECULAR POLYMORPHISM AND STEREOREGULAR POLYMERS 

expected for a solid-solid transition. The lower curve, on the contrary, 
indicates a remarkable depression of the transition temperature when an 
increasing amount of isomorphous comonomeric units is introduced into 
the polybutadiene transtactic chain, a fact which again is according to 
expectation. 

Table 4. Thermodynamic properties of transtactic polybutadiene 

AH u AS u T 
(cal/struct. unit) (e.u./struct. unit) (°C) 

Fusion 
Mod. 1 3 300 8-95 96 
Mod. 2 1 100 2"7 145 

Transition 1 ~ 2 2 200 6'3 76 

A thermodynamic analysis was also carried out by determining the fusion 
quantities of both modifications '2. The measure of melting temperature 
depressions in the presence of benzophenone or ot-chloronaphthalene, in 
addition to differential calorimetric determinations, enabled us to calculate 
the data of Tab le  4 ~. 

It is apparent that both enthalpy and entropy of fusion have high values 
for the low melting modif. 1 and comparatively low values for the high 
melting modif. 2. This means that, by heating the polymer, in the poly- 
morphous transformation there is an increase of enthalpy and a great 
gain of entropy. This appears to be also m agreement with the structural 
change from a pseudohexagonal unit cell with a close packing of compara- 
tively rigid macromolecules to a similar unit cell which is shorter along 
the c axis and broader along the other two axes; this may probably be due 
to a rotational freedom acquired by the chains around the bonds between 
monomeric units. 

This remarkable gain of entropy, in addition to the low fusion entropy 
of the high temperature polymorph, is also consistent with the observed 
similarity between the features of the polymorphous transition and those 
of the melting; and we may conclude that the transition should be prompt 
towards the high temperatures, just as for the melting. 

modit 1 ~  Tm,°C 96 145 

\ \  
modif. 2 ~ 

50 100 150 
P62/66(20) T'°C 

Figure 20--Phase diagram of the enan- 
tiotropic polymorphism of transtactic 
polybutadiene (from the data of Table 4) 
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From the thermodynamic data, the phase diagram of free energy versus 
temperature should be approximately as reported in Figure 20. For sim- 
plicity, the functions were chosen as straight lines; those of the solid 
phases are those of the best crystalline elements actually present in the 
polymer sample. The transition points, corresponding to the intersections 
between the straight lines, have consequently to be understood as ultimate 
transition temperatures, as is usual for thermodynamic considerations on 
the solid state of polymers. 

It is interesting to note that from the thermodynamic and dilatometrie 
data found it is possible to calculate, by means of the Clausius-Clapeyron 
equation, the value of the derivative of the pressure with respect to the 
temperature for the polymorphous transition. It results in dp/dt=60 
atm/°K, which is exactly the value indicated as a rule by Bridgman 9° for 
a number of polymorphous transitions of low molecular weight compounds. 

The enantiotropic transition of transtactic polybutadiene was also 
studied by mechanical measurements on oriented samples of polymeP s. 

E 
Figure 21--Length of an initially E 45.(3 
oriented sample of transtactic polybuta- "£ 
diene versus temperature, without applied 
stress; (a) heating; (b) subsequent • 44"5 

cooling ~ 

45"5 

44-G t 

10 30 50 70 90 
oc 

If a ribbon of polymer in modif. 1 is oriented by stretching and then 
heated without applied stress, the length of the ribbon shrinks through the 
transition, as reported in Figure 21. By cooling the sample, the length 
increases by coming back from modif. 2 to modif. 1, but the initial orienta- 
tion is lost. If the same experiment is carried out under a suitable constant 
stress, as in Figure 22, the initial length can be perfectly recovered and the 
transition is reversible, save for a hysteresis cycle. This means that, at 
least in principle, the polymer under consideration could be used as a 
working substance of a thermal machine fit for transforming heat into 
mechanical work, by utilizing the polymorphous transition. 

RESULTS ON MONOTROPIC POLYMERIC SYSTEMS 
The monotropic polymeric systems seem to be more frequent than the 
enantiotropic ones. But only in two cases, gutta-percha and isotactic poly- 
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Figure 22--Length of an oriented 
sample of transtactic polybutadiene 
versus temperature, with a suitable 
stress applied; (a) heating; (b) sub- 

sequent cooling 43 

butene-1, has a thermodynamic analysis ascertained that the system was 
really monotropic. 

The polymorphism of polybutene-1 has been studied in the last three or 
four years with exceptional intensity. At least 35 authors have been inter- 
ested in its investigation ~-Ts, which implies not only fundamental, but also 
practical aims. 

We will now illustrate the essential results we have obtained for this 
system, in substantial agreement with the results of other authors. 

It may be remembered that the three modifications of polybutene-1 can 
be normally obtained in the following ways: modif. 2 by crystallization 
from the melt; modif. 1 by transforming modif. 2 or modif. 3; and modif. 
3 by crystallizing the: polymer from solutions. In these ways, modif. 2 is 
normally obtained in a spherulitic or hedritic morphology6°; modif. 3, by 
contrast, has so far been obtained in a lamellar or single-crystal morphology, 
because it is better prepared from dilute solutions. As a consequence, 
modif. 1 can be obtained either in spherulites and hedrites, or in lamellar 
and single-crystal form, in that it can be prepared only by transformation 
either of modif. 2 or of modif. 3, and both these transformations proved 
to be of the solid-solid type, endowed with morphological memory 65,66. In 
a sense, modif. 1 is in general pseudomorphic, at least for the microscopic 
external habit. 

All three modifications were obtained by Miller and Holland in lamellar 
or single-crystal form by suitable thermal treatments starting from polymer 
solutions 6r'68 and separating single morphological elements. 

These morphological considerations are important also because they 
clarify the fact that so far modifs. 1 and 2 have also been prepared with 
a comparatively more thermodynamically stable texture, whereas modif. 3 
has so far been prepared only in a thermodynamically defective morpho- 
logical texture. 

On this ground, we succeeded in evaluating the equilibrium melting temp- 
erature of modifs. 1 and 2 by extrapolation of the melting temperature 
versus crystallization temperature ploP. Figure 23 reports the evaluation for 
modif. 2 with an equilibrium melting temperature at about 130°C. Figure 24 
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Figure 23--Melting tem- 
perature versus crystalliza- 
tion temperature for isotactic 
polybutene-1 in. modification 

26s 
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reports the same: evaluation for modif. 1. On the abscissa are in this case 
the crystallization temperatures of the parent modif. 2, then transformed to 
modif. 1 at the constant temperature of 40°C. It is evident that the morpho- 
logical memory in modif. 1 allows extrapolation of the data. The equi- 
librium melting temperature of modif. 1 can be evaluated at about 138°C. 

A detailed thermodynamic analysis, based on the depression of the 
melting temperature in the presence of diluents, allowed us 59 to conclude 
that the syste m was monotropic with regard to modif. 1, the fusion enthal- 
pies being about the same for the three polymorphs (around 1.5 kcal/mole 
with different accuracies for the three modifications). For modif. 2, owing 
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Figure 24--Relationship between melting 
temperature of polybutene-1 in modification 
1 and crystallization temperature of modifi- 
cation 2 from which modif. I was prepared 
by polymorphic transformation at 40"C ~ 
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to experimental difficulties, the fusion enthalpy was roughly estimated; 
however, with the present better kinetic knowledge of the transitions 
between pairs of modifications, the doubt can exist that the assumed and 
not X-ray controlled modif. 2 considered in that paper ~9 could have been 
in reality a defective rnodif. 1, Our subsequent differential calorimetric 
dat@ indicated for modif. 2 a fusion enthalpy of about 1.0 kcal/mole, in 
reasonable agreement with evaluations published in the meantime by other 
authors69, n, 7~. 

The results of the thermodynamic analysis can be summarized here as 
in Figure 25, showing a free energy versus temperature phase diagram 
drawn on the basis of the data chosen as indicated. The monotropic 
relationship of modif. 2 with regard to modif. 1 appears to be definitive. 
The monotropic relationship of modif. 3 with regard to modif. 1 is also 
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sufficiently dear. On the contrary, some doubts exist on the relationship 
between the two metastable modifs. 2 and 3, mainly as a consequence of the 
uncertainty about the equilibrium melting temperature of modif. 3. The 
free energy of modif. 3 is here indicated with two dotted curves: the upper 
curve is experimental, but for a modif. 3 with defective morphological 
texture; the lower dotted curve is only hypothetical and estimated in analogy 

Figure 25--Free energy versus tt.o 
temperature phase diagram of t~ 

isotactic polybutene- 1 sg, 65 

6 
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........ 38 130 034"5 

I I I 
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with what is known to occur for modif. 1. Actually, the modif. 1 prepared 
by solid-solid transformation of the defective modif. 3 melts at about 
l l0°C, that is about 28°C under the equilibrium melting. By transferring 
this difference of temperature to modif. 3, the presumed value of the equili- 
brium melting of this last modification could be about 134°C. We may see 
that the band of free energy values so established can admit either an 
enantiotropic or a monotropic relationship between (metastable) modifs. 2 
and 3. On the other hand a direct transition between these two modifications 
has never been observed so far in experiment. 

An interesting phenomenon of thermodynamic stability inversion was 
observed in polybutene-1. In order to describe it, we may examine first 
the kinetic transformation which takes place by heating modif. 366. 

Figure 26 shows a dilatometric curve recorded during a slow heating of 
modif. 3 : we can recognize a transformation of modif. 3, during the: fusion 
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Figure 26--Dilatometric curve of a sample 
of isotactic polybutene-1, originally in 
modif. 3, heated slowly to l l l ° C  (1 read- 
ing/ 12h) and then rapidly to 140°C 

(2 dog. C[15 min) 66 
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interval, in a more dense polymorph and that this last melts at about 
l l0°C, leaving another polymorph which melts just above 120°C. 

By repeating an equivalent heating experiment in the X-ray apparatus, 
the diffraction diagrams of Figure 27 were obtained at different steps of the 

r _>, 
Figure 27--X-Ray diagrams 2 
showing the transformation of ® 
modif. 3 of isotactic poly- "~ 
butene~l to modif. 1 by slow - 
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heating run. They show that modif. 3 gradually transforms to modif. 1 
before melting without the presence of any amount of modif. 2. The 
transition proved to be of the solid-solid type. 

A similar experiment was done by rapid heating and its results are 
those of Figure 28. In this case modiE 3 has insufficient time to be trans- 
formed to modif. 1 and, when it is melted, modif. 2 appears and crystal- 
lizes to a high degree. This proves that modif. 2 is formed by crystallization 
of melted polymer which becomes available during the fusion of the 
other polymorph. 

In substantial agreement with this finding is the differential thermogram 
of Figure 29, recorded by Geacintov, Schotland and Miles 63, clearly showing 
an exothermal peak between the two endothermal peaks of the meltings of 
the two modifications, and thus supporting a solid-l/quid-solid passage 
from modif, 3 to modif. 2. 
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Figure 28--X-Ray diagrams recorded during a rapid heating 
of polybutene-1 in modif. 366 

Turning back to the phenomenon of stability inversion, we have noticed 
that in the slow heating of modif. 3, a modif. 1 was formed which melted 
surprisingly low, at ll0°C, that is at a temperature lower than the usual 
melting temperature of modif. 2. This means that the morphological texture 
of modif. 1 obtained from modif. 3 was so defective that the free energy 
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Figure 29--DTA thermogram showing the 
melting of modif. 3 of polybutene-I and 

the subsequent formation of modif. 263 
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of modif. 1 prepared by this particular route happens to be greater than 
that of the usual modif. 2. 

Some interesting results of quantitative kinetics of the polymorphous 
transformation of modif. 2 to modif. 1 have been obtained by us 75. However, 
before presenting this, it is useful for comparison to consider the quan- 
titative kinetic results we have obtained for the crystallization of modif. 2 
from the melf 5. 

Figure 30 shows the dilatometric isotherms relative to the crystallization 

Figure 30--Dilatometric iso- 
therms of crystallization of 
isotactic polybutene-I in modif. 
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of modif. 2 from the melt at different temperatures, as indicated, These 
isotherms can be well analysed in terms of Avrami's equation. The value 
of Avrami's exponent is 3" 1, in complete agreement with the values found in 
good kinetic determinations with other crystallizable polymers. 

Now, Figure 31 shows the dilatometric isotherms relative to the poly- 
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Figure 31--Dilatometric iso- 
therms of solid-solid trans- 
formation of modif. 2 to modif. 

1 of isotactic polybutene-17s 
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morphous transformation of modif. 2 to modif. 1, performed on the same 
sample crystallized at 102°C, then isothermally transformed at different 
temperatures, as indicated 75. We may note that the transformation appa- 
rently proceeds with features completely similar to those of a crystallization 
from the melt, like those we have seen in Figure 30. These isotherms can 
equally be analysed in terms of Avrami's equation and give an exponent 
of 3"3. 

Thus, we may think that the mechanism of the solid-solid transformation 
may be interpreted by extending the model used in the derivation of 
Avrami's equation. In other words a mechanism of nucleation can be 
envisaged, followed by propagation of the new solid phase in the parent 
phase, at the expense of the latter. 

The half-times of the transformation are reported in Figure 32 as a 

Figure 32--Half-times of the poly- 
morphous transformation of modif. 2 
to modif. 1 of isotactic polybutene-I 7s 
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function of the temperature. The minimum half-time is practically at room 
temperature. 

It seems that the value and the temperature of the minimum half-time 
can vary slightly depending on the purity of the sample. For instance, 
Boor and MitchelP s found a slight decrease of the minimum value, and a 
slight increase of the corresponding temperature, by seeding the polymer 
with a small amount of another suitable crystalline substance, as reported 
in Figure 33 (e.g. isotactic polypropylene and stearic acid). They found 
also" an influence of the thickness of film-formed samples, as did Clampitt 
and Hughes TM, who also observed a difference between samples having 
different amounts of ash. 

Equally, we have found a clear dependence of the transformation on the 
temperature at which the modif, 2 was crystallized 75. Figure 34 shows the 
relationship for a transformation performed at 30°C. The half-times are 
lower when the crystallization temperatures are higher, in other words, 
the better the morphological texture, the easier the transformation. This 
might be considered to be in agreement with the fact observed in some low 
molecular weight compounds, that a given polymorph is kinetically more 
stable when stored in small rather than large crystals. 
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A peculiar property we have observed 7''7~ in isotactic polybutene-1 which 
is conditioned by the polymorphism, is a dilatometric isophasic transition 
that takes place only in the polymer in modif. 2, at about 65°C. In 
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Figure 33--Times required to attain a 
given dilatometric contraction in modif. 2 
oto modif. 1) of isotactic polybutene-l: 

parent sample; [] seeded with 5% wt 
isotactic polypropylene; A seeded with 

5% wt stearic acid ~ 

Figure 34--Half-times of the polymor- 
phous transformation at 30°C of modif. 
2 to modif. 1 of isotaetic polybutene-1 
as a function of the crystallization tem- 

perature of modif. 275 
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Figure 35, showing dilatometric curves of the three polymorphs, we may 
see that only for modif. 2 (the highest curve) there is a 'knee' typical of 
isophasic transitions. The abrupt change at 65°C of the expansion co- 
efficient in modif. 2 may be better appreciated in Figure 36. Such is the 
change that at low temperature, about 5°C, the density of modif. 2 becomes 
lower than that which can be foreseen for the amorphous or atactic polymer. 

The isophasie transition can be particularly interesting in that it is specific 
not, as usual, of the amorphous part of the polymer but of the crystalline 
structure of modif. 2. It  is very difficult today to understand the nature of 
such a transition. A certain analogy might be seen with the not so clear 
change which occurs in polyethylene at about 90°C n. 
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Another aspect which could be in some way related to the isophasic 
transition of modif. 2, is that the temperature range in which modif. 2 
can in practice be transformed to modif. 1 is far from the melting tempera- 
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Figure 35--Comparison among dilato- 
metric behaviour of the three modifica- 
tions of isotaetic polybutene-1 (curves 1, 
2, 3: modifs. 1, 2, 3; curve 4: atactic 

polymer) 7~ 

ture of both polymorphs and it is actually below the transition temperature. 
In general, a monotropic transformation takes place easily only near to, 
and not far from, the melting temperature of the less stable polymorph. 

A typical monotropic transformation is, for example, that we have seen 
in Figure 26 of modif. 3 to modif. 1 of isotactic polybutene-1, or that which 
was dilatometrically observed in isotactic polypentene-FS, - on the right 

Figure 36--Dilatometric curve of iso- 
tactic polybutene-1 in modif. 274 

1'25 

1"2C 

1.15 

1.1(1 I I I l J I l I ] I I 
-20 0 20 60 100 140 

r,°C 

hand diagram of Figure 37. These transformations take place during the 
fusion interval of the low melting modification, which leaves, once melted, 
a part of the polymer in the high melting modification. 

Another interesting feature of macromolecular polymorphism can be 
seen in Figure 37 by comparing the two diagrams: the polymorphous 
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Figure 37--Dilatometric curves of two fractions of different mole- 
cular weight of isotactic polypentene-1 in modif. 2 (rapid 

heatings) r8 

transition takes place only in the right hand diagram, which refers to a 
low molecular weight sample. On the contrary, in the left hand diagram no 
polymorphic transformation occurs, the polymer sample being of very high 
molecular weight. 

The interesting more general conclusion from this fact is that in macro- 
molecular polymorphism metastable states are increasingly possible when 
the molecular weight increases. This condition can be such that a poly- 
morphism could thermodynamically exist without being in practice kinetic- 
ally effective. This statement is on the other hand in agreement with our 
general knowledge of the relaxation and physical behaviour specific of 
high polymeric substances. 

T H E O R E T I C A L  P R E D I C T I O N  O F  P O L Y M O R P H I S M  

Any prediction concerning polymorphism in general has to be based on 
the theory of crystal stability. 

It is known that the stability of rare-gas crystals as well as that of simple 
ionic solids (especially alkali halides) has been studied in great detail, on the 
basis of pair interactions between atoms or ions and looking for a geo- 
metrical situation which minimizes the lattice energy. 

For metals a similar type of analysis can be undertaken 93, following 
the 'electronic gas' theory. A different approach to this problem is based 
on the Pauling theory of the metallic bon& ~. 

The calculated differences in energy between different structures are, 
however, in several cases very small, so that definite conclusions concerning 
the stable structures do not seem to be justified. 

An important improvement in this field appears to be that recently intro- 
duced by Jansen 95 for rare-gas crystals and by Lombardi and Jansen ~ for 
alkali-halide polymorphism. Their calculations are based on three-body 
interactions 97, and it has been shown that, by introducing simultaneous 
interactions between triplets of atoms or ions in the solid, discrepancies 
between predictions and experiments of previous theories were removed. 
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Also with organic macromolecular substances, the problem of poly- 
morphism falls under the more general question of finding the most 
probable crystalline arrangements of a given polymer having a known 
chemical structure (real or hypothetical). 

An a priori calculation is, however, very difficult if relative to the mode 
of packing of given macromolecules, even if these are assumed already to 
have a regular conformation. Today, a packing efficiency can be only 
empirically considered in terms of a good filling of the space and of suitable 
distances between atoms or groups of atoms. 

Easier to be treated theoretically is, on the contrary, the regular con- 
formation which can be reached by a given chain, assumed to be completely 
known from the point of view of its chemical structure and geometry (bond 
distances, valence angles, etc.). 

Different approaches were attempted by some authors in this direction. 
Bunn was the first 4'98 who applied geometric restrictions deriving from the 
knowledge of the chemical structure to the selection of trial crystalline 
structures, and an energetic criterion through the so-called 'principle of 
staggered bonds'. Fordham ~, and Shimanouchi and Tasumi ~°°, also derived 
possible chain conformations through restrictions imposed by electrostatic 
and steric effects. 

A very interesting approach, again from the formal point of view, is that 
introduced by Natta, Corradini and Ganis 1°~ and by Liquori et a lg .  It is 
mainly based on two postulates. 

The first postulate is that all the structural units are in geometrically 
equivalent positions with regard to an axis, and is called 'equivalence 
postulate'. In other words any unit can be superimposed on the next one 
along the chain by means of such appropriate symmetry operations as rota- 
tion and translation with regard to the axis. 

The second postulate is that the regular conformation actually attained 
in the: crystal lattice by the chain should correspond to the same energy 
minimum which would be reached by the chain when isolated and in no 
way influenced by external forces. This is called the 'minimum energy 
postulate', which essentially states that the influence of the packing in the 
stability of the chain conformation should be negligible. 

By means of these postulates, and taking into account the van der Waals 
repulsion between atoms separated from each other by up to four bonds, 
the values of the internal energy of the chain can be calculated as a func- 
tion, for example, of the internal rotation angles which characterize the 
conformation assumed by every unit inserted in the chain. 

Figure 38 shows the energy contour map that was thus obtained for 
isotactic polypropylene: here two rotation angles are sufficient as conforma- 
tional variables :~. It is interesting to see that two minima are formed, for 
which the rotation angles correspond respectively to a left-hand and to a 
right-hand helix conformation. The helix symmetry may be that of the 
threefold helix. 

From the point of view of polymorphism, we have seen that in reality 
in isotactic polypropylene all the three modifications are formed by threefold 
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shaped helices with differences due only to mode of packing (which is not 
considered in this theory). 

In Figure 39 the results are shown of a similar calculation for syndiotactic 
polypropylenet°L Here three different minima are present: two of them 
correspond again to left-hand and right-hand helices; the third, on the 
contrary, to a zig-zag planar conformation. In fact, we have seen that up 
to now, for that polymer two polymorphous modifications were discovered, 
having respectively a binary helix and a zig-zag planar conformation. 

360 ° 

• 10 kcat ~ .> 10 

0 120 ° 240 ° 360 ° 

Figure 38--Internal energy of 
an isotactic polypropylene 
chain for different axial 
conformations as a function of 
the two internal rotation 

angles t01 

Figure 39-- In terna l  energy of 

a syndiotactic polypropylene 
chain for different axial 
conformations as a function of 
the two internal rotation 

angles TM 

360 ° 

240 ° - -  

120 ° 

ez 

120 ° 

>10 kca[/.~_m.u. I 

2/.,0 ° 360 ° 

Recently Furukawa et al. 1~3 have calculated the energy of differently helix 
conformed isotactic polybutene-I chains, and have found that the ternary 
helix should be the preferred one, as found in fact for the more stable 
polymorphous modification of polybutene-l. 

Of course, not all the requirements introduced into the theory are actually 
satisfied and some deviations have to be expected in a more detailed investi- 
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gation. For example, the 'equivalence postulate', though it often holds, is 
not expected to be obeyed always. Just as chemically identical molecules 
can sometimes occupy non-equivalent positions in micromolecular crystals, 
so identical structural units in polymers may occupy non-equivalent sites. 
An instance of this kind is under discussion for the crystal structure of 
polydimethylketene ~7. Similarly, the 'minimum energy postulate' may also be 
compromised when particular intermoiecular forces may distort free macro- 
molecule conformations (polar groups, hydrogen bonding, etc.). It is 
known that the situation, not considered here, of polypeptide chain con- 
formations is more complex in this respect. 

In spite of these difficulties, the above analysis is to be considered as a 
valuable approach in many simple cases of synthetic polymers. 

From all the experimental data illustrated in the preceding paragraphs 
it is possible to conclude that the macromolecular polymorphism can be 
theoretically thought of as a consequence either of differences in the pack- 
ing of chains with equal conformations, and /o r  of differences in the chain 
conformations. The chain conformation analysis can evidently solve only 
problems relative to conformational polymorphism. 

It can, however, be noted that, if different types of potential minima are 
found theoretically, the difference between the foreseen chain conformations 
can be reasonably clear; if on the contrary only minima corresponding to 
helices are found, as for example those corresponding to two enantio- 
morphous helix chain conformations, inaccuracies of both theory and cal- 
culation can leave some uncertainty about the real symmetry of the helix. 
The remark is very recent 1°~ that helices of types 3/1, 7 /2  or 11/3 have such 
small differences in internal rotation angles that they apparently fall into 
the same potential energy minimum. 

Though it is clear that further refinements are to be introduced, we may 
conclude that this theoretical way of prediction of the macromolecular 
polymorphism is highly interesting and has already given very encouraging 
results. 

Isti tuto di Chimica Industriale del Politecnico, 
Milano, Italy 

(Received September 1966) 
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Solution and Diffusion of Gases in 
Poly (v in ylchloride) 

R. M. BARRER, R. MALLINDER and (in part) P. S-L. WoN~ 

Diffusion and solubility coefficients have been measured by several different 
methods [or hydrogen and neon in plasticized and unplasticized poly(vinyl- 
chloride) sheet, above and below the glass transition temperatures. In 
unannealed, unplasticized sheet, diffusion was history dependent but after 
annealing reproducible results were obtained. The plasticizer (tricresylphos- 
phate) reduced the glass transition temperatures, estimated ]rom permeability/ 
temperature relations, progressively and in accord with the Free Volume 
Theory. It also increased the diffusion coefficients but decreased the solubility 

of the gases in the sheet. 

POLY(VIN~(LCHLORIDE) is an internally viscous, amorphous plastic for which 
glass transition temperatures, To, have been variously quoted in the range 
70 ° to 85°C ~-3. The differences in To for the unplasticized polymer are 
likely to reflect differences in purity, micro-structure and molecular weight. 
In internally viscous polymers, diffusion of penetrants is often partially 
non-Fickian in characteP -6. If the probe molecules are permanent gases 
their diffusion coefficients, D, should not depend on concentration of 
diffusant in so dilute a solution. Other factors, such as variations of D 
with distance in the membrane or with time, may occur, os may micro- 
heterogeneity, which is likely to be most significant below T~. It was 
considered of interest to investigate the diffusion and solution of permanent 
gases in poly(vinylchloride) above and below To and in presence and 
absence of plasticizer, both to examine diffusion anomalies and to evaluate 
the role of plasticizer. 

THEORY 
Diffusion coefficients can be evaluated in three different ways by measuring 
the flow of gas through a membrane of the polymer s,7. The first of these, 
which has been called the early time procedure, gives diffusion coefficients, 
DE, which correspond with the situation in the membrane at very small 
times. The second, the time-lag method, gives diffusion coefficients, DL, 
appropriate for a period comp~/rable with the time lag, L, while finally the 
steady-state method gives diffusion coefficients, Ds, for the membrane for 
times after the steady state has been established. 

The appropriate relations for diffusion in the x direction, when the 
simple Fick equation 

Oc / Ot = DO~c / Ox ~ (1) 

is valid are as follows. The membrane is bounded by the y z  planes at x = 0 
and x - - l  respectively. The membrane is free of penetrant at time t=0.  For 
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t > 0 a pressure Pl of penetrant is established and maintained constant 
at x = 0 .  The pressure p~ of penetrant on the outgoing side is then plotted 
against time, the membrane permeability being small enough so that p~ ~ Pl 
for the duration of the experiment. D~ is then obtained from a plot of 
In (t ~;~ dp2/dt )  versus 1/t since it has been shown that initially s,9 

In (t 1/2 d p 2 / d t ) = l n  {(2A/V) o-Ep~) (O~/~r) a/~} - F / 4 O ~ t  (2) 

In this expression, A is the area of the membrane of thickness l through 
which diffusion occurs into a reservoir of volume V, and (re denotes the 
solubility coefficient. Thus, o-~pl is the concentration in the membrane at 
x = 0. The slope, S, of this line is accordingly 

S =  - l~ / 4Oe  (3) 

The diffusion coefficient, DL, is also readily obtained from the time-lag, L, 
from the relation 

L = F / 6 D L  (4) 

while the diffusion coefficient, Ds, can be determined from the permeability, 
P, and the solubility, o-s, measured directly 

P = Ds(rs (5) 

Then for the ideal diffusion obeying equation (1), and for which equations 
(2), (3), (4) and (5) are therefore all valid : 

D~ = DL = Ds (6) 

This equality may then be regarded as a test of equation (1). An equivalent 
test based on equations (3) and (4) is that 

- 2 S  = 3 L  ( 6 a )  

The intercept obtained by extrapolation of the line of equation (2) to 
cut the axis of ln ( t~ /2dp2/d t )  at l / t = 0  may be termed l n l ,  where 

I = (2A / V) ((re, lpl) (D~ / rr) ~/~ (7) 

and so, combining equations (7) and (3), 

(rs, t = ( l V  / IA pt) ( - ~rS) '/2 (8) 

It is also possible to set P = D~(rE, 2 = DL(rL, and for ideal diffusions obeying 
equation (1) all the solubility coefficients should be the same, and so 

so that 

( r L  = ( r E ,  2 ~-~- ( r E , l  = 0 %  

6 L P  4SP  I V  
- f~ = lAp----~(-TrS)'/~=o's (9) 

On the other hand, if the equalities in equations (6), (6a) or (9) are 
not found, it should be possible to obtain information on the extent and 
perhaps on the causes of deviations from the ideal behaviour. 
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SOLUTION AND B I F F U S I O N  OF GASES 1N POLY(VINYLCHLORIDE) 

E X P E R I M E N T A L  
The permanent gases, neon and hydrogen, were supplied in the pure state 
by the British Oxygen Co. 

Poly(vinylchloride) sheets of known plasticizer content were supplied 
by the Plastics Division of I.C.I. Ltd. They were all prepared from the 
same polymer, Corvic D65/6, which was obtained by suspension polymeri- 
zation. The polymer, as powder, was reported as at least 99 per cent pure. 
It was well mixed with appropriate constant amounts of stabilizers 
(cadmium stearate and stearic acid) and with tricresylphosphate plasticizer 
as required. The sheets were prepared in their final form by calendering 
at ~ 120°C. The compositions in parts by weight were : 

Corvic 100 

Cadmium stearate 2 

Stearic acid 0.2 

Tricresylphosphate as in Table 1. 

Further characteristics of the membranes are indicated in Table 1. When 
different membranes, cut from the same sheet, were used they are designated 
by subscripts (e.g. J1, J2, J3, J4). 

Table 1. The poly(vinylchloride) membranes 

Parts by weight o] Vol. fraction o] Average thickness 
Designation tricresylphosphate tricresylphosphate (cm × 102) 

J 0 0 3.4 
H 10 0.107 8.57 
G 20 0.194 3.2 
F 40 0.325 7.95 
E 60 0.419 7.6 

The diffusion cell has been described elsewhere 1°. The more brittle 
membranes J, H and G were held in the cell between thin rubber washers, 
the whole being clamped between the steel jaws of the cell. The more 
highly plasticized membranes F and E were clamped without the need for 
rubber washers. The exposed area of each poly(vinylchloride) membrane 
was ~ 2.9 cm 2. Before each run the membrane was maintained at the 
experimental temperatures for not less than 12 hours, with appropriate 
outgassing. Permeation and time-lag experiments were also conducted with 
membrane J in an all-glass cell without rubber gaskets. The membrane 
was in this case mounted using Araldite. The membranes of Table 1 were 
stored in sealed containers when not in use, to minimize loss of plasticizer. 
Diffusion of plasticizers in poly(vinylchloride) depends strongly on the 
plasticizer concentration n-14, which could result in a tendency to self- 
sealing at the faces x = 0 and x =  1 from which any evaporation of plasticizer 
must occur. The vapour pressure of tricresylphosphate is very small and 
from the reproducibility of the permeability measurements over long time 
intervals it is considered that the loss of plasticizer during the course of 
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the work must have been small. Nevertheless the initial plasticizer contents 
in Table 1 are to be considered as maximum values. 

Measurements of the static solubilities were made by first equilibrating 
a membrane with the gas under consideration, and then sweeping away 
the ambient gas phase with mercury which was raised to surround and 
seal the sample. After evacuating the displaced gas, the mercury was 
lowered and again raised to sweep away any residual adhering bubbles. 
The gas desorbed from the polymer samples on finally lowering the mercury 
was measured from the pressures developed in an attached McLeod gauge. 
The second sweeping of the membrane with mercury was timed between 
half coverage of the membrane with mercury descending and rising. A 
correction was then applied for the quantity desorbed during this interval 
by using the v/t diffusion equation. The correction thus obtained was 
about five per cent of the total amount desorbed. The method described 
above has been used successfully by Meares TM and by Draisbach et al.at 

The linear relation predicted by equation (2) was tested, as shown for 
example for hydrogen in Figure 1 in membrane E at 0°C, and for neon 
in membrane F1 at 19.1°C. The continued recording of the outgoing 
pressure as a function of time served also to evaluate the time lag L, and the 
steady-state permeability, P, by standard procedures. 

(a) 

..--. ~.3 ~.9 

I I 
1'0 1"5 

(b) 

I 
2-0 1.0 2.0 3"0 

102/t,min -1 

Figure / - -L inear  plots of log (ta/~ dp2/dt) versus 1/t for (a) hydrogen 
through membrane E at 0°C and (b) neon through membrane F 1 at 

19.1oC 

R E S U L T S  F O R  U N P L A S T I C I Z E D  
P O L Y ( V I N Y L C H L O R I D E )  

Permeation and diffusion 
Permeation through unplasticized, unannealed poly(vinylchloride) was 

history dependent. The first series of measurements were made at a 
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Figure 2--Plots of logP, determined in the metal celP, versus 1/T for 
hydrogen and neon diffusing in unplasticized PVC: (a) P for hydrogen in 
membrane J1; A, unannealed, with T rising in steps from 0°C to 84'2°C; 
©, after annealing at 87°C; (b) P for neon in membranes J] and J2; A, J1 
unannealed and T raised in steps from 34°C; G, J1 annealed at 85°C; rq, jg 
annealed at 86°C, T raised in step3 from 34°C (therefore points noz 

numbered) 

sequence of temperatures raised in steps from either 0°C or 34°C to 
84°-86°C, without prior annealing. Subsequent series of measurements 
were then made in the same way, but only after annealing at 86 ° to 87°C. 
Some of the results obtained using the metal diffusion cell are shown in 
Figure 2, and more detailed comments may be inade as follows. 

(i) The values of P first obtained for hydrogen in the range 0 ° to 
54°C were not reproducible in subsequent runs [points 1 to 7 in 
Figure 2(a)]. 

(ii) After annealing the membrane at 87°C for 12 hours, cooling it 
slowly, and then repeating the runs between 54 ° and 24.1°C (points 11 to 
14) P was reduced by as much as 20 per cent. A further repeat run at 
54°C (point 15) was, however, in good agreement with that of point 11. 

(iii) Between 69 ° and 84°C (points 17 to 20) the annealed membrane 
gave values of P in reasonable agreement with the original points 8, 9 and 10. 

(iv) Measurements '[Figure 2(b)] for neon were made in two membranes 
J1 and J~. Membrane Jt was used five weeks after the hydrogen series 
referred to in (i), (ii) and (iii). Membrane J~ was annealed at 86°C for 
12 hours and was then cooled slowly to 34-1°C before commencing the 
runs. The values of P were one to eight per cent above those for J1 in its 
reproducible range (points 7 to 21). Thus the measurements in annealed, 
unplasticized poly(vinylchloride) were reasonably repeatable. 

Subsequent ly  a comparison was made between time lags and permea- 
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bilities measured for neon and hydrogen in the cells with and without 
rubber gaskets. This comparison established that time lags were several 
times larger in the metal cell with gaskets than in the glass one with no 
gaskets, but that the permeabilities were not very different, being 20 to 40 
per cent larger in the cell with gaskets. 

This behaviour was attributed to an edge effect when rubber gaskets 
were presef~t associated with diffusion and permeability coefficients in 
rubber which are much larger than those in poly(vinylchloride). Therefore 
some gas passes through the membrane by entry into the rubber gaskets, 
passage through the poly(vinylchloride) membrane, and out through the 
other gasket. These long flow paths add only a small amount to the 
permeability but delay the final establishment of the steady state by a 
large factor. This effect will only be significant for the thin poly(vinyl- 
cloride) membranes when gaskets are present. Therefore it will affect 
measurements of L and P in the metal cell when membranes J, G and H 
are used, but not when. membranes E and F are employed (see Experi- 
mental). Even so, the effect on P will remain small. In what follows time 
lags and derived diffusion coefficients are not considered for J, G and H 
in the metal cell, but permeabilities are. 

Solubility and diffusion coefficients 
Values of some diffusion and solubility coefficients in annealed 

unplasticized poly(vinylchloride) are given in Table 2. Values of Dt. 
determined from the time lags for neon in membrane Jr in the glass cell 
with no gaskets have values similar to, although not identical with, values 
of Ds derived for membrane J3 using equation (5) (P= o-sDs). For neon, 
desorption kinetics were also measured from J4 in the apparatus used for 
determining solubility. The kinetics conformed with Fick's equation and led 
to values of the diffusion coefficient, DD, close to those of DL (Table 2). 

From these results, and those of the previous section, it appears that 
in annealed poly(vinylchloride) the diffusion of such weakly sorbed gases 
as neon and hydrogen is not appreciably non-Fickian in character, and 
~thus that solubility coefficients could, in the absence of edge effects, be 
measured dynamically (O-L=P/DL). One should, in comparing the solubility 
and diffusion coefficients of Table 2, keep in mind that although membranes 
Ja and J4 came from the same sheet, the measurements o,n J4 were made 
about six months after those on Ja. An ageing effect cannot be ruled out 
as a cause of differences between Ds and DL, but the data show that such 
an effect if present at all must be rather small. 

R E S U L T S  F O R  P L A S T I C I Z E D  P O L Y ( V I N Y L C H L O R I D E )  
Permeability and time lag 

In plasticized poly(vinylchloride) the permeability coefficients and time 
lags no longer showed appreciable history dependence. For example, the 
• permeation of hydrogen through membrane E was re-measured after the 
lapse of a year and P and L were found to be in reasonable agreement 
with their original values. When series of measurements were repeated 
they were adequately reproducible without annealing. Log P is shown as 

326 



SOLUTION AND DIFFUSION OF GASES IN POLY(VINYLCHLORIDE) 

Table 2. 

(a) Hydrogen 

Smoothed diffusion and solubility coefficients in unplasticized 
poly(vinylchloride) 

T, ° C  
Ds × 107 (Js) 
(cm 2 sec -1) 
(metal cell) 
% x 104 03) 
(cm 3 at s.t.p, per 
cm 3 per cm of 
mercury) 

26'0 

3'3 

4 "60 

36"1 

5"0 

4"42 

46"0 

7"3 

4"0~ 

56'0 

10 4 

3"84 

66"0 

143 

3"7 0 

(b) Neon 

T, °C 
Ds × 107 0s) 
(cm 2 sec -1) 
(metal cell) 
DL × 107 04) 
(cm 2 sec -I) 
(glass cell) 
D E X 10 7 (Ji) 
(cm 2 sec -1) 
°'s × 104 (Js) 
(cm s at s.t.p, per 
cm s per cm of 
mercury) 

26"1 

I '29 

2"5 
(30 ° ) 

2"2 a 

36"1 

2"0 

3"0 
(35 ° ) 

3"5 
(40 ° ) 

2'1 s 

46"0 

2"9 

TO e 

4'7 
(so o) 

56'0 

4"2 

66.1 

5-8 

6.3 
(60 ° ) 

1'8 7 1 "8~ 

a function of 1/T in Figure 3(a), (b) and (c). As with unplasticized 
poly(vinylchloride) the relations were not usually to be represented as a 
single straight line. This was also true of graphs of log DL and log Dr, 
versus 1/T [Figure 4(a) and (b)]. Wherever both DL and D~ were measured 
their numerical  values were very similar, as can be seen from the figure. 

Permeabilities increase with the amount  of plasticizer, the behaviour being 
shown semi-logarithmically in Figure 5(a) and (b). The trend of  the results 
is similar to those obtained by Brubaker  et al. 17 for the permeability of  
carbon dioxide in relation to the amount  of  dioctylphthalate plasticizer in 
poly(vinylchloride). 

Al though their permeabil i ty is not  large, poly(vinylchloride) membranes  
show considerable selectivity towards hydrogen as compared  with neon 
(Table 3). A m o n g  the g roup  of membranes  referred to in the table the 
absolute rates of  transmission vary considerably, silicone rubbers and 
'Vycor '  porous glass being most  permeable. 

Intersection temperatures 
Attent ion has been drawn in Figures 2, 3 and 4 to the tendency of  each 

graph of  log P or  of log DL versus 1 / T  to consist of  at least two lines of 
different slope. The intersection temperatures 1'1 of these sections correlate 
with the volume fraction of plasticizer, as shown in Figure 6. With neon 
in unplasticized poly(vinylchloride) two intersections T1 and T~ occurred 
and only the upper  one, /'1, is included in the figure. The intersection 
temperatures were similar for  hydrogen and neon when each was diffused 
through the same membrane.  It  is therefore reasonable to regard these 
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103/T, °K- I  
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103/T, ,K "1 

Figure 3--Log P versus 1/T for 
hydrogen and neon in plasticized 
PVC membranes (a) hydrogen in 
membrane H; (b) hydrogen in 
membranes E and F x '(point [] 
measured a year after points O); 
(e) neon in membranes E, F 1 

and G 

temperatures as the glass transition temperatures, To, of the various 
plasticizer-poly(vinylchloride) compositions. 

Correlations of the kind shown in Figure  6 have been observed in other 
plasticized polymers 18-~°. According to the Free Volume Theory ~° 

T- - 112T°" 2AOe2 + vl T,,aal (10) 
o -- Vz~z + Vz~I 

In equation (10) Ta,~ and Ta,1 are the glass transition temperatures of the 
polymer and of its diluent respectively, Aa~ is the difference between the 
coefficients of thermal expansion of unplasticized polymer above and below 
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Figure 4--LogD1. a n d  log D~ for hydrogen and neon in plasticized PVC 
membranes: (a) hydrogen in membranes E and F I :  ©, E3, logDx, in both; 
x, l ogD E in E only; (b) neon in E and FI: (3, l o g D  z in both; ,  log D E in 

F 1 only. The point [] was measured a year later than points © 
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Figure 5--The influence of plasticizer upon P for hydrogen and neon 
in plasticized PVC:  (a) and (b) effect on permeabili,ty for hydrogen 
and neon respectively. For  hydrogen, Q and x denote interpolated and 
extrapolated values and for neon, [ ]  and ~ denote interpolated and 

extrapolated values, respectively 
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Table 3. Permeability ratios for hydrogen and neon 
(a) In plasticized and unplasticized polyvinylchloride 

Vol. fraction of Ratio Pa~/ PNe 
tricresylphosphate 0°C 25°C 50oc 75oc 

0"0 6 5 5-1 5"1 
0"107 8 5 4 4 
0-194 8 5 4 3 
0-325 5 3-3 3 3 
0-419 3"7 3'0 2 2 

(b) In various membrane 

Membrane T°C PH~/ Pr~e 

Unplasticized PVC 
Plasticized PVC (vol. fraction TCP =0'419) 
Filled silicone rubber tube e~ 
Filled silicone rubber tube 21 
Poly(vinylacetate) ~ 
Poly(vinylacetate) ~ 
'Vycor' porous glass u 
'Vyeor' porous glass ~ 

50 5"1 
25 3'0 
0 2"36 

- 7 8  3"20 
10 3"5 
40 3"7 
400 2'8 
450 3"6 

To and  or1 is this coefficient for  the di luent ,  v2 and  vl denote  vo lume fract ions  
of po lymer  and  of  di luent .  H e y d e m a n n  and  G u i c k i n g  ~ de te rmined  c~2 for  
unplas t ic ized  poly(v inylchlor ide)  over  the glass t rans i t ion  and  f rom the i r  
da t a  Aa~ is t aken  as 3"8 x 10 -4 deg-L T.,1 for t r i c resy lphospha te  is - 5 0 ° C  ~, 
and  if one takes ct~ ~ 5 x 10 -4 deg :'1, a value which  is reasonable  according  
to da t a  of Me l l an  ~8, then the full  curve in Figure 6 is found,  when Tg,2 is 
70°C. 

60 

4o 

2O 

I I I I I 
0 0.1 0.2 0.3 0.4 

Vol.ume fract ion, of plasticizer 

Figure 6--The observed (O) and calcula*.ed (full line) 
relationships between the iritersection temperatures, T 1, 

and the volume fraction of plasticizer 
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Solubility coeI~cients 
In flow measurements involving membranes E and Apll F the metal cell 

was used, but without gaskets and therefore without the edge effect referred 
to above in 'permeation and diffusion'. IV  (-,rS)Z/~/Alal, 6 L P / r  and O-s 
[cf. equation (9)] are plotted against 1 / T in Figure 7(a) and (b) for hydrogen 
and neon. Curves of 6LP/1 ~ show maxima; also, values of lV1 (-7rS)'/2/,4pi 
and 6LP/I ~ are numerically in agreement but differ somewhat from those 
of O-s. This is particularly true of the temperature dependences as can be 
seen from the figure. Values of DL, Ds, 6LP/I ~ and O-s in membrane F1 
are given in Table 4. Compared with O-s in unplasticized poly(vinylchloride), 
(Table 2), the values of O-s in the plasticized polymer, F, are reduced. 
On the other hand, values of Ds and of P (P=Dscrs) are considerably 
increased. 

F ? \ x /k 
~.  _ X. X 

"%l  
7--. 

'-:,. [ I I I  "A I 
b 3.2 3.4 3"6 
0 

-/7,-6 
(b) 

3.1 

"103/T, °K-1 

X 

-4"4 

-~'2 

-7,.0 

I 1 I 
3-3 3-5 

Figure 7--Curves of logo-, log[6LP/l 2] and log[IV(-TrS)l/2/Aptl] versus 
l IT  for plasticized PVC membranes: (a) hydrogen in membranes E, F 1 and 
F2; 63, log [6LP/I ~] in both (IS] denotes this quotient measured again a year 
later); ×, 1.og[--IV(--IrS)l/~/Apa l] in E only; A,  l o g o  s in F2; (b) neon in 
membranes E, :F a and Fz: 63, log [6LP/l 2] in E; [:], log [6LP/P] in Fx; 

×, log [IV (--rrS)l/2/Apll] in F1; z~, log o- s in F 2 

D I S C U S S I O N  
Solubility 

The reduction in solubility in plasticized as compared with unplasticized 
polymer below its glass transition temperature can be interpreted on the 
basis of the free volume. In unplasticized polymer some low density micro- 
regions may constitute the equivalent of pre-existing sorption sites for 
hydrogen or neon, and effectively simulate the sites postulated by Langmuir, 
but distributed throughout the polymer matrix. In the plasticized polymer 
the greater chain mobility and the presence of plasticizer molecules result 
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Table 4. Smoothed diffusion and solubility coefficients in plasticized PVC with 0"325 
volume fraction of plasticizer 

(a) Hydrogen 

T, °C 
D s x 106 (F 2) (cm ~ sec -1) 
D/.X 106 (F1) (cm 2 sec -1) 
% × 104 (F 2) 
(cm 0 at s,t.p, per 
cm a per cm of mercu~) 
6LP/tZ× 10 ~ (F~) 
(era 3 at s.t.p, per 
cm ~ per cm of mercury) 

10"1 17"9 23"9 29"0 33"9 39"1 
0'77 1"11 1'46 1"83 2"14 2'4 s 
0'61 0"76 0"89 1-02 1'2~ 1'62 

2"77 3'02 3" l S 3'20 3"38 3"50 

5"8 5'4 3'52 4"41 5"2 5"9 
(b) Neon 

T, °'C 
D s × 107 (F 2) (cm 2 sec -1) 
D L X 107 (Ft) (cmz see -1) 
o- s x 104 (F~) 
(era ° at s.t.p, per 
ern 8 per cm of mercury) 
6LP/I ~ × 104 (F1) 
(cmz at s.t.p, per 
cm ° per cm of mercury) 

10.0 18.0 23.8 28.7 33.9 40.0 
3.96 6.2 8.7 10.7 12.5 14 8 
3.11 4.21 5.2 6.7 10.0 15.4 

1.18 1.43 1.55 1,66 1.7~ 1.91 

1-5, 2.1 o 2.61 2.6, 2.21 1.8s 

in the disappearance of these sites, so that only substitutional solution is 
possible. 

I f  such micro-gaps or  sites occur in unplasticized polymer,  the insertion 
of molecules of hydrogen or  neon in them would be an exothermal process, 
whereas substitutional solution involves the expenditure of energy in making 
holes for  the hydrogen or  neon and should be endothermal.  This behaviour  
is observed f rom the values of the s tandard heats in Table 5. These have 
been obtained f rom the bunsen solubility coefficients, c r ~ = 7 6  o-,s, using 
the relation 

0 In o - ~ / O T = A H ° / R T  z 

Similarly, - R T  In o '~ = AG°; and R In oe~* + RTO In o'*~/OT = A S  °. These 
quantities, and the coefficient o'0 in the expression o-s*=o'0 e x p - A H ° / R T  
are also given in Table 5. F r o m  the table one notes not  only exothermal 
heats but  considerable negative values of s tandard entropies for solution 
in unplasticized polymer  (J3). o'0 increases strongly in the plasticized (F~) 
as compared  with the unplasticized poly(vinylchloride), 

I f  the picture of micro-gaps in polymer  J3 below its glass transition 
temperature,  T~, is correct, then as the temperature is raised towards To 
the number  of  gaps m a y  decrease, as well as their dimensions. This 
behaviour  m a y  well contribute in Ja to the temperature coefficient of  o-s* 
and so to the values of AH ° and of AS Q. That  is, changes in the polymer  
may  contribute to these quantities. The analysis in Table 5 may also be 
taken, in compar ison with results shown in Table 6 for hydrogen and neon 
dissolved in paraffins, to indicate that the plasticized membrane,  F~o, behaves 
more  as a liquid-like solvent medium than does J3. The heats of  solution 
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Table 5. Thermodynamic analysis of solubility constants in Ja and F 2 

Membrane and Js F2 
temperature (°C) 26to 66 10 to 40 

Gas H 2 Ne H 2 Ne 

tro × 104 0'65 0'36 32 166 
AH ° (cal mole -1) -- 1 170 -- 1 080 1 370 2 770 
AG o at 30°C (cal mole -~) 2 030 2 470 2 220 2 620 
AS ° at 30°C 
(cal mole -1 deg -1) - 10'6 - 11 "7 --2'8 050 

in the paraffins are  endothermic  and  the entropies  have smal l  numer ica l  
values,  just  as in F2. 

F o r  the m e m b r a n e  1=2, assuming  free ro ta t ion  of dissolved hydrogen  (for 
neon, ro ta t ion  is not  involved),  one m a y  write 2~ 

Vl ( kT  ]3/3 @ - e x p  ( - A H ° + ½ R T )  
co ( 1 -  2,,21z) ~/2 = \ ~ - - ~  ] R T  

where Vl and v2 are  vo lume fract ions of sorbed gas and of po lyme r  in 
equ i l ib r ium with gas-phase  concent ra t ion  Co (in molecules  per  cm 6 at  
1 atm), Z is the coord ina t ion  number  of a d issolved molecule  of mass  m 

Table 6. Standard thermodynamic quantities for hydrogen and neon in paraffins I AS o 
Gas and Solvent tr~r × 103 AG o AH ° (cal mole -1 

re[. (25 °C) (cal mole -1) (cal mole -1) deg-1) 

H224 Nonane 8"64 1 450 580 -2.92 
Ne 25 Heptane 5'26 1 740 1 220 -1.76 
Ne 2'~ Octane 4"91 1 790 1 530 --0.88 

and  ~ its mean  v ibra t ion  f requency relat ive to its environment .  This  
fo rmula  is not  ful ly app rop r i a t e  because  of  the, smal l  size of the solute 
molecules  relat ive to ambien t  po lymer  segments or  plast ic izer  molecules .  
However ,  when one calculates the values of 7 on the R H S  which yield 
the correct  values of vl, one obta ins  : 

VH2 (sec-!) = 1.45 × 10 '-2 ( Z =  4); 1.50 x 10 ~ (Z = 6) 

~ .  (sec- ' )  = 3.06 × 1011 ( Z =  4); 3.26 x 10 '1 (Z - -  6) 

These  are  inf ra- red  frequencies of the r ight  order .  

Diffusion 
The  appa ren t  energies of act ivat ion,  Es and EL for Ds and DL respectively,  

can be ob ta ined  f rom the Ar rhen ius  equa t ion  D = D o e x p - E / R T ,  The 
coefficients Do and E are  summar i zed  in Table 7. EL changes by  a large 
amoun t  above  and  be low the intersect ion tempera tures  T1 (see above  
' In tersec t ion  tempera tures ' ) ,  and  the changes in EL are  reflected in changes 
in Do. 

In  membranes  E and F,  Table 4 shows that  there are  some differences, 
a l though not  large ones, between DL and Ds or  between 6LP/I  ~ and O-s. 
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In these membranes, since the solubilities of hydrogen and neon are very 
low, concentration dependence of the diffusion coefficient will not be 
perceptible and so cannot account for the differences. 

Although such differences may be comparable with experimental uncer- 
tainties it is worth considering skin effects as a possible additional cause. 
Skin effects might arise in membranes E and F either from a tendency 
of plasticizer to evaporate from the faces x = 0 and x =  l or from a tendency 
of the stabilizer (see Experimental) to segregate at these faces. For a 
continuous x-dependence of D in which D=D0[1  + [  (x)] one can show 
that 27 

l 

Ds = lDo/~ [1 + l (x)] -~ dx (11) 
0 

and 2s 
1 

S[1 + / (x)] -~ dx 
/~Do o 
- -  02)  DL-- 6 ~  i t  

[1 + ]  (x)] -1 S S [1 + f (x)]-' dx dx dx 

so that Ds/DL is not unity. This membrane can be approximated by another 
in which two identical thin skins each of thickness l~ cover both sides of 
a central layer of thickness la. In the skins the diffusion coefficient is D~ 
and in the central lamina it is D2. Then it can be shown that, when 2fi ~ 12, 

Ds = kd~D1D2 / (2l~D~. + 12D~k~) (13) 

where ka is the ratio of solubility coefficient in the skin to that in the central 
lamina. Similarly ~,~° 

P [ 211 kll~ ] 

OL: ~ ~ 41X kl i~ • ( l, kxl21 1 ~l~ (14) 

where l = (2/1 +/2). Since/2 >~ 21~, 12 may be equated with the total thickness 
of the membrane, L Two limiting situations are: 

(i) 211D~. >~ ID~kl 

and 
(ii) 211D2 ~ lDlkl 

The first of these cases gives Ds --->- kdD1/2I~ 
and 

D-L > - -~"  + ~ : 2 '  

In the second both Ds and DL ~ D z ,  so that their ratio approaches unity. 
In terms of this model, a contribution to the differences recorded in 
Table 4 between D~ and D L  is nevertheless possible for case (i). 
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Table 7. Constants D o and E from D =D O exp - E / R T ,  for D L and D s 
(a) Hydrogen 

Mere - 
brane 

Intersection 
temp., T 1 

(°C) 

Below Tt* Above T 1 

D o (cm ~ sec -1) Do ( c m  2 E (cal mole -1) E (cal mole -1) sec-t) 

J 70 7 700 (Os) 1~-31 ~ (-~s) 
F 28 4 500 1"92× 10 -3 9 700 9"9 

7 500 (D s) 0"44 (D 0 
E 9 7950 0"92 ' 14300 7-8×10 ~ 

(b) Neon 

J 70 (T~); 7 800 6"2 × 10 -z 
54 (T2) (</'2, D s) (<T2, Ds) 

F 28 6300 2"11×10 -3 13900 7'4 ×10 ~ 
9 100 (Ds) 3"79 (D s) 

E 9 4 800 2"31 × 10 -3 17 500 1'58× 107 
*Va lues  of  E a n d  D O are  f o r  D L unless  ot lxerwise i n d i ca t ed  by  (Ds ) .  T 1 a n d  T 2 are  the  i n t e r s e c t i o n  

t e m p e r a t u r e s  r e fe r r ed  to in  the  sec t ion  a b o v e  o n  ' I n t e r sec t ion  t e m p e r a t u r e s ' .  

C O N C L U S I O N  
In this study of the permeation of gases through poly(vinylchloride) history 
dependence has been observed for unannealed, unplasticized polymer, 
which in part arises from slow relaxation of polymer. This history 
dependence is not appreciable when the polymer is annealed or is plasticized, 
but small deviations between Ds and D~. may still persist. These for neon 
and hydrogen cannot be ascribed to concentration dependence of the 
diffusion coefficient. Introduction of controlled amounts of tricresyl- 
phosphate as plasticizer reduces the static solubility and increases the 
diffusion coefficients and permeabilities. 

By increasing the number of quantities measured (in this work P, L, S 
and o-s (see Theory)) one can obtain considerable information regarding 
the diffusion behaviour of membranes, and in particular regarding diffusion 
anomalies. Although for many purposes it is essential to examine technical 
membranes, from the viewpoint of the basic properties of polymeric diffusion 
media it would be desirable to minimize the impurities in them, introduced 
industrially as stabilizers, accelerators or fillers. 

R.M.  wishes to acknowledge with thanks the award ol a bursary ]rom 
British Ny lon  Spinners, and P.W. the award of a bursary f rom the 
Dbtil lers Company.  

Physical Chemistry Laboratories, 
Chemistry Department ,  

Imperial  College, London,  S .W.7 
(Received October 1966) 

R E F E R E N C E S  
1ToBOLSKY, A. V. Properties and Str.ctures of Polymers, p 70, Wiley: New York, 
1960 

335 



R. M. BARRER, R. M A L L I N D E R  and (in part) P. S-L. W O N G  

2 NIELSEN, L. E. Mechanical Properties of High Polymers, p 16, Reinhold: New 
York, 1962 

3 HEYDEMAr~, P. and GUICKING, H. D. Kolloldzschr. 1963, 193, 16 
IOSmMOTO, A. and M^TSUMOTO, K. J. Polym. Sci. A, 1964, 2, 679 
MEARES, P. 1. appI. Polym. Sci. 1965, 9, 917 
FUJITA, H. Advanc. Polym. Sci. 1961, 3, 1, and refs. cited therein 

7 BAIU~R, R. M. and Cmo, H. T. J. Polym. Sci. C, 1965, 10, 111 
8 Ro6~gs, W. A., BuRITz, R. S. and ALPERr, D. I appl. Phys. 1954, 25, 868 
9 ALTEMOSE, V. O. J. appl. Phys. 1961, 32, 1309 

10 BAPa~ER, R. M., BARRm, J. A. and R^M~,  N. K. Polymer, Lond. 1962, 3, 595 
~t HELLWE6E, K. H., KNAPPE, W. and LoirE, P. Kolloidzschr. 1961, 179, 40 
1~ LUTHER, H. and MEYER, H. Z. Elektrochem. 1960, 64, 681 
x3 HElr~, K., HELLWEGE, K. H. and KNAPPrZ, W. Z. angew. Phys. 1958, 10, 162 
14 KNAPPE, W. Z. angew. Phys. 1954, 6, 97 
15 MEARES, P. Trans. Faraday Soc. I~958, 54, 40 
16 DRAISBACrt, H., JESCHKE, D. and STUART, H. A. Z. Natur[, 1962, 17a, 447 
~r BRUBAKER, D. W. and KAMMERMEYER, K. Industr. Engng Chem. (Industr.), 1953, 

44, 1465 
is MELL~, I. The Behaviour of Ptasticizers, p 103, Pergamon: Oxford, 1961 
x9 Bovl~R, R. F. and St~NCER, R. 8. J. Polym. Sci. 1947, 2, 157 
s0 KELLEY, F. N. and BtrEct-m, F. J. Polym. Sci. 1961, 50, 549 
"~ Cnxo, H. T. Thesis, University of London, 1964 
~ M E ~ s ,  P. Y. Amer. chem. Soc. 1954, 76, 3415 
~3 LEtBY, C. C. and .Cu~, C. L. J. appl. Phys. 1960, 31, 268 
24 TItOMSEN, E. S. and GJALDBACK, J. C. Acta chem. scand. 1963, 17, 127 
~ CI~VER, H. L., BATrINO, R., SAYLOR, J. H. and GRoss, P. M. J. phys. Chem. 1957, 

61, 1078 
26 B~,m~ER, R. M. Trans. Faraday Soc. 1947, 43, 3 
z7 BAt~ER, R. M. Proc. phys. Soc. Lond. 1946, $8, 321 
28 ASH, R. In preparation 
z~ B ~ ,  J. A., LEVn~, J. D., MICHAELS, A. S. and WONG, P. S-L. Trans. Faraday 

Soc. 1963, 59, 869 
30 AsH, R., BA~ER, R. M. and PALMER, D. G. Brit. I. appl. Phys. 1965, 16, 873 

336 



The 

I Light 
and 

Dilute Solution Properties of 
Pol yacenap h th ylene 

Scattering, Osmotic Pressure 
Viscosity Measurements 

J. M. BARRALES-RIENDA and D. C. PEPPER 

Sixteen ]ractions prepared from thermally polymerized polyacenaphthylene 
and one polymerized by boron trifluoride-etherate have been measured by light 
scattering, osmotic pressure and viscometric techniques. Gyration radii, related 
dimensions, and second virial coefficients have been determined in toluene at 
25°C. Viscosities in other solvents lead to the ]ollowing Mark-Houwink 
relationships at 25°C. 

It/], ml/g=21.2 × 10-3M °'~ 
v 

= 11"6 X I0-32~ °'61 
v 

=7"00 × 10-3M °'~ 
V 

=6"83 X lO-3M o'~ 
v 

=2"94 × 10-32~ °'7~ 
v 

The Flory theta-temperature in ethylene dichloride is ]ound to be 20°+2°C, 
i.e. lower than the value (35 °) reported by Moacanin et aL 1 

in ethylene dichloride 

in dioxan 

in methylene dichloride 

in toluene 

in benzene 

POLYACENAPHTHYLENE (PAcN) (Figure 1) is of interest in that even in its 

b b' 

Figure 1--Polyaeenaphthylene repeating unit: chain backbone 
aa' or bb', erythro; ab' or ba', threo 

atactic form its chain might be expected to be rather inflexible, since as 
well as having a bulky substituent it has alternate bonds ' locked' into the 
perinaphthylene ring. 

This latter feature imposes a characteristic stereochemistry. The stereo- 
regular forms (di-iso and di-syndio because of the double substitution) are 
further subdivided into erythro and threo forms (more easily if less strictly 
visualized as having the adjacent units cis and trans to the plane of the 
ring). 

Stereoregular placements are expected to have widely different probabili- 
ties because of the hindrance to cis placements 2''~ caused by the bulky sub- 
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stituent. Thus three such placements in di-isotactic configuration would 
bend the backbone into a ring (and a cyclic trimer is known 4) and three in 
di-syndiotactic configuration would lead to gross overlap of rings. Trans 
(threo) additions are on the other hand relatively unhindered. Regular 
sequences would produce a helix (trans di-isotactic) or a 'stepped chain' 
( trans di-syndiotactic). 

Story and Canty 3 have offered evidence (from spectra) of the existence of 
the two latter forms in low molecular weight polymers initiated by boron 
trifluoride-etherate. The original object of this work was to prepare and 
study the solution properties of such regular polymers, there being grounds 
for hope that boron trifluoride and its complexes could produce sufficiently 
high molecular weight polymers (reports of mol. wt .~  150 0005,6). However, 
many attempts in this laboratory 7 yielded only low molecular weight 
polymers, whose highest fractions had tool. wt < 50 000. Other authors 3,8 
have been similarly unsuccessful and it seems likely that the original 
reports were unjustified. 

Attempts at anionic polymerization (sodium naphthalene in tetrahydro- 
furan) likewise gave orily" low molecular weight material r'9. This is now 
understandable in the light of the observation by Rembaum and Moacanin 1° 
that polyacenaphthylenes are rapidly degraded by this catalyst. Ziegler- 
Natta catalysts have also been found ~° to give low molecular weight 
products; 

With the exception then of one low molecular weight 'cationic' fraction, 
the samples examined here were prepared by the well establishe& '11-~* 
thermal polymerization. They are presumed to be completely atactic, but 
with a predominance of the trans forms and only relatively infrequent cis 
placements. 

Previous studies of PAcN are limited to a brief report by Mohorcic 13 o~ 
the [r/]/Mn relationship in tetrahydrofuran and recent papers by Moacanin 
et al, ~,1~ describing similar relationships in benzene and ethylene dichloride 
with the molecular dimensions of three fractions. More recently still, 
another relationship in benzene has been reported ~r. 

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

Monomer purification 
Acenaphthylene (BDH reagent grade) was recrystallized first from 

ethanol with charcoal, and thel~ from pure ethanol and stored in the dark 
(m.pt 93°C; single GLC peak). 

Solvents 
All solvents were given appropriate chemical purification (usually sul- 

phuric acid, caustic soda, water), dried over calcium hydride and fractionally 
distilled (10 to 30 in. columns packed with glass helices). 

Polymerization conditions 
The three samples investigated were prepared as follows : 
(A) Acenaphthylene (0"66 M) in benzene with boron trifluoride- 

etherate (1.64 x 10-' M) 80°C; 50 h; yield--~ 100 per cent. 
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(B) Bulk polymerization 120°C; 24 h; yield 83 per cent. 
(C) As B but 100°C; 18 h; yield 56 per cent. 
The products were dissolved in benzene and the polymer isolated by 

precipitation with excess methanol, washing with hot methanol, and drying 
in vacuo at 40°C. The resulting polymer samples were fine white powders. 

Fractionation " 
The polymer .samples 

(ca. 0.3% w/v) as follows: 
were fractionated from benzene solution 

Sample A (cationic). One fraction only (highest ten per cent) precipitated 
by methanol, 

B Precipitant methanol (19 to 45% v/v); 15 fractions, recovery 
94"2 per cent, 

C Precipitant n-hexane (18 to 52 per cent); 12 fractions, recovery 
94"5 per cent. 

Each precipitated fraction was redissolved at 40°C and allowed to sepa- 
rate by slow cooling to and maintenance at 20°C for 24 to 36 h. The 
precipitated phase was then separated, precipitated completely with 
methanol, isolated and dried as above, 

Viscosity measurements  
Viscosities were measured at 25°C in toluene and other solvents, 

using a suspended-level dilution viscometer of flow time 1372 sec at 25°C 
for toluene. Kinetic energy corrections were found to be negligible. No 
systematic investigation was made of the effect of shear rate, but all viscosi- 
ties measured are believed to be Newtonian (the highest molecular weight 
fraction, which should show the greatest deviation, was found to give the 
same intrinsic viscosity when measured in two viscometers having a sixfold 
ratio of flow rates). 

Intrinsic viscosities (ml/g) were derived using both the Huggins equation 1~ 

~Tsp/c= ['q]n + kH['q]~, c 

and the Schulz-Blaschke equation 17 

~sp/c= [~/]sB + ks]3[~]s~ • ~sp 

(1) 

(2) 

The two equations appear to fit the data equally well, but the values of 
[~]n are all .slightly (about five per cent) lower than those of [~]s~ and 
the slope coefficients ka ~ ks~ (see Table  1). The latter increases as [7] 
falls, and the various constants are interrelated by 

k 2 = 0.61k~[~q]~ (3) sB[~/]~ 80+ 

Similar differences between [~q]H and [~/]sa have been found with other 
polymers by Ibrahim TM who argues that the Schulz-Blaschke parameters are 
the more significant, because of an inadequate approximation in the 
theoretical justification of equation (1). The differences found here are not 
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much greater than experimental errors and it has not seemed worthwhile 
to resolve them. The correlations with molecular weight are in terms of the 
Huggins parameter [~/]a, in accordance with majority practice. All [7/] 
values quoted are the common intercepts of Huggins plots with the corres- 
ponding In ~7,/c plots. 

Light scattering measurements 
A Brice-Phoenix universal light scattering photometer (1000 series) was 

used, fitted with a cooling coil capable of maintaining the cell compartment 
temperature at 25 o + 1 o. 

Anomalies were found in the scattering envelope when cylindrical cells 
(BPC 101) were used, with the narrow beam (4mm) optics. They were 
eliminated by fitting a further collimating slit close in front of the cell and 
blackening its rear surface. The cells themselves were found to be optically 
symmetrical (fluorescence intensity with sodium fluorescein independent of 
angle). 

Absolute values of the reduced intensity were derived by calibration with 
Ludox HS (Dupont) and yielded a value for the Rayleigh ratio for toluene 
(25°C 546 m/x) of R~=20 .0+0"2  x 
values19, ~0. 

With PAcN there is some reason 
All measurements were therefore 
546 m/x and are believed to be free 

106 cm -1 in agreement with many recent 

to fear fluorescence if blue light is used. 
made with the green mercury line at 
from error from this source. 

Solutions were first clarified by centrifuging at 15 000rev/min  for two 
hours, and then filtered through a Millipore 0-8/z filter directly into the 
optical cell. Concentrations were determined subsequently by evaporation 
of the solvent. 

A value for the refractive index increment of PAcN in toluene 

dn/dc=O.190 ml/g (25 ° 546 m/~) 

was determined in a Brice-Phoenix differential refractometer calibrated 
with sucrose solutions ~1. This value was found 'for five different fractions 
ranging in molecular weight from 250 000 to 800 000. 

The Rayleigh ratios, Ro, were calculated in the usual manner ~ but using 
the modified values of residual refraction and reflection corrections sug- 
gested by Tomimatsu and Palmer ~. 

Weight average molecular weights Mw and second virial coefficients (As) 
were determined from the zero-angle line in Zimm plots ~ using 

(Kc/Ro) = 1 / {MwP (0)} + 2A2c (4) 

where P (0) > 1 at c = 0; 0 = 0 and the constant K has its usual significance 

K = 21r2n~ 0 (dn / dc) 2 / N)~' (5) 

where no denotes solvent refractive index, N is Avogadro's number, and )~ 
is the wavelength. 
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The root-mean-square radius of gyration (4)½ was similarly determined 
from the gradient of the zero concentration lines of the Zimm plots 

Slope 
L 16& x ln-~-~ptJ A (6) 

where ~,0 is the wavelength of light in the solution, i.e. h/no. 
A typical Zimm plot is shown in Figure 2. No curvature of the lines was 

2'2 

I"8 

1"0 

c.~= 6.10x10 -3' 

~ ~ ~ ~ = x l O  "3 

0"6 
I I I I I I 

0 0'2 0 - 4  0'6 0"8 1"0 1'2 
Sin2~+50c 

Figure 2--Zimm plot for PAcN (fraction C IV) in toluene, 25°C 

encountered with any of the fractions studied, but the angular dependence 
of the reduced scattering intensity became very small for the lowest 
molecular weight fractions. 

The derived values of M-"~, A21zsl and (~)~ are given in Table 2. Their 
internal consistency can be judged from the log-log plots shown in Figures 3 
and 4. Figure 3 shows also the values of log A2coF~ derived from osmotic 
pressure measurements, which on the whole agree very satisfactorily. The 
slope of the line is, however, unusually high (-0.5);  only if the extreme 
values were to be disregarded could the results be described by a line of 
'normal' gradient (0-1 to 0-3). Figure 4 shows, not (~)~, but the related 
values of the r.m.s, end-to-end distances (weight average). 

Osmotic pressure measurements 
Measurements were made at 25°C, at concentrations 2 to 10g/1 in 

toluene, using a Mechrolab model 501 osmometer with gel cellophane 
membrane (Dupont type 300). With some solutions there was evidence of 
slight diffusion of polymer, in that differences could be detected in the 
solvent readings before and after measurement of the solution. To mini- 

342 



THE DILUTE SOLUTION PROPERTIES OF POLYACENAPHTHYLENE I 

Table 2. Light scattering and osmotic pressure data for polyacenaphthylene in 
toluene at 25°C 

Light scattering Osmotic pressure 

Samp!e 

CI 
C II 
C III 
CIV 
BI 
CV 
C VI 
C VII 
C VIII 
C IX 
CX 
C XI 
BX 
B XI 
C XII 
B XIII 
A I  

Mw 

720 000 
450 000 
350 000 
220 000 
962 000 
826 000 
694 000 
473 000 
454 000 
324 000 
247 000 
169 000 
119000 
85 000 
66 000 
43 000 
33000 

(S-~)} A2(Ls) X/& 
(A) (mole cm 3 

g-~ 

440 0"26 
379 0"29 
369 0"42 
336 0"49 
285 0-51 
225 0"53 
216 0"52 
179 0"69 
158 0"83 
148 0"80 
120 0"96 
103 1"20 
8l 1"13 
80 0"90 

2'00 
2"50 
2"42 

Mn 

! 140000 
1 110 000 
1 090 000 
1 000 000 

690 000 
656 000 
574 000 
405 000 
344 000 
273 000 
206 000 
126 000 
100 000 
72 000 
52 000 
33000 
23 000 

A2 (oP) X 1 0  ~ 

(mole cm 3 
g-e) 

0.28 
0-29 
0.60 
0.50 
0.85 
0.70 
0-52 
0.71 
0.90 
1-00 
1.10 
1-20 
1-15 
1.20 
2.10 
2.50 
2-10 

mize this effect the solut ion pressure was measured as soon as it reached 
its apparent  equi l ibr ium (about 8 min)  and was always followed by a re- 
de terminat ion  of the solvent value. The m a x i m u m  uncer ta inty  was two to 
three per cent of the value of the osmotic pressure, II. 

Satisfactorily l inear  ( I I / c ) / c  plots were obta ined in all cases. The derived 
values of M,, and second virial coefficient (A2ioP)) are given in Table 2. 

o I -3"01 

t~ -3"5 ~ 

I U  f 
& 

-4.0 
o 

° ° ....I 

-4 '5-  ~ 

I I 1 I I 4"50 5"00 5'50 6'00 6-50 
Log MW 

Figure 3 - - A J M w  relationship for PAcN in toluene, 25°C; o, light 
scattering; (2), osmotic pressure 
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3,0 

o,¢, 

I .-a 2-5 

0 
...J 

2.0 

I t I I t 
4.50 5-00 5-50 6-00 650 

Log Mw 

Figure 4--Root mean square end-to-end lengths for PAcN in toluene, 
25 °C 

Heterogeneity corrections 
The 'breadth of distribution' within the fractions, and the relationships 

between the various averages of their properties are most conveniently 
expressed by the Schulz-Zimm ~'~ parameter, h. On the most usual assump- 
tion that the distribution has the form 

W (M)=y~+IMh e-UM/r (h+ 1) (7) 

the different molecular weight averages are related by 

and 
y=h/M,=(h+ 1)/M,~=(h+ 2)/M, 

M~/Mn=(~)/(~)=(L~)/(L~)=(h+ 1)/h 

M w l M ,  = = (h + I ) I  (h + 2)  (8) 

The molecular dimensions 
Table 3 collects the values of h derived from the experimental values of 

Mw and M--"~, and the weight average r.m.s, end-to-end distances (L~) + 
calculated from the experimental (Zimm plot) values of the radii of gyration 
~)~, with the normal assumption m that for random coils ( ~  = 6(S~-]. A 

plot of log (L~)+ versus log Mw (Figure 4) can be represented by 

(L~)+ =2.95 x IO-~M~ 55+°'°*, A (9)  
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Table 3. Characteristics of the fractions in toluene at 25°C 

Sample M~ M • / M n h (L~,)~ 

C II 
C III 
C IV 
B I  
C V  
C VI 
C VII 
C VIII 
C IV 
C V  
C XI 
B X  
B XI 
C XII 
B XIII 
A I  

l 620 000 
1 340 000 
1 310 000 
1 180000 

916000 
798 000 
674 000 
461 000 
436 000 
315 000 
240 000 
162 000 
116 000 
83000 
64 000 
41 000 
31 000 

1-51 
1.31 
1.24 
1.22 
1.39 
1.26 
1.21 
1-17 
1.32 
1.19 
1.20 
1-34 
1.19 
1.18 
1.27 
1.30 
1.44 

1.96 
3.22 
4.16 
4.54 
2.56 
3-84 
4-76 
5.88 
3.12 
5.26 
5.00 
2.94 
5.26 
5-56 
3.70 
3-33 
2.27 

932 
835 
828 
757 
615 
501 
489 
409 
348 
337 
272 
226 
184 
183 

Molecular weight / viscosity relationships 

Figure 5, where log M~ is plot ted agains t  log [~/], shows that  in toluene 
at 25°C the M a r k - H o u w i n k  equat ion  is obeyed  by  all  f ract ions and  gives 
a slope u = 0 '66 _+ 0.02 which enables  values of  their  viscosi ty average mole-  
cular  weight to be ca lcula ted  f rom 

My =0-5 ( v +  1) M~ - 0 . 5  ( v -  1) Mn (10) 

The  intr insic  viscosit ies in o ther  solvents (Table 1) also give l inear  rela- 

t ionships  of s imi lar  'goodness  of fit '  wi th  Mw and with the i r  cor responding  

values of  My. The  constants  for  the two sets of  re la t ionships ,  defined by  

u M 

[~71 =K~M~=K~M~ (11) 

are col lected in Table 4, together  with previous ly  repor ted  values. 

Wi th  the except ion of  the first value (in ethylene d ichlor ide  at 35 ° ) the 
results  for  all  solvents fit closely on a l inear  plot  of l o g K ~ / u ,  permi t t ing  

Table 4. Mark-Houwink constants for polyacenaphthylene, [7] in ml/g, 25°C 

Solvent 
Ethylene dichloride 

Dioxan 
Methylene chloride 
Toluene 
Benzene 

retrahydrofuran 

10a×Kw 

45 '6 
20'0 
11"5 
6"92 
6"76 
5"3 
2"82 
0'93 

(K.) 2o° 

v ( _+ 0"02) 

0"50 
0"54 
0'61 
0'66 
0"66 
0"68 
0"74 
0"87 

lOa× Kv 

21 "2 
11"6 
7"00 
6"83 

2"94 

Source 

30 ° (ref. 1) 
This work 
This work 
This work 
This work 

25°C (ref. 1) 
This work 

(ref. 13) 
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, , 

4.50 5"00 5.50 6"00 6"50 
Log /~w 

Figure 5--Viscosity/molecular weight relationship for PAcN in 
toluene, 25°C 

an empirical but rather convincing extrapolation to the value of 
K,(ol =3.4 x 10 -~ at v =0.5. 

Theta temperature for PAcN in ethylene dichloride 
The value of v=0'54 at 25°C in ethylene dichloride suggests that its 

theta-temperature is about room temperature, in disagreement with Rem- 
baum's finding of 35 °. Measurements were therefore made of the critical 
solution temperature (To) of four fractions (mol. wt 206 000 to 10~). The 
results are shown in Figure 6. The Flory extrapolation plot of 1/Tc versus 
1/M~ (Figure 7) yields a value of 

T (0)=20 ° +2°C 

DISCUSSION OF RESULTS 
Calculation of the unperturbed dimensions of the PAcN chains and discus- 
sion of their characteristics is reserved for the following paper, but some 
comment is necessary on the experimental results and systems. 

The uncertainty in the values of [~], arising from different extrapolations 
according to the Huggins and the Schulz-Blaschke equations, are presum- 
ably shared by most of the data in the literature. The possible errors are, 
however, hardly significant, being no more than those in the molecular 
weight measurements and much less than the uncertainties involved in the 
extrapolation procedures to obtain K and unperturbed dimensions. 

The Mark-Houwink relationships found in different solvents show satis- 
factory consistency within themselves and with the results of Mohorcic t3 
(linear log K versus v), but appear to differ appreciably from those of 
Moacanin, Rembaum and Laudenslager 1. Thus their reported values in 
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benzene fit in the linear relationship found here, but our plotting of their 
Mw and [~7] data gives a line with higher K and lower exponent, consistent 
with their results in ethylene dichloride which they found to be a theta- 
solvent at 35°C giving Ko some 30 per cent higher than the (extrapolated) 
value found here. 

Possible differences in the PAcN .samples which might explain these dis- 
crepancies would seem to be different proportions of the possible trans 
isotactic and trans syndiotactic sequences, or different degrees of branching. 
The proportion of branched chains in the present samples is unknown but 
is believed to be .small, since fractions prepared at different temperatures 
(and the cationically prepared fraction) all lie on the same Mark-Houwink 
relationship. It  seems very unlikely that if the chains were appreciably 
branched they would all be so to the same degree. 

Another less fundamental source of discrepancy cannot be entirely ex- 
c luded-poss ible  chemical differences caused by oxidation of the polymer. 
It was found that samples on long standing or repeated isolation and re- 
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measurement fell in intrinsic viscosity, became discoloured and eventually 
showed i.r. evidence of ketone groups. 

Physical Chemistry Laboratory, 
Trinity College, 

Dublin, Ireland 
(Received September 1966) 

SUBSEQUENT NOTE 
Since this paper was written, a study by Springer, Ueberreiter and Wenzel z7 
has been published whose result 

[~] ml/g = 3.04 × 10-2/~°'~ ~ in benzene 

is at variance with the values of the constants found here (2-82 x 10 -2 and 
0.74). 

These authors also notei5 that PAcN samples were sensitive to degrada- 
tion by light, so it is possible that the discrepancy has a chemical origin. 

Another possibility is that the breadth of distribution of these authors' 
fractions (not reported) was greater in their lower than in their higher 
molecular weight fractions, Since their molecular weights are number 
averages, they would be displaced ( <  M~) to a greater extent at the lower 
molecular weights. The Mark-Houwink line would therefore have not 
only a lower slope but a (much) higher value of K, as found. 
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The Dilute Solution Properties of 
Polyacenaphthylene 

H Unperturbed Dimensions and 
Conformation of Chains in Solution 

J. M. BARRALES-RIENDA and D. C. PEPPER 

The light scattering, osmotic and viscometric measurements reported in the 
preceding paper are used to derive the unperturbed dimensions o/ the poly- 
acenaphthylene chain in solution and estimate the steric hindrances to rotation. 
The value o] A=[(Lw~)o/Mw]~ is concluded to be 520+_10× 10 -n  cm mol½ g-½. 
The values A! calculated ]or alternate bonds ]reely rotating and completely 
restricted (to e#her erythro or threo con]ormation) are 177 and 354, with a 
weighted average ]or chains having equal proportions o[ the two types o] 
250--a11× 10 -al. For such equally mixed chains the value o] the steric ]actor 
0 -=A/A!  would be 2"08 (c]. 0"=2"2 ]or polystyrene). Since there is reason to 
expect a smaller proportion o] erythro placements, 0- must be even smaller. 
The anticipated 'stiffening effect' o] the bulky substituent is there[ore much 

less than expected. 

E V A L U A T I O N  O F  U N P E R T U R B E D  D I M E N S I O N S  

THE values of r.m.s, end-to-end distances, (L~)~, listed in Part I x, give the 
dimensions of the various fractions in toluene solution at 25°C, i.e. with 
chain coils expanded by the excluded volume effect and the solvent inter- 
actions. The unperturbed average dimension A =[(L~)o/Mw] ~, needed for 
comparison with theoretical models, can be obtained directly, by extrapola- 
tion, or by combination with values of the expansion factor a = [(U)/(L2)o]L 
if this can be derived independently. 

Alternatively, A may be derived indirectly from viscosity measurement, 
using the equations of Kurata and Stockmaye# and of Stockmayer and 
Fixman 3. The direct evaluation is theoretically preferable but less accurate 
because of the insensitivity of the determination of (~)i from light scatter- 
ing. The viscosity measurements are more precise but the compensating 
disadvantage is some uncertainty in the applicability of the various extra- 
polated functions and in the relationship expected to hold between viscosity 
and dimensions. In the hope of avoiding the many possible pitfalls we 
have analysed the data by several variants of both methods. 

(I) From light scattering 
(i) By extrapolation--Figure 1 .shows the data plotted according to the 
equation of Kurata and Stockmayet a 

(L~)/Mw =.42+ 0.421B [g (a) Mw/(L~) ~] (1) 

where g (a) is a function of the expansion factor (=8t~3/(3a~+ 1) 3/2) and is 
obtained by successive approximations [i.e. first plotting with g ( a )=  1]. 
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Figure 1--Kurata-Stockmayer plot of dimensions in toluene, 
25°C 

This refinement moved the values to the right by at most 20 per cent on 
the uppermost points and 5 to 10 per cent on the lowest, and seems hardly 
worth while in view of the scatter. The 'best straight' line is hard to locate, 
but various plausible lines give intercepts between 0.25+0.02x 10 -16 
(cmtmolg-1), corresponding to values of A between 500+20x 10 -11 
(cm molt g-t), and B =0.24+0"03 x 10 -~ (cm 3 mol ~ g-t). 

Another equation, found by Baumarm 4 to give a linear extrapolation, 
may be obtained by transposing the Stockmayer and Fixman s equation for 
intrinsic viscosities. In the symbols used here Baumann's equation becomes 

[(L~)/M~] 3It = A ~/~ + 0.66BM~ (2) 

and is functionally the equivalent of the unrefined [g (ct)= 1] Kurata and 
Stockmayer's plot (1). It is shown in Figure 2, and yields values of the 
parameters A = 500+ 30 x 10 -11 (cm molt g-t) and B = 0"20 + 0.03 x 10 -t7 
(cm t tool t g-2). 

(it] From values of (LL)i and or--The expansion factor c~ may in principle 
be obtained: (a) from the measured second virial coefficients, At, radii of 
gyration (S~)½, andnumber-average molecular weight, M,, using the equation 
of Orofino and Flory 5, 

At=  [161rN 0 (~)3/~/38/tM~] In [1 + ¢# (c~ ~-  1)/2]* (3) 

and (b) from the intrinsic viscosities using ct~~s=[~7]/[7/]0 (Kurata- 
YamakawaZ°). Method (a) involves three experimentally measured quantities 
and proves unreliable with the present data. The calculated oL values scatter 
widely and are abnormally high at low molecular weights, showing an 
apparent downward trend from 1"4 at the lowest to 1"1 at the highest 

* N  O is  A v o g a d r o ' s  n u m b e r .  
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Figure 2--Baumann-Stockmayer-Fixman plot for dimensions, 25 °C 

molecular weight. The derived values of A=[(L~)/Mw]½/ct show an 

apparent upward trend from 380 to 450 x 10 -11. This is to be associated 
with the anomalous dependence of A2 on molecular weight noted in Part I. 

Values of ot derived by method (b) are shown in Figure 3(a), compared 
with a theoretical curve based on the Kurata, Stockmayer and Roig 6 rela- 

tionship, fitted at ot = 1.21 when Mw = 1@. The corresponding values of A, 
shown in Figure 3(b), scatter between 460 and 580 x 10 -11 but a reasonable 
mean seems about 520 x 10-1L Use of ot values from the smoothed curve 
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Figure 3(a)---Expansion fao~r a in toluene at 25 *C: O, experi- 
mental from t~=([~l/[~]0); full line, K-S-R theory with o~----1"21 
at Mw= 106; Figure 3(b)---Unperturbed dimension in toluene at 

25"C from [(L~)[M]~/a 
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makes no significant difference, indicating that the scatter is dominated by 
the uncertainties in the measurements of gyration radius. 

The failure to obtain corroboration from the Orofino-Flory calculations 
is disappointing and this method must obviously be applied with great care. 
Within its limitations, however, it has yielded the same values for the un- 
perturbed dimensions as the extrapolation procedures and lends confidence 
to what might otherwise be thought somewhat subjective extrapolations. 

(II) From intrinsic viscosities 
The coil dimension may also be calculated from the intrinsic viscosity 

by use of the Fox and Flory equation 7 

['r/] = ~ (LZ)3/~ / M (4) 

or its equivalent for the unperturbed dimensions 

Ko-- [~]o/ M ~ = d~ [(L~)o/ M]3/~ (5) 

The value of d~, originally thought to be constant at 2.1 x 1023 (for [,/] in 
ml/g), is now expected to tend slowly with molecular weight to a limit 

~0=2.87 x 10 ~ (Kirkwood-Riseman 8) 

The measured viscosities in the various solvents may be extrapolated to 
obtain Ko by several procedures. In Figures 4 and 5 the results in toluene 
and in ethylene dichloride are plotted according to the equations of Kurata 
and Stockmayer 2 and Stockmayer-Fixman-Burchar& ,9 respectively. 

K--S [,/]2/~ / MXj~ = K~0/3 + 0"363qb0B [g (ot~) M~J3/[~]1/3] (6) 

S-F-B [~] / M~ = Ko + 0"5 I@oBM~ (7) 

The more refined Kurata-Stockmayer equation (6) shows no advantage 
over the simple S-F-B plot (7). In both plots the results in ethylene 
dichloride give good lines of near-zero slope confirming the near-ideal 
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character of this solvent for PAcN. The results in toluene behave similarly 
in both plots and appear to indicate a slightly higher value of K0, but this 
conclusion is weakened by deviatiorts from linearity at the lowest molecular 
weights. Similar deviations are found in this region in plots for the other 
good solvents. They must have their origin partly in applicability of the 
functions (since no exact fits can be expected from any set of [,1]/My values 
which strictly obey a Mark-Houwink relationship and the deviations 
become pronounced at M < 10 ~ when v I> 0-6). 

For  this reason, while it can be said that the plots for all solvents con- 
verge to approximately the same intercept (values of Ka collected in Table 1), 
it cannot be decided whether there are small specific solvent effects on Ko 
such as have been demonstrated with polymethylmethacrylate 1°. 

Tests of the data by the equations of Fox-Flory-Schaefgen 12 and of 
Bohdanecky 13 also give similar results--deviations at the lowest molecular 
weights, and higher points extrapolating to give Ire values within the range 
listed in Table 1. 

The values of K0, combined with the ideal value of qb0=2'87 x 1023, yield 
results for the dimension A=[(L~)o/M]½ which all lie within the range 
500 + 30 x 1011 derived from light scattering. However, if the calculation is 
reversed, and values of qb are calculated for assumed values of A in this 
range, it is seen (Table 1) that all the q9 values based on A =480, and many 
of those based on A =500 are abnormally high ( >  3 x 10 =) which is pre- 
sumably impossible without some very special interactions. It seems best 
to conclude that the viscosity results favour an A value at the upper end 
of the range, e.g. 520,_+ 10x 10-1L 

Such a value is consistent with our light scattering measurements but is 
smaller than the result A--~ 600x 10 -la (derived from light-scattering 
measurements on three fractions of higher molecular weight14). Deductions 
from our own highest fractions only would similarly have led to a high 
value, but this seems excluded by the arguments of Section I I  and the 
viscosity results. A value as low as 520 is at first unexpected for a chain 

355 



J. M. BARRALES-RIENDA and D. C. PEPPER 

Table 1. Parameters derived from intrinsic viscosities 

1 0 ~  

Solvent 

Ethylene 
dichloride 

Dioxan 

Foluene 

Methylene 
dichloride 

Benzene 

Method 

Empirical 
(Part I) 

K-S  

S -F-B  

K-S  

S -F-B  " 

K-S  

S - F - B  

K-S  

S -F-B  

K-S  

S - F - B  

10 z x Ko* 

3 "47 

3"35 

3"35 

3"65 

3 "90 

3 '94 

3"75 

4"04 

3"90 

3"35 

3.50 [ 

1027B ~ 

0'01 

0"03 

0"12 

0"11 

0"13 

0"18 

0"14 

0'17 

0'27 

0"31 

IOUA~ 

489 

489 

503 

514 

515 

505 

520 

514 

489 

496 

A-----480 A=500  

3'02 2"68 

3"02 2"68 

3"30 2"98 

3'52 3"13 

3'56 3"16 

3"31 3"00 

3"65 3"23 

3"52 3"13 

3'02 2"68 

3"16 3"80 

A = 520 

237 

2"37 

2"59 

2"77 

2"80 

2 "66 

2'87 

2"77 

2"37 

2"48 

*---+0.20 (ml g-*/s moP/D 
i" _.+ 0"02 (ml 2 - '  moP) 
:[:for ~=%=2"87 g tO ~* 

apparently so heavily hindered as that of PAcN (e.g. A = 6 7 0 +  15 for poly- 
styrene). The considerations of the next section show, however, that it is 
quite plausible. 

S H O R T - R A N G E  I N T E R A C T I O N S ~ T H E  S T E R I C  F A C T O R  

o-=A/AI  

With no restrictions on bond-rotation, a chain of N bonds of length l, 
joined at a valence angle 0 ( =  ¢r:  a) has a mean square end-to-end distance is 

L20j = N r  (1 + cos o0/(1 - cos a) (8) 

and if the bond rotation is restricted within a range whose mean angle is th 
(between the bond and the plane defined by the two preceding bonds) 21 

L~=Nl 2 (1 + cos a)  (1 + ~7)/(1 - cos or) (1-7/)  (9) 

where ~7 =cos t h. For  'vinyl type' chains where all bonds are equivalent 
(and l=  1.54 A, 0 =  109-5 °, cos a =  1/3), L 2 =2N/2, and since there are two 01 

bonds per monomer unit 

A, = [L2o,/ M] ~ = 3"08/M[ (10) 

where M,~ is the monomer molecular weight. 
Tho influence of chain structure (steric hindrance of substituent groups, 

etc.) is then revealed by o - = A / A f  > 1 and can be expressed equivalently 
in terms of ~/or ~b. 

For PAcN chains the expected value of At will be different since alternate 
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bonds must have different values of ~7. Volkenstein16 has given a general 
expression for such a type, i.e. 

= NF (1 + cos a)  (1 - 7/t~/2) / (1 - cos a)  (1 - ~7~) (1 - 7/_~) + second order terms 
(11) 

which Moacanin et al. ~4 have applied to PAcN by setting ~72=0 (for free 
rotation about the intermonomer bond). There are two cases, corresponding 
to the two conformations possible for the intramonomer bond (erythro; 
~b -- 180 °, ~ --- - 1, and threo; ~b =60 °, ~7 =0.5)  hence 

~oo = 2Nl~ / (1 - ~q~) = N• (erythro) (12) 

= 4 N P  (threo) (13) 

confirming the subjective expectation that a c/s chain (erythro) should be 
more tightly coiled than a trans chain (threo). 

The dimensions of chains of mixed proportions of cis and trans place- 
ments can be calculated by making use of Volkenstein's ~6 concept of the 
'effective average cosine of the restriction angle', ~7~, defined by 

L ~ = N I  ~ (1 + cos c0 (1 + ~7,i1.)/(1 - cos a)  (1 - r/eli) (14) 

Combination with equations (12) and (13) gives 

r/o,. (erythro) = - 1 / 3 (15) 

~7o~,. (threo)= 1/3 (16) 

The average ~,tl. for a chain of fraction p of cis placements is then 

~Te~i = - p / 3  + (1 - p ) / 3 =  1 / 3 - 2 p / 3  (17) 

The expected free rotation dimension A t -  2 - [Lo t /M]~  can be calculated for 
various values of p, taking l=1 .54  A and N = 2 M / 1 5 2  f o rP A cN .  They 
are shown in Table 2 with the corresponding values of o-. 

The values of AI show in a formal way how the 'tightening' effect of cis 
(erythro) placements compensates for the loosening effect of trans place- 
ments, so that equal proportions would produce exactly the dimension ex- 
pected, 250× 10 -1~, for a chain coil having no restrictions on bond 
orientation. 

If this were true for the polymer samples measured here, then the corre- 
sponding o- value, 2"08, would be similar to (slightly less than) that found for 
polystyrene (2"2). In Part I a general consideration of the stereochemistry 
led to the (subjective) expectation that the fraction of cis placements should 
be <~0.5 and perhaps very small. If so, our value of A = 5 2 0 + 2 0  indicates 
a lower o-, e.g. perhaps ~1 .5 ,  lower than has yet been found for a - - -C- -C- -  
bond. Similar low values are found with polyisoprene (c/s, 1'67; trans, 
1-38; ref. 17) whose chains show an analogous pattern of (three) free bonds 
followed by a fixed bond. 

This is at first sight a surprising conclusion for a chain with so large a 
substituent group. The explanation may perhaps be found in terms of 
Volkenstein's TM interpretation of the steric factor, that it arises not so much 
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Table 2. Effective average cosine of the restriction angle and steric factors for various 
values of p 

p 0"6 14) 

--0"067 ' T/eft. 

1 --~es~. J 
I0 n X A/ 

o~=520/A t 

0 

0"33 

1"414 

354 
1"47 

0"2 

0"20 

1 "225 

306 
1 "70 

0-4 

0"067 

1-07 

267 
1 '95 

0"935 

234 
2 "22 

0"8 

--0"20 

0"807 

204 
2-55 

--0"33 

0"707 

177 
2-94 

from the resistance to complete rotation of links but from the energy re- 
quirements of relatively small amplitude rotations about the potential 
minima associated with the rotational isomeric positions. In a PAcN chain 
with a majority of trans placements, the large substituent group is held 
away from the chain backbone (or axis of helix) and might well not be 
brought into mutual interference if rotations are fairly small. 

THE E X C L U D E D  VOLUME E F F E C T  
From the applicability of the K-S equation in Figure 5, one expects that 
the expansion factors should correlate with molecular weight according to 
the equation of Kurata--Stockmayer-RoigE 

(oz 3 - a)  (3a ~ + 1)3/2/8o? = 0.421BA-3M~ (18) 

This is found to apply (c.f. Figure 3(a), but because of the experimental 
scatter, the fit is no better than that given by the earlier Flory equation TM 

(a s - a 3) = 0.859BA -3M~ (19) 

Indeed a much simpler function 

_ 1 )  = (20) 
which is implied by the Stockmayer-Fixman equation ~, gives apparently a 
slightly better fit than either. 

The reason is, of course, that for the relatively low values of a en- 
countered here (<1-3)  the various functions deviate from each other by 
hardly more than the experimental uncertainty in a.  To decide which is 
the best form of the excluded volume effect in these solutions would need 
either much more precise data or a wider range of molecular weights. 

COIL  P E R M E A B I L I T Y  
Ullman's recent theory TM of intrinsic viscosity in terms of coil dimensions 
and permeability to solvent permits an estimate of this latter from the results 
in toluene. The viscosity is expressed in terms of functions G(h), of a per- 
me,~bility parameter h, for various chain models, e.g. the 

Random Gaussian coil: [a 7] = [(27:)i.N0 (S~--)3/2/M] × G (A) (21) 

(which strictly applies only to solution in the theta-condition), and for an 
expanded coil the Kurata-Yamakawa coiP ° 

[~/] = [(2~)*No (S~y/2/M] [ 1 + 134~ / 105] -3/~G (X) (22) 
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where ~: is the Kurata-Yamakawa excluded volume parameter related to a 
by a2=(1 + 134~:/105), and No is Avogadro's number. 

For  completely impermeable coils G (h) >G (h)~ which is 0-870 for the 
random Gaussian coil, and for the Kurata-Yamakawa coil can be calculated 
for various a. 

The value of G (h) can be calculated from the experimental quantities, 
and hence the impermeability of each fraction expressed as the ratio 
G ()Q/G (A,~). 

Calculating on the random Gaussian model, the ratios for the various 
fractions vary between 1.09 and 0.78 with mean value 0'96. For the Kurata-  
Yamakawa coil, the variation is between 1-22 and 0 9 0  with mean 1-03. 
Within these variations the values show no trend to lower values at the 
lower molecular weights; there is thus no evidence for appreciable coil per- 
meability in any of these fractions. 

G E N E R A L  C O N C L U S I O N S  
The main conclusion of these studies is clear, that these samples of PAcN 
give solution properties that are quite 'normal', and the large substituent 
and the 'locked' alternate bonds in the chain do not impose abnormally 
large coil dimensions or appreciably 'stiff' chains with 'free-draining' 
character. 

On the contrary, the unperturbed coil dimension is smaller than that for 
polystyrene, an unexpected result which appears to be explained by a par- 
ticular consequence of the structure of the monomer unit. The restriction 
of alternate bonds, by the ring substituent, into erythro (cis) or threo (trans) 
conformations should cause a corresponding shortening and lengthening 
respectively of the contribution of a monomer unit to the average coil 
dimension. While there is reason to expect a higher proportion of threo 
placements, and hence a larger coil dimension than for a 'genuine' vinyl-type 
chain, it seems that this effect is counteracted by a slightly greater than 
normal freedom of rotation about the inter-monomer bonds. 

Abnormal coil dimensions may still be anticipated in stereoregular 
chains, but only if they contain long regular sequences, since every place- 
ment in an opposite stereochemical sense must cause reversal of the sense 
of helices (di-isotactic) or direction of any 'stepped' chains (di-syndiotactic) 1. 

Physical Chemistry Laboratory, 
Trinity College, 

Dublin, Ireland. 

(Received September 1966) 
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The Polymerization of Some Epoxides 
by Diphenylzinc, Phenylzinc t-Butoxide, 

and Zinc t-Butoxide 
J. MALCOLM BRUCE and F. M. RABAGLIATI 

Ethylene oxide is polymerized by diphenylzinc to give polymers with viscosity- 
average molecular weights o/ up to 3XlO s. Similar polymers are formed 
when phenylzinc t-butoxide is used as catalyst, but the reaction is ]aster; the 
viscosity-average molecular weight o/ the product increases in parallel with 
the degree of conversion of the monomer, and there is a broad distribution o/ 
molecular weights. 

Zinc t-butoxide, which is insoluble, is more active than either of the above 
systems, and readily gives high yields o/ poly(ethylene oxide) with viscosity- 
average molecular weights o / u p  to 9 × 10 ~. Solvents such as cyclohexane and 
benzene have little effect on the polymerization, but t-butyl alcohol markedly 
reduces the rate, and gives a product of comparatively low molecular weight. 

Propylene oxide is polymerized by zinc t-butoxide much less rapidly than 
ethylene oxide, and the product has a lower degree of polymerization; approxi- 
mately 12 per cent is 'crystalline'. The proportion o/ 'crystalline' material is 
somewhat decreased, but its melting point is raised, when tetrahydropyran 

is used as solvent. 

ETHYLENE oxide can be polymerized by soluble organozinc alkoxides, but 
the greatest catalytic activity is shown by insoluble zinc dialkoxides 1. The 
present paper describes some further results obtained for the initially homo- 
geneous polymerization of ethylene oxide by diphenylzinc and phenylzinc 
t-butoxide, and for the heterogeneous polymerization of ethylene oxide and 
propylene oxide by zinc t-butoxide. 

E X P E R I M E N T A L  
Monomers and solvents were dried over calcium oxide, fractionally dis- 
tilled, and stored over calcium oxide. Phenylzinc t-butoxide was prepared 
by treatment of diphenylzinc 2 with I tool. of t-butyl alcohol in benzene, 
followed by removal of the solvent, finally at 90°C/10 -5 mm of mercury 
for three hours. Zinc t~butoxide 3 was obtained by treating a benzene solu- 
tion of diphenylzinc with an excess of t-butyl alcohol at 70 ° to 80°C for 
24 hours, and then removing the volatile materials, finally at 180°C/10 -~ 
mm of mercury for three hours. All materials were handled by the vacuum- 
line techniques previously described ~ .  

The alkoxide catalysts were prepared in cylindrical ampoules to which 
the monomer and solvent were subsequently added; the ampoules were 
then fusion sealed. Preliminary experiments with zinc t-butoxide were 
carried out without agitation, but for later polymerizations the ampoule was 
mounted horizontally in the thermostat and rocked so that the contents were 
continuously transferred from end to end; a glass-encased iron rod pr.csent 
in the ampoule simultaneously scraped the lower wall, preventing build-up 
of solid catalyst. Effective agitation ceased when the reaction mixture 
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gelled. Dilatometric experiments were carried out as previously described 5. 
Polymerizations were terminated by addition of benzene and a small 

excess of methanol over that required to precipitate the catalyst; a hindered 
phenol antioxidam (Antioxidant 2246, Anchor Chemical Co. Ltd, 1 to 3 
per cent w / w  of monomer used) was also added in all cases except those 
for which number-average molecular weights and proton magnetic resonance 
spectra of the polymers were to be determined. Catalyst residues were 
removed centrifugally, and the polymers were isolated by freeze-drying S. 
Intrinsic viscosities, [7/], were measured at 25°+0-01°C in benzene 
containing the above antioxidant (0"1 per cent w/v). Viscosity-average 
molecular weights ( ~ )  were calculated for poly(ethylene oxide) using the 
equatio# [aT]: 3-97 x 10-' (~,)0.~s, and far poly(propylene oxide) from the 
relationship 7 It/] = 1-12 x 10 -4 (/~v) °rr. Number-average molecular weights 
(Mn) were determined for benzene solutions using a Mechrolab vapour 
pressure osmometer, and proton magnetic resonance spectra were measured 
at 40°C with a Varian A-60 spectrometer using tetramethylsilane as an 
internal standard. 

Poly(ethylene oxide) was fractionated according to molecular weight by 
progressive cooling of solutions in benzene-isooctane ~. The 'crystalline' 
content of poly(propylene oxide) samples was determine& from the amount 
of material which separated when a solution, initially 2'7 g 1-1 at 40°C, of 
the polymer in methanol was maintained at 0°C for two days; further 
fractionation s of the methanol-soluble material was achieved by cooling its 
solution, initially 1 g 1-1 at 60°C, in isooctane at 0°C for 24 hours. Melting 
points were determined with a Ktifler hot stage mounted on a polarizing 
microscope; for poly(propylene oxide) the sample was first melted and kept 
at 100°C for 20 min, then maintained at 35 ° to 40°C for one hour, and the 
temperature was finally raised at the rate of 12 deg. C/hour. 

RESULTS AND D I S C U S S I O N  
The following abbreviations are used: [Iris] denotes initial concentration 
of monomer; [C0] is the initial concentration of catalyst calculated as if it 
were monomeric (the t-butoxides are aggregatesS); M0 denotes initial volume 
of monomer; S is the volume of solvent; C~-I12 is cyclohexane; THP is 
tetrahydropyran. 

D i p h e n z y l z i n c  , ~ 
The results of typical experiments carried out in benzene solution are 

shown in T a b l e  1. Attempts to follow the polymerization dilatometrically 
gave erratic results, possibly due to the separation of solid material at an 
early stage; the region immediately surrounding the precipitate became 
much more viscous than the rest of the solution. 

The yield of polymer increased in proportion to the initial concentration 
of diphenylzinc, but at a fixed concentration the yields were similar after 
either 288 or 1 080 hours, all'hough the viscosity-average molecular weights 
of the polymers had increased considerably, suggesting that there may have 
been an initial fairly rapid production of a comparatively large number of 
chains of low molecular weight by a reaction which terminated at a fairly 
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early stage, accompanied by a slower reaction, which did not terminate, 
leading to fewer chains of much higher molecular weight. Two catalyst 
systems may be involved, a comparatively simple homogeneous one pro- 
ducing the low-molecular weight polymer, and a more complex hetero- 
geneous one (the precipitate which formed during the reaction) giving the 
material of high molecular weight. 

Table 1. Polymerization of ethylene oxide by diphenylzinc in benzene at 60°C 
(M~[S=O'I) 

[Ms] Time, Yield, [71] 10-rM'-~ 
[Co] h % dl g-a 

15 288 25 1"47 0-16 
16 1080 24 1'76 0"21 
22 288 15 1'25 0"13 
22 1080 19 3"26 0-51 
31 288 17 2-03 0"25 
31 1080 15 4"52 0'82 

Diphenylzinc forms a dietherate ~ with ethylene oxide, and the initial step 
in the polymerization thus probably involves the production of 
PhZnOCH2CH2Ph from which, as indicated 1 by proton magnetic resonance 
spectroscopy, polymer of the form PhZn(OCH2CH2),Ph can be built up by 
insertion, with ring-opening, of monomer units at the Z n - - O  bond. The 
efficiency of this process is likely to decrease as the concentration of 
PhZn(OCH~CH2),Ph increases, since aggregation 1' 3.4 of these species to give 
less active products will become more significant, and, further, as the value 
of n increases, back-coordination from the oxygen atoms of the growing 
chain to the zinc atom will decrease the ease of coordination of monomer 
molecules, which is essential for the propagation steps. This would account 
for the fall-off in the production of low-molecular weight polymer. If inser- 
tion also occurred, even to a small extent, at the Ph- -Zn  bond of the species 
PhZn(OCH2CH2).Ph a zinc alkoxide Ph(CH~CH20).~Zn(OCH2CH2),,Ph 
would be formed, and this, like the other zinc alkoxides previously 
studied 3'4, would be expected to form insoluble aggregates from which high- 
molecular weight polymer could be produced, probably by a process which 
would terminate only when all the monomer had been consumed; the high 
activity of insoluble zinc alkoxides has been noted previously 1. 

Phenylzinc t-butoxide 
Polymerization of ethylene oxide with phenylzinc t-butoxide ([M0] / [Co] = 

117) for 63 hours at 5°C followed by 24 hours at 70°C gave a 73 per cent 
yield of polymer with Aqr~ =2"5 x 106. Attempts to follow the polymerization 
dilatometrically at 25°C using [M0]/[C0] =770 gave irreproducible results, 
possibly due to separation of solid material during the polymerization; the 
molecular weight of the product increased in parallel with the conversion 
(e.g. after 10h, yield 0"6 per cent, .~r~=0-24x 106; after 240h, yield 2.7 per 
cent, ~rv = 1 '2 x 10s). Subsequent polymerizations were therefore carried out 
at higher temperatures in order to achieve more rapid conversion, and 
kinetic studies were not attempted; representative results are shown in 
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Table 2. They indicate that almost quantitative polymerization can be 
achieved, and that the viscosity-average molecular weight usually increases 
with conversion. For benzene solutions, the rate of conversion and the 
molecular weight are both higher than those obtained with diphenylzinc. 
There are no striking solvent effects. 

Table 2. Polymerization of ethylene oxide by phenylzinc t-butoxide 

Solvent [ M°] M 0 Temp., Time, Yield, [~7] 10_~ v 
[C o] S °C h % dl g-~ 

None 778 - -  70 90 15 5"01 0"95 
None 778 - -  70 768 99 10'58 2"83 
Dioxan 227 0-2 70 90 24 7"45 1 '70 
Dioxan 227 0'2 70 768 77 16"60 5'45 
CHzC12 307 0-1 60 63 3 4"39 0"79 
CH~CIz 309 0"I 60 528 13 13"20 3"91 
Phil 15 0"1 60 29 6 11"10 3"03 
Phil 22 0"1 60 29 7 15"74 5"05 
Phil 31 0"1 60 29 8 12"37 3"17 
None 770 - -  60 48 7 4"72 0"87 
None 770 - -  60 97 11 4"87 0"91 
None 770 - -  60 336 37 7"73 1 "79 

Fractionation of the polymer from the first experiment quoted in Table  2 
gave the results shown in Table 3, which indicate the presence of a large 
proportion of material of comparatively low molecular weight; fraction 4 
was the material remaining in solution at 19°C. 

Table 3. Fractionation of poly(ethylene oxide) 

Fraction Precipitation Yield of  [7/] 
point, °C fraction, % dl g-X 

1 36 44 8"75 
2 26 34 2"02 
3 19 11 0'93 
4 - -  11 - -  

The initial step in the polymerization could involve insertion o~ an ethyl- 
ene oxide unit into either the Zn---O or the Ph Zn bond of the catalyst, 
for simplicity now represented as the monomer PhZnOBu t. If the former 
occurs, and is successively repeated, a polymer PhZn(OCH2CH2)nOBu t will 
be produced, and, as the chain grows, the influence of the t-butoxyl group 
on the environment of the zinc will progressively decrease. It would there- 
fore be expected that after a few monomer units had been inserted the 
species would become catalytically comparable with the compound 
PhZn(OCH2CH~)nPh postulated as an intermediate in the polymerization 
induced by diphenylzinc. This is not so: phenylzinc t-butoxide is consider- 
ably more effective 1 than diphenylzinc. Insertion at the Ph Zn bond to give 
the mixed alkoxide PhCH~CH~OZnOBu t might therefore be significant. 
This species may aggregate, or disproportionate to aggregates of the corres- 
ponding simple: alkoxides: all would be heterogeneous catalysts, but of 

364 



THE POLYMERIZATION OF SOME EPOXIDES 

different activities, and this could account for the broad distribution of 
molecular weights found for the high polymer, although transfer reactions 
may also be involved. Support for the presence of at least some chains con- 
taining phenyl end-groups was obtained from the proton magnetic resonance 
spectrum of a low-molecular weight fraction of the first polymer listed in 
Table 2 which showed, for a 12 per cent solution in hexadeuterobenzene, a 
weak absorption at r 2"54. 

In view of the large number of potentially catalytic species which may 
be formed in reactions of this type, it is unwise to draw from the evidence 
so far available firm conclusions about the mechanism of polymerization 
induced by diphenylzinc and phenylzinc t-butoxide, but it may be significant 
that both catalysts soon yield heterogeneous systems which could be respon- 
sible for the production of high polymer, and which may be related to the 
dialkoxide discussed in the following section. 

Zinc  t-butoxide 
This catalyst is insoluble in all the systems used. Polymerization of un- 

diluted ethylene oxide occurred more rapidly than with phenylzinc 
t-butoxide, and gave products with ~ r  in the range 4 x 106 to 9 x 106; the 
polymer appeared to grow from the surface of the catalyst. Typical results 
for agitated systems are given in Table 4; for experiment 7 the catalyst was 
soaked in T H P  for 40 hours before addition of the monomer. 

Table 4. Polymerization of ethylene oxide by zinc t-butoxide at 60°C ([M0]/[C0]=200) 

Expt Solvent M._.~ o Time, Yield [~] 10 -s M~ 
no. S h % dl g-1 

1 None - -  8 5 10-26 2-7 
2 None - -  24 17 19"70 7"0 
3 Phil 0'1 8 2 5-17 1 "0 
4 Phil 1 "0 24 23 19"40 6'9 
5 C6H12 1 "0 24 27 15'65 5"0 
6 THP 1"0 24 18 13"63 4"1 
7 THP 1 "0 24 10 16"40 5"4 
8 ButOH 1 "0 24 3 0"23 0'01 
9 ButOH 1 "0 720 41 0"33 0"03 

Polymerizations in benzene and cyclohexane gave higher yields than those 
obtained with the undiluted monomer, possibly because in the absence of 
diluents the mixture soon gelled, whereas in their presence it remained 
mobile for a longer time. The reaction may involve adsorption of monomer 
at active sites (e.g. defects in the t-butoxide lattice) on the catalyst, followed 
by ring-opening with concomitant transfer of a t-butoxyl group to give a new 
alkoxide system, --ZnOCH2CH2OBu', from which polymer can be pro- 
duced by repetitive insertion of monomer at Zn---O bonds. An alternative 
mechanism would involve oxonium ion#, and may occur together" with the 
insertion mechanism. The yield from experiment 6, in which -TI-IP and 
ethylene oxide were added to the catalyst at almost the same time, is similar 
to that obtained from the undiluted monomer, but the yield from experi- 
ment 7, in which the catalyst was first soaked in THP,  is lower, possibly 
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due to slow solvation of some of the more active sites on the catalyst to give 
'complexes' from which the THP is not subsequently readily displaced by 
ethylene oxide; the remaining sites may produce higher-molecular weight 
polymer (a similar, but more pronounced effect has been observed 9 for poly- 
merizations catalysed by zinc methoxide). The proton magnetic resonance 
spectrum of the polymer did not indicate the incorporation of THP 
residues. 

The effect of t-butyl alcohol was more striking, causing significant reduc- 
tion in both yield and molecular weight, possibly due to solvation of active 
sites, and to termination reactions which regenerate the catalyst, e.g. 

"S  

:o 
But-- OQH ~(OCHzCHz)nOBut 

"zd 
Zn 

B u t _ O  / x,, 

+ H(OCHzCH2)nOBu t 

Such a process is supported by the proton magnetic resonance spectra of 
the products Which, for five per cent solutions in benzene, both showed a 
singlet at ~- 8-85 due to t-butoxyl groups, and a strong singlet at ~" 6"45 
accompanied by two minor ones at 6"53 and 6"59 attributable to the poly- 
mer backbone; for the products from experiments 8 and 9 the ratios of the 
intensities of the resonances at ~" 8"85 to the total intensities of the reson- 
ances in the ~- 6"4 to 6-6 region were, respectively, 1: 3"0 and 1 : 3.4. The 
latter ratio implies a number-average degree of polymerization of 7"6, in 
good agreement with the value of 7.4 calculated from the number-average 
molecular weight (401) of the polymer. 

A similar series of experiments was carried out with propylene oxide, 
giving the results shown in Table 5. 

Table 5. Polymerization of propylene oxide by zinc t-butoxide at 60°C 
([M0] / [C01=200; MolS=I'O) 

Time, Yield [0] 
Expt. Solvent h % dl/g -1 10-nMv 

n o .  

1 None 120 4 6"50 1 "7 
2 None 480 12 6"35 1 "5 
3 P h i l  120 4 9"55 2"5 
4 C~Hzz 120 5 10'32 2'8 
5 C6H12 480 10 6'35 1 "5 
6 THP 120 4 8'07 2"0 
7 ButOH 120 0-1 - -  - -  
8 ButOH 720 1 "2 0"31 0"03 

Fraction o] totai 
product insoluble 
in MeOH at O°C 
Yield M. pt 

% °C 

10 65"0 
12 68"5 
12 65-5 
12 65"0 
11 66-5 
8 71.5 

Polymerization was slower than for ethylene oxide, and the polymers had 
lower molecular weights. The solvent had little effect except with t-butyl 
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alcohol when, as with ethylene oxide, there was a signficant lowering of 
both yield and molecular weight; the proton magnetic resonance spectrum 
of a solution (five per cent in carbon tetrachloride) of the poly(propylene 
oxide) from experiment 8 showed a Ringlet at ~- 8"86 due to t-butoxyl groups, 
a doublet (1--6 c/sec) centred at r 8.86 due to the methyl groups of the 
repeating unit, and a multiplet at ~- 6-63 arising from the protons in the 
polymer backbone, with relative intensities indicating a number-average 
degree of polymerization of 6-0. 

Fractionations from methanol of the poly(propylene oxide) samples 
obtained from experiments 1 to 6 indicated that they contained 8 to 12 
per cent of 'crystalline' polymer. Further fractionation 8, from isooctane, of 
the methanol-soluble portions from experiments 2 and 5 revealed a large 
proportion of low polymer similar to that obtained 8 with the diethylzinc- 
water system. The 'crystalline' material with the highest melting point 
(Table 5) was obtained when THP was the solven L possibly because the 
most stereoregular polymer TM is formed, probably by an insertion mechanism, 
at sites on the catalyst which are the least susceptible to solvation by THP 
(cf. the effect of THP on the polymerization of ethylene oxide). This 
observation suggests the possibility of controlling the stereoregularity of 
poly(propylene oxide) by selective solvation of heterogeneous catalysts; 
further studies are in progress. 

Isobutylene oxide gave only one to two per cent yields of polymer when 
treated with zinc t-butoxide ([M0]/[C0]=200 or 100, 960 hours at 60°C). 
Steric factors in the monomer thus probably play a dominant role in 
governing the overall rate of polymerization: propylene oxide is polymer- 
ized less rapidly than ethylene oxide, and isobutylene oxide much less 
rapidly than propylene oxide. A similar, but, for ethylene oxide and 
propylene oxide, less marked, effect has been observed 5 for polymerizations 
catalysed by the diethylzinc-water system. 
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Mechanical History Effects in the 
Crystallization of cis-l,4-Polybutadiene 

J .  C .  M IT C HE L L  

Dilatometric studies have revealed alterations in the crystallization kinetics o/ 
cis-l,4-polybutadiene subjected to the shearing action of a laboratory mill. 
Reduction in the Avrami exponent by more than one unit suggests that, in 
addition to a change /rein pseudo-homogeneous to instantaneous nucleation, 
a change in the growth mechanism o/ the  new phase is involved. These changes 
are presumed to be brought about either by sub-optical microscopic ordering 
o/ the amorphous polymer (e.g. the 'quasi-indestructible' clusters proposed by 
Rabesiaka and Kovacs) or by shear effects on impurity constituents, with either 

effect leading to row orientation. 

DILATOMETRIC measurement of the volume contraction during isothermal 
crystallization of cis-l,4-polybutadiene has shown that the crystallization 
kinetics are sensitive to the mechanical history of the sample. These results 
are similar to the observations of Rabesiaka and Kovacs x on polyethylene. 
These authors postulated that mechanical forces can generate 'quasi- 
indestructible" clusters in the polymer which survive well above the melting 
point and serve as especially active heterogeneous nuclei in the crystalliza- 
tion process. 

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

The studies reported here were all carried out on one particular experimental 
sample of cis-l,4-polybutadiene. This sample is typical of a series of such 
polymers prepared at the Shell Development Company Emeryville Research 
Center using cobaltous chloride/aluminium alkyl catalysis. Infra-red (i.r.) 
spectra showed these polymers to contain approximately 97 to 98 per cent 
cis-l,4 structural units. Their number and weight average molecular weights 
were around 100 000 and 220 000, respectively. Similar mechanical history 
effects were also observed in the crystallization kinetics of other samples 
of this type. 

Standard mercury-filled glass dilatometers were used with a Hallikainen 
Industrial Calibration bath* which provided temperature regulation to 
+ 0.02 deg. C. Unless otherwise noted, immediately prior to crystallization 
kinetics determination, the samples (degassed and under mercury) were 
heated to 100°C for 40 minutes, then allowed to cool to room temperature. 

Analysis o/dilatometric data 
Crystallization kinetics curves were characterized in terms of half-times, 

tl/2, and Avrami exponents, n. Because of a relatively large extent of 
secondary crystallization in this polymer, half-times for the primary 
crystallization process have been estimated by the following somewhat 
arbitrary expedient. The extent of contraction reached on attainment of an 
*Hallikainen Instruments, Berkeley, California, U.S.A. 
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arbitrary slow rate of secondary crystallization was taken as corresponding 
to the completion of primary crystallization. Having observed that this 
quantity showed a variation of only a few per cent in 40 different samples 
of the present type, the average value of 6-36 x 10 -8 ml/g was taken as 
a 'standard' contraction for primary crystallization at -16°C.  Half-times 
were taken as the time required for the attainment of one-half of this 
standard contraction. The Avrami exponent, n, is the exponent of time in 
the equation 2' 3 

In 0 = - Kt ~ (1) 

where 0 is the weight fraction s o~ the polymer untransformed at time t, and 
K is a rate constant. It was evaluated from the experimental data according 
to the following equation 

n = 0-718 / log (tl/~ / tl/8) (2) 

where t,/8 is the time required for one-eighth of the standard contraction 
defined above. This relationship follows directly from the Avrami equation 
(1) on substituting 0= 1/2 at t=tl/~ and 0 = 7 / 8  at t=t~/8. Avrami exponents 
evaluated in this simple manner were found to agree with those calculated 
using a curve-fitting computer programme to within a few tenths of a unit. 
This agreement is within the experimental reproducibility. Considering the 
complications inherent in the application of the Avrami theory to crystal- 
lizing polymers ~ ,  this uncertainty is probably also well within the limits 
of straightforward interpretation. 

In melting experiments, dilatometer data were converted to specific 
volumes following the general procedure given by Bekkedahl 1.. This calls 
for additional measurements: sample density (gradient column used), 
dilatometer capillary level at the temperature of density determination, and 
weight of mercury confining liquid. An IBM 7040 programme was written 
for making the calculations and plotting specific volume versus temperature. 
A similar programme was used to convert some of the crystallization kinetics 
data to, specific volume versus time plots. 

G E N E R A T I O N  OF M E C H A N I C A L  H I S T O R Y  

The crystallization kinetics of cis-l,4-polybutadiene are sensitive to shear 
forces. While such effects have been seen in samples subjected to extrusion, 
the present experiments invt,lve the use of a laboratory rubber mill. In 
this mill the rubber is passed between two 6-in. rollers rotating at 39"8 
and 55"6 ft/min, respectively. In one set of experiments the effect of varying 
the roller separation wag studied. With the rollers heated by water at 70°C, 
portions of the baled but previously unmilled cis-l,4-polybutadiene sample 
were passed continuously through the mill in the same direction for five 
minutes, then subjected to ten individual passes in alternate 90 ° directions. 
In Figure I the half-time and Avrami exponents for crystallization at - 16°C 
are plotted against roller separation. Both of these quantities are seen to 
decrease continuously as roller separation decreases or as shearing stresses 
increase. 
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The effect of variations in milling technique was then studied using a 
roller separation of 0"020 in. The previous procedure was separated into its 
two parts, continuous passage in the same directior~ ('banding') and 
individual passes. It was found that either of these alone had the same 
effectiveness in reducing half-times. Five minutes of continuous passage 
reduced the half-time at - 16°C from 50 rain to 28 mi, ,  Ten separate passes 
through the mill had the: same effect whether or not the material was rotated 
90 ° between passes (half-times of 26 and 28 min, respectively). 
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Figure/--Crystallization half-times and Avrami exponents 
as a function of mill roller separation 

On varying the temperature of the mill a peculiar but reproducible temp- 
erature dependence of mechanical history generation was observed. This 
is shown in Figure 2 where the ratio of the half-time to the one-eighth time 
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Figure 2--Effect of milling temperature on Avrami ex- 
ponent for samples milled with a roller separation of 

0"020 inch 
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for samples milled with a roller separation of 0.020 in. is plotted against 
mill temperature. The complicated temperature dependence presumably 
originates in the interaction of the temperature dependences of chain 
mobility and stress-induced crystallization, and the occurrence of a known 
transition affecting rheological behaviouP -~. The dip in the mechanical 
history/temperature curve starts in the region of the transition. 

P E R S I S T E N C E  OF MECHANICAL H I S T O R Y  
Inasmuch as the mechanical history apparently survives our customary heat 
treatment of 40 minutes at 100°C prior to crystallization kinetics studies, 
it may be termed 'quasi-indestructible'. The results of studies of higher 
temperature 40-minute preheating treatments are shown in Figure 3. Here 
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0-020 in. ~ /  

/ /  

I I I I 
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Figure 3--Effect  of  preheating tem- 
perature on crystallization half-time 

of milled specimens 

the crystallization half-times of the samples milled with roller separation 
0-020 in. and 0"010 in. referred to in Figure 1 are plotted as a function of 
preheating temperature. It can be seen that temperatures well above 200°C 
would be required to restore half-time values to the 50-minute level 
characteristic of this sample in the absence of milling. While some of the 
observed decrease in crystallization rate may be caused by deterioration 
of the chain microstructure, it would appear that some mechanical history 
erasure takes place in higher temperature treatments inasmuch as increases 
in the Avrami exponent have also been observed in these samples. 

The mechanical history generated by shearing is even less sensitive to 
storage at room temperature. Only slight relaxation has been observed after 
storage at room temperature for several months. Pertinent half-times and 
Avrami exponents are presented in Table 1. 

Whatever the nature of the order generated by stress, one would expect 
it to be eliminated by solution of the polymer. The following technique 
has, correspondingly, been found to erase mechanical history. 

The polymers were dissolved to six per cent concentration in aluminium 
foil-covered bottles which were gently agitated overnight. The solvent was 
usually benzene. The solutions were vacuum evaporated for two to three 
days at room temperature on sheet Teflon. A dry nitrogen bleed was used 
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during the last few hours to complete the drying. The resulting films were 
gently rolled off the Teflon. The rubber's adhesion to Teflon is sufficiently 
low that no large stresses were required to separate the samples from the 
Teflon. The resulting films ranged from one-half to three millimetres in 

Table 1. Effect of room temperature storage on mechanical history effect 

Mill roller 
separation, 

in. 

(unmilled) 
0"225 
0"150 
0.100 
0.070 
0"035 
0"020 
0.010 
0-005 

Initial values After 2 months 

Half-time 
--16°C, min 

After 6 months 

Half-time 
--16°C, rain 

Half-time 
--16°C, rain 

50 3.1 
51 3.2 
52 2.5 
46 2.4 
39 2.0 
32 1.7 
31 1.6 
27 1.6 
27 1.4 

49 
56 
49 
44 
40 
32 
34 
36 
32 

3.2 53 
2.9 54 
2.3 49 
2.7 45 
2.0 41 
1 . 5  36 
1 . 8  34 
2.1 34 

• - -  . 29 

3.5 
3.2 
3-3 
2.1 
1.9 
1.6 
1.7 
1.8 
1-7 

thickness. Chromatographic analysis of samples so prepared showed them 
to contain less than 0"01 per cent residual benzene. 

In Table 2 half-times and Avrami exponents, n, are presented for polymers 
of various mechanical history following their recovery from solution in the 
manner discussed above. The half-times are slightly higher than that of 
the original unmilled specimen and the Avrami exponents run from some- 
what below 4 to the anomalous value of 5. Current evaluations ~-13 of the 
application of Avrami's analysis of phase change to polymer crystallization 
predict lowering of the exponent to non-integer values below 4. Higher 
values would require a nucleation or growth rate increasing with time. The 
fact that the unmilled specimen showed an Avrami exponent close to 3 
before solution and recovery suggests that it had mechanical history as 
received--presumably from the baling operation. 

A D D I T I O N A L  C O M P A R I S O N S  
With the above work as background, three specimens of cis- l ,4-polybuta .  
diene were taken as representative of their type for detailed comparisons as 
presented below. They are designated C, M and MD, referring, respectively, 
to the untreated control, a milled portion, and a portion recovered by 
solvent evaporation from benzene solution after milling. The milling was 
carried out with a water temperature of 70°C. There were six passes at 
roller separation 0"005 in., four at 0"010 in., and two at 0-0075 in. 

Crystall izat ion process 
Isothermal crystallization kinetics were studied dilatometrically over the 

range of temperatures from -29 -9  ° to -10-1°C.  Changes in specific 
volume were plotted against the logarithm of time. For  this purpose extra. 
polated values from the liquidus curves determined for the polymers in 
melting point experiments were taken as the equilibrium specific volumes 
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Table 2. Effect of solution and recovery on crystallization kinetics 

Half-time, 
History rain n 

As received 50 3-1 
Dissolved and recovered 

Unmilled specimens 

Milled specimens 

57 
61 
60 
55 
56 

Mill Roller 
temp., °C separation, 

70 0.150 
70 0'100 
70 0'070 
70 0-035 
70 0"020 
70 0"010 
20 0-020 
40 0"020 
60 0"020 
60 0"020 
80 0"020 

1 O0 0"020 
120 0"020 

in. 
57 
59 
60 
64 
66 
63 
65 
67 
64 
59 
66 
65 
61 

4.2 
4.7 
4.9 
3.9 
4.9 

3.7 
3.6 

3.7 
4.1 
4.2 
5.1 
5.3 
4.5 
3.7 
3.9 
4.2 
5.0 

before any crystallization took place. This procedure bypasses some of 
the difficulty associated with the lack of thermal equilibration of the dilato- 
meter  during the early portions of the faster crystallizations. Thus while 
early points can still be in error from this source, later points are still 
referenced to the correct starting value. 

I t  was found that the kinetics curves so determined were superposable 
by shifts in log time as is commonly observed s'. Figure 4 shows the super- 
position of kinetics curves obtained a t - 2 4 " 0  °, -21"5 °, -18"0  °, - 1 6 " 0  °, 
-13"9 ° and ,-12"0°C. Such superposition, while a necessary consequence 
of the Avrami equation, is a more general phenomenon inasmuch as it 
still occurs where the Avrami  equation does not describe the kinetics data. 
It  is especially interesting to note that the same shift factor 'a ' ,  where log a 
is the shift in log time required to superpose one curve on another, is applic- 
able to the three samples. This is shown in Figure 5 where a for super- 
position on t h e -  16°C curves is plotted against temperature. These shifts 
correspond to a spread of half-times f rom two minutes at the lowest temp- 
erature to 700 minutes at the highest temperature. In  any case, the temp- 
erature dependence of the primary crystallization rate appears to be 
unaffected by mechanical history. 

Also unaffected by mechanical history are the extent of primary crystal- 
lization as measured by the level of the kinetics curve in the region of 
secondary crystallization (where the  volume change has become linear in 
log t) and the rate of secondary crystallization as measured by the slope 
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Figure 4----,Superposed crystallization kinetics data, --24"0°C 
to - 12"00C 

in this region. The only change in these properties observed over the whole 
series is that the specific volume changes above - 1 6 ° C  are somewhat less 
than those at - 1 6 ° C  and below. If the thermal expansio~a coefficient for 
the crystalline phase is lower than that of the amorphous phase, this 
indicates a decrease in extent of crystallization at higher temperatures. 

Melting behaviour 
Identical melting points have been observed 19 in a series of three samples 

with mechanical history essentially the same as that of the present series 
(i.e. control, milled, and milled and then recovered from solution). Melting 
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curves for the present series are shown in Figures 6 and 7. In these experi- 
ments a smooth temperature rise over the 24-hour day was brought about 

1.11t-,- , 

.m 1'10~ 

I 
U "  

1"08 

i 
u 1"07 

I"06] ,, 

1-05~ I I ~ i i I I 
-15 -10 -5 0 +5 +10 +15 +20 +25 

Temperature, °C 

Figure 6---Melting curves for samples of varying mechanical 
history--fast heating 

through the use of a clock motor drive on the thermostat bath temperature 
controller. In Figure 6 the heating rate was 7 deg. C /h  throughput. Cooling 
was at 4.4 deg. C/h. In Figure 7 the heating rate was 7 deg. C/h  from - 16 ° 
to -14"5 °, then 2.1 deg. C/day from -14"5 ° to -8"0*, 1.2 deg. C/day 
from -8"0 ° to + 8.0 °, and finally 7 deg. C/h. Subsequently, the two experi- 
ments will be referred to as 'fast heating' (7 deg. C/h) and 'slow heating' 
(1.2 deg. C/day). 

In both cases it will be noted that not only are the melting points the 
same for the three samples in each experiment, .-0.2* in fast heating and 
+ 6.0 ° in slow heating (_+ 0-2 deg. in both cases), but the melting curves are 
parallel. Their slight relative displacements originate in the density deter- 

1"11 
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E ~ 109 

"~ 108 
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Figure 7--Melting curves for samples of varying mechanical 
history--slow heating 
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minations at 25°C. The sample is apparently slightly more dense after 
milling. 

Microscope investigations 
Microtome sections of the three samples, C, M and MD, were prepared 

at liquid nitrogen temperature. These were examined at room temperature 
under both polarizing and phase contrast optics. Neither technique revealed 
any organization of the 'amorphous' polymer on the optical microscope 
scale for all three samples. 

D I S C U S S I O N  
The exponent n in the Avrami equation is determined by the time depend- 
ence of the nucleation and growth processes applicable to the phase 
transformation under study. The differences in n values observed in these 
studies between solution cast samples and those subjected to Shear forces 
was often greater than one. A simple change from nuclei appearing at a 
constant rate in time (pseudohomogeneous nucleation) to nuclei essentially 
preformed by the shearing forces would cause a lowering in n of only one 
unit. Thus it seems necessary to assume that the time exponent describing 
the growth process is lowered as well. This could conceivably come about 
for any of the following reasons: (1) any deviation from isotropic (i.e. 
spherulitic) growth, (2) a change in the density decrease of spherulites during 
their growth, (3) an increase in the relative importance of secondary crystal- 
lization proceeding simultaneously with the primary process 1°-~-, and (4) a 
greater slowing down of the growth rate due to increased competition for 
inter-spherulitic amorphous materiaP. Of these, the first, directed growth, 
seems most likely. The decrease in density referred to in case (2) is expected 
on the basis of Keith and Padden's ~ model for spherulite growth, according 
to which impurities excluded from the crystalline phase would accumulate, 
restricting the conversion of amorphous material in the later stages of a 
spherulite's growth. This effect would lead to fractional Avrami exponents, 
but it would not seem a likely cause of a change in the exponent on shearing 
as this would require a change in the amount or nature of material being 
excluded by the growing crystalline phase. Such a change appears highly 
unlikely in view of the return to high n values after solution and recovery 
of the polymer. Furthermore, such changes might lead to structural differ- 
ences on the lamellar level. Such differences would be quite likely for case 
(3). However, in the melting experiments, both slow and fast heating rates 
showed parallel changes in specific volume with the temperature through- 
out the melting range for the three types of specimens, indicating no large 
differences in crystalline structure at the level of lamellar dimensions. Case 
(3) also seems unlikely as the relationship of primary and secondary crystal- 
lization does not seem greatly altered as evidenced by the coincidence of 
the later regions of the crystallization kinetics curves. The secondary pro- 
cess observed after completion of the primary process appears unaffected, 
as does the extent of primary crystallization. The competitive effect (4) 
should not be noticeable at the beginning of the transformation, whereas 
the low n value is evident very early in the experimental curves. 

Directed growth would be expected in material oriented in the manner of 
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a stretched elastomeric network. Gent S has observed decreases of n from 
3 to 1 for crystallization in natural rubber as the elongation was increased. 
The increased orientation was presumed to change the growth morphology 
from spherulitic to needle-like. The present microscope observations show 
no regions of orientation in sheared polybutadiene samples on an optical 
scale. 

Even in the absence of such overall orientation, directed growth and 
enhanced nucleation would go hand-in-hand if centres for rapid nucleation 
generated by the shear field were at the same time densely distributed along 
lines (presumably in the shear direction). If these nucleation sites are 
sufficiently active, primary nuclei (growth centres) would appear to be 
present in large numbers at the beginning of the transformation, leading 
to a unit decrease in the Avrami exponent. An additional decrease would 
then result from row orientation ~'-~ as the large numbers of spherulites 
originating along lines would soon merge into cylindrical objects 
('cylindralites') capable of further growth in only two dimensions. 

The active nucleation .sites distributed along lines could result from 
polymer ordering or from sheared impurities. While no overall orientation 
has been observed in our samples, this does not preclude organization on 
the electron microscope scale. Kargin et al? 5'~ have reported electron 
microscope observations of organization of 'amorphous' polymer into 
bundles. On the other hand, the experiments of Cormia, Price and Turn- 
bull 27 suggest that most polymer crystal nucleation is heterogeneous. (It 
should be noted that heterogeneous nuclei can readily lead to nucleation 
proportional to time--in Avrami's terminology, 'germ' nuclei can be con- 
verted to 'growth' nuclei at a constant rate. Such a process is commonly 
referred to as pseudo-homogeneous nucleation.) It is conceivable that shear 
forces transmitted by the polymer to impurity particles serving as hetero- 
geneous nuclei lead to the exposure of new surfaces and hence to increased 
nucleating activity. This sheared heterogeneous nuclei explanation seems 
more attractive than the ordered polymer explanation in view of the quasi- 
indestructible nature of the mechanical history effect. 

The author wishes to express thanks to Dr D. 1. Meier for helpful dis- 
cussions, and to Mrs M. O. Brem&r and C. Hanken for technical assistance 
in some of the experiments. 
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Communication 

A Table of  Fikentscher K Values versus Relative 
Viscosities for a Concentration of  1"0 

IN WORKING with poly(vinylchloride), correlation of our solution viscosity 
measurements with Fikentscher K values which are used by European 
manufacturers has been useful. The tedium involved in the calculations 
and the lack of readily available tables inspired the writing of a computer 
programme to supply a list of such values. The data in Table 1 are solutions 
to the Fikentscher equatioB [FIKENTSCHER, H. Cellulose Chemie, 1932, 13, 
58] 

log ~ 1  = {75k2/(1 + 1.5 kc)+ k} c 

where K =  1 00O k for a concentration of 1.0 g/100 ml of solution. Such 
a listing is general in the sense that it may be applied regardless of the 
polymer, solvent or temperature used; it is important, however, that data 
on the solvent, temperature and concentration used for the measurements 
in question be included when reporting results. 

Table 1. Calculation of relative viscosities from Fikentscher K values for a given 
concentration 

Concentration: 1"0 g/100 ml 

Rel. ReL Rel. Rel. Rel, 
K vise. g vise. g wise. J[ ~ ¢ .  K vtsc. 

0"1 1"000 
0"2 1"000 
0"3 1"0~1 
0"4 1"001 
0"5 1"001 
0"6 1"001 
0"7 1"002 
0'8 1"002 
0"9 1'002 
I~0 1"002 
1"1 1"003 
1"2 1"003 
1"3 1"003 
1"4 1"004 
1"5 1'004 
1"6 1"004 
1"7 1"004 
1"8 1'005 
1"9 1"005 
2"0 1"005 
2'/d 1"006 
2"2 1'006 
2"3 1"006 
2"4 1 "007 
2"5 1"007 
2"6 1"007 
2"7 1"008 
2"8 1'008 
2"9 1"008 
3"0 1"008 
3"1 1"009 
3"2 1-009 
3"3 1"010 
3"4 1"010 

3'5 1'010 
3-6 1-011' 
3"7 1"011 
3"8 1"011 
3"9 1-012 
4"0 1"012 
4"I 1"012 
4"2 1"013 
4"3 1-013 
4-4 1'0114 
4"5 1-014 
4"6 1'014 
4-7 1'015 
4"8 1"015 
4"9 1-016 
5'0 1-016 
5"1 1"016 
5"2 1'017 
5"3 1-017 
5"4 11"018 
5"5 1'018 
5"6 1"018 
5-7 1'019 
5"8 1"019 
5"9 1"020 
6"0 1'020 
6"1 1'021 
6"2 1'021 
6"3 1"022 
6"4 1'022 
6-5 1'022 
6"6 lt'023 
6"7 1"023 
6"8 1'024 

6"9 1"024 
7"0 1'025 
7-1 1"025 
7-2 1"026 
7-3 1"026 
"P4 1'027 
7"5 1"027 
7~6 1"028 
7"7 1'028 
7"8 1"029 
7-9 1"029 
8"0 1"030 
8"1 1"030 
8'2 1'031 
8"3 1'031, 
8-4 1"032 
8'5 1"032 
8"6 1"033 
8"7 1"033 
8"8 1"034 
8"9 1"035 
9"0 1'035 
9"1 1'036 
9"2 1"036 
9-3 1"037 
9"4 1"037 
9-5 1"038 
9"6 1'039 
9"7 1"039 
9-8 1"040 
9"9 1"040 

10"0 1"041 
10"1 1"041 
10"2 1"042 

10"3 1"043 
10"4 1"043 
10"5 1"044 
10"6 1"044 
10"7 1"045 
10"8 1'046 
10'9 1'046 
11"0 1"047 
11"1 1"048 
11'2 1'048 
11'3 1"049 
11"4 1'050 
11"5 1'050 
11"6 1"051 
11'7 1'051 
11"8 1'052 
11"9 1'053 
12'0 1'053 
12"1 1"054 
12-2 1'055 
12"3 1"055 
1~2"4 1'056 
12'5 1'057 
12"6 1'058 
12"7 1"058 
12'8 1'059 
12"9 1'060 
13"0 1"060 
13"1 1"061 
13"2 1.062 
13"3 1"062 
13"4 P063 
13'5 1"064 
13"6 1'065 

13'7 1"065 
13"8 1'066 
13"9 1"067 
14"0 1"068 
14' 1 1"068 
14'2 1"069 
14'3 1"070 
14"4 1"071 
14"5 1"071 
14'6 1"072 
14'7 1"073 
14'8 1"074 
14'9 1'074 
15'0 1"075 
15'1 1"076 
15"2 1"077 
15'3 1"078 
15"4 i~078 
15"5 1"079 
15'6 1"080 
15"7 1'081 
15"8 1'082 
15"9 1"082 
16"0 1"083 
16'1 1'084 
16"2 1"085 
116'3 1"086 
16"4 1"087 
16'5 1'088 
16"6 1"088 
16"7 1"089 
16"8 1"090 
16"9 1"091 
17"0 1"092 
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COMMUNICATION 

Values of relative viscosity for K in one-tenth unit increments from 
zero to one hundred are supplied. Since concentration was entered as a 
variable in the programme, a table of values at different concentrations 
can be obtained easily. 

Tables of values of K at other concentrations or the computer programme 
in Algol 60 language can be supplied by the author on request. 

P. E. HINKAMP 
Plastics Production Research Service, 

Bldg 734, Dow Chemical Company, 
Midland, Mich. 48640, U.S.A. 

(Received January 1966) 
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The Effect of the Side Group upon the 
Properties of the Poly(epoxides) 

The work described in this series of papers forms part of an investigation o/ 
polyethers of general formula [C~-IR--CH~--O] n, which was initiated in the 
Chemistry Department of the University of Manchester by Professor G. Gee. 
Early work, principally that of D. J. Marks, showed that polymers with 
R=H, CH 3, CH:CH 2 or n-CaoHzl had similar melting points ca. 70 ° to 80°C 
and glass transition temperatures ca. -70°C. Here we report detailed investi- 
gations of the properties of two poly(epoxides) with much larger side groups, 
namely poly(t-butyl ethylene oxide) and poly(styrene oxide). We also report 
some useful properties of other poly(epoxides) which were not measured earlier. 

I--The Preparation and Characterization of 
Poly(t-butyl ethylene oxide) and Poly(styrene oxide) 

G. ALLEN, C. BOOTH and S. J. HORST* 

In this paper the preparation and characterization of polymers of t-butyl 
ethylene oxide and styrene oxide are described. Mixtures of water and zinc 
diethyl, having ~t~ole ratios approaching unity, were used as catalysts, and 
dioxan was used as solvent. The poly(t-butyl ethylene oxide) was highly 
crystalline and had narrow distributions of both molecular weights and degrees 
of stereoregularity. The poly(styrene oxide) was slightly crystalline, had a 
wide molecular weight distribution, and contained molecules of widely different 

degrees of stereoregularity. 

P O L Y ( t - B U T Y L  E T H Y L E N E  OXIDE) 
THE polymerization of t-butyl ethylene oxide (tBEO) was recently reported 1. 
Zinc diethyl and water (mole ratio 1 : 0"4) were used to initiate the polymer- 
ization and evidence was presented which showed that tBEO, in common 
with other alkyl substituted ethylene oxides, polymerized by a mechanism 
similar to that described for propylene oxideL Accordingly, in order to 
prepare high-molecular-weight crystalline poly(tBEO), we chose conditions 
similar to those which were used to produce corresponding samples of 
poly(propylene oxide) a, i.e. a mole ratio of zinc diethyl to water approaching 
unity. 

P R E P A R A T I O N  

The polymerization was carried out at 60°C in dioxan solution, by use 
of the high vacuum technique described earlier. The following concen- 
trations of reagents were used: tBEO, 3.27 M; zinc diethyl, 0.28 M; water, 
0.252 M. A slight precipitate was formed when the reagents were mixed; 
in the light of previous experience it was assumed that this would not 
seriously influence the course of polymerization 2. Poly(tBEO) was pre- 
cipitated during the reaction. Later it was found that poly(tBEO) was 
not completely soluble in dioxan at 80°C. 

*Present address: Stockport College for Further Education. 
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The reaction was terminated by dissolving the products in benzene at 
80°C and adding enough methanol to precipitate the catalyst. A hindered 
phenol antioxidant (1 wt % of polymer) was added and the products were 
dried under vacuum. Catalyst residues were removed before using the 
polymer. The results of the polymerization were as follows: conversion, 
83 per cent in 310 h; intrinsic viscosity in toluene at 75°C, 19"2 dl g-t; 
viscosity average molecular weight (estimated), 7 × 107. 

CHARACTERIZAT ION 
Viscometry 

Dilute solution viscosities were determined in toluene at 75°C, by use 
of a Desreux-Bischoff viscometeP modified according to Kaufman and 
Solomon s. The maximum shear stress was 1-8 gcm -t see -2. The intrinsic 
viscosity/molecular weight relationship was not determined (though some 
fragmentary molecular weight data are presented in part II of this work). 

Fractionation 
The poly(tBEO) separated from the reaction mixture was incompletely 

soluble at 25°C in every solvent tried, including a representative selection 
of paraffins, aliphatic ethers, chlorinated hydrocarbons, aromatic hydro- 
carbons, ketones and alcohols. At 80°C it was completely soluble in 
solvents which had solubility parameters in the range 8"6 to 9-5 (cal cm-3) ~ 
at 25°C; e.g. toluene, benzene, carbon tetrachloride. 

Fractionation was achieved by dissolving the polymer in benzene at 
80°C (concentration 2 g/1.) and cooling the resulting solution. Precipitation 
of crystalline polymer occurred at a temperature just below 70°C; such 
fractions were allowed to grow for a day or two before separating the 
precipitate by filtering the solution through a hot funnel packed with 
glass wool. Below 60°C liquid phases precipitated, and these were 
separated in the usual way by allowing them to settle overnight and 
syphoning off the dilute phase. All fractions were dissolved in benzene and 
subsequently dried under vacuum for several days. 

R E S U L T S  
Typical fractionation data are given iD Table 1. The melting points (T,~) 
quoted for the fractions were obtained by methods discussed in ref. 10. 
Some degradation of the polymer occurred; the weight-average intrinsic 

Table I. Fract ionat ion of  poly(t-butyl othylene oxide) from benzene 

Precipitation 
Fraction temperature Nature of ['0] T,n 

No. °C precipitate Wt  % (dl g-l) o C 

1 67'4 Crystalline 28"4 17" I 149 
2 65"0 Crystalline 11 "2 17"9 149 
3 62- 5 C,-ystalline 11.6 20" 3 149 
4 49-9 Liquid 27.0 17"0 150 
5 40"5 Liquid 3"6 12"5 - -  
6 24.3 Liquid 8-3 10"3 149 
7 Residue - -  10-0 6-1 149 

386 



EFFECT OF SIDE GROUP UPON PROPERTIES OF POLY(EPOXIDES) I 

viscosity of the fractions is some 18 per cent lower than the intrinsic 
viscosity of the original polymer. Nevertheless the reduction in [~/] is 
remarkably small when one considers the high temperatures used and the 
very high molecular weights involved, and it reflects the stability of 
poly(tBEO) towards oxidative degradation. 

D I S C U S S I O N  
All the fractions have the same melting point: 149°+ I deg. C. It can be 
assumed that fractional crystallization would separate species of differing 
stereoregularity ~, and we conclude that our specimen of poly(tBEO) is 
highly stereoregular with a narrow distribution of sequence lengths among 
the individual chains. 

The molecular weight distribution is more difficult to define from the 
limited data to hand; only the few fractions obtained by liquid phase 
separation are pertinent. However, it is clear that the distribution is fairly 
narrow, e.g. if we assume that the exponent of the Mark-Houwink equation 
for toluene at 75°C (a good solvent) is >0 .7 ,  then the ratio 2~rw/~rn 
calculated from the fractionation data is ~ 1.4. Taking into account the 
degradation which occurred before and during the fractionation, we con- 
elude that the original reaction product had a narrow molecular weight 
distribution, possibly monodisperse, but certainly very much narrower than 
those of poly(styrene oxide) and poly(propylene oxide) ~ produced under 
similar conditions. 

As far as we can tell, the course of the polymerization of tBEO seems 
to be parallel to that of propylene oxide 1. Nevertheless the polymers 
produced are quite different: poly(propylene oxide) prepared with the 
same zinc diethyl/water catalyst (mole ratio of 1:0.9) would consist of 
many stereoisomers and have a wide molecular weight distribution 2,3. 
Of the reactions proposed z to explain the polymerization of propylene 
oxide, it seems that two do not occur with tBEO, i.e. the propagation 
reaction which results in the occurrence of syndiotactic or perhaps head 
to head placements, and the transfer reaction with polymer which results 
in random scission of the chain and causes the wide molecular weight 
distribution. 

These conclusions are understandable in terms of the severe steric inter- 
actions which occur in the poly(tBEO) chain due to the large bulk of  the, 
t-butyl substituent group. For example it is impossible to construct a model 
of the syndiotactic poly(tBEO) chain (or indeed a syndiotactic, did, triad) 
without distorting bond angles and bond lengths. Thus we also conclude 
that our product is a polymer with an extremely high probability of 
isotactic placements. Furthermore, the reduced rate of the propagation 
reaction is readily explained in terms of these severe steric restrictions 1. 
The narrow molecular weight distribution, rationalized in terms of a 
drastic reduction in~ the rate of the chain transfer reaction with polymer, 
also could be a direct consequence of steric factors. However, the insolu- 
bility of poly(tBEO) in the solvent used provides a possible alternative 
mechanism for producing a narrow molecular weight distribution. 
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POLY(STYRENE OXIDE) 
Several accounts of the polymerization of styrene oxide have appeared 1"6.7, 
including polymerization by the zinc diethyl-water catalyst system 1,~. 
It  is clear from earlier work 1 that no direct analogy can be drawn between 
the polymerizations of styrene oxide and those of the alkyl substituted 
ethylene oxides. Accordingly we have investigated, to a limited extent, the 
effect of changing the water to zinc diethyl mole ratio. 

Polymerizations have been carried out by use of 'dry' zinc diethyl, and 
by use of a mole ratio of water to zinc diethyl of 0"8: 1. Polymerizations 
at a mole ratio of 0"4:1 have been reported earlier 1. Attempts to carry 
,out a dry reaction at 50°C resulted in a very slow reaction; the rate 
decreased as the drying technique was improved, e.g. a conversion of 23 
per cent was obtained in 956 hours with styrene oxide (0.84 M) and zinc 
diethyl (0.093 lvi) in toluene at 50°C. A similar, though somewhat faster, 
reaction (67 per cent conversion in 1 100 h) gave poly(styrene oxide) with 
an intrinsic viscosity in toluene at 25°C of 3"8 dl/g, and a number-average 
molecular weight of 9508 . 

Reactions carried out with a mole ratio of 0.8:1 were extremely rapid 
at 60°C. Eventually we followed the reaction by dilatometry at lower 
temperatures: e.g. a conversion of 63 per cent was obtained in 72 h with 
styrene oxide (1-.09 M), zinc diethyl (0.142 M) and water (0-113 M) in dioxan 
at 40°C, 

Representative data for differing water concentrations are compared in 
Figure 1. No attempt has been made to formulate a reaction mechanism 
consistent with these curves because of the few results available. They 
merely illustrate that the kinetics of polymerization are very different from 

Time, h 
50 100 

1oo I 

l 2 

I 3 

1 

0 500 I uO0 

Time, h 

Figure /--Polymerization of styrene oxide. Conversion 
versus time for: 1, 'dry' zinc diethyl in toluene at 50°C; 
2, mole ratio of water to zinc diethy! of 0"4 in dioxan at 
60°C; 3, mole ratio of water to zino diethyl of 0'8 in 

dioxan at 40°C 
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E F F E C T  OF SIDE G R O U P  UPON PROPERTIES OF POLY(EPOXIDES) I 

the kinetics of the propylene oxide system and so we have no useful 
guide to the best conditions for production of high-molecular-weight 
crystalline polymer. 

P R E P A R A T I O N  
Styrene oxide was polymerized in dioxan at 60°C under high vacuum, 
with the following reagent concentrations: styrene oxide, 4.31 M, zinc 
diethyl 0.143M, water 0.114M. A slight precipitate formed when the 
reagents were mixed. The reaction was terminated by dissolving the products 
in benzene and adding sufficient methanol to precipitate the catalyst. 
Insoluble residues were removed by centrifugation, a hindered phenol 
antioxidant (1 wt % of polymer) was added, and the polymer was 
recovered by freeze drying. 

The results of the polymerization were as follows: conversion, 91 per 
cent in 288 h; intrinsic viscosity in toluene at 25°C, 1-94 dl/g; number- 
average molecular weight, 1 4508. 

C H A R A C T E R I Z A T I O N  
Viscometry 

Dilute solution viscosities were measured in toluene at 25°C by use of 
modified Desreux-Bischoff viscometers ~. Maximum shear stress was 
3.0 g cm -1 sec -2. Viscosity-average molecular weights were calculated by 
means of the relationship 9 

'[~7] = 6"79 × 10-sA~ °7e6 

Fractionation 
The poly(styrene oxide) was very soluble at room temperature in such 

solvents as benzene, toluene, chloroform and carbon tetrachloride but 
largely insoluble in paraffins, acetone, methanol and methyl ethyl ketone. 
Fractionation was achieved by adding isooctane to a dilute solution of the 
polymer in benzene at 25°C: isooctane was added until the solution 
became turbid, the temperature was raised until the precipitate dissolved, 
and the solution was then cooled slowly to 25°C. Precipitates were 
separated by syphoning off the dilute phase through a glass wool plug. 
Early precipitates were crystalline solids, later ones were liquid gels. 
Fractions were recovered by dissolving in benzene and freeze drying. 
Maximum concentration of polymer during fractionation was 2 g 1-1. 

R E S U L T S  
Typical fractionation data are given in Table 2. Some degradation of the 
polymer occurred even at this low temperature and relatively low molecular 
weight; the weight-average intrinsic viscosity of the fractions is some 
21 per cent lower than the intrinsic viscosity of the original polymer. The 
stability of poly(styrene oxide) is therefore much lower than that of 
poly(tBEO) towards oxidative degradation. No melting points are available 
for these fractions. However, subsequent work 1° showed that similar high 
molecular weight fractions had melting points in the range 150 ° to 160°C, 
and that some separation into species of differing melting point occurred 
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Table 2. Fraetionation of poly(styrene oxide) from benzene--isooctane 
mixtures at 25°C 

Fraction Nature of [~/] T= 
No. precipitate Wt % (dl g - l )  o C 

1 Crystalline 1"8 5"54 (162) 
2 Crystalline 24.3 4" 13 (152) 
3 Translucent liquid 18.2 1"35 (150) 
4 Liquid 9"6 0"528 - -  
5 Liquid 5"7 0"347 - -  
6 Liquid 4"4 0"272 - -  
7 Liquid 6'0 0" 195 
8 Liquid 4"1 0"151 
9 Liquid 3"6 0"109 - -  

10 Residue 22.2 0"051 - -  

during the fractional crystallization. The data in Table 2 are the melting 
points of corresponding fractions taken from ref. 10. 

D I S C U S S I O N  

Some separation of species differing in crystallizability takes place during 
the fractional crystallization. In contrast to the fractional crystallization 
of poly(propy!ene oxide) ~,S the molecular weight varies between the 
fractions. This may reflect the fact that polymer of high molecular weight 
has a higher degree of structural regularity; or it may be due to a hybrid 
fractionation of the type discussed elsewhere n. 

The molecular weight distribution of the poly(styrene oxide) is very 
wide 

~ o / ~  > 450 

I f  the effects of crystallization are neglected, all the data of Table 2 can 
be used to construct a molecular weight distribution in the conventional 
way. This distribution is shown in reduced form in Figure 2, where it is 
compared with similar curves calculated for high molecular weight 

,00[ 

~801 ~ Figure 2--Representative mole- 
cular weight distribution of poly- 
(epoxides) prepared using a mole 

_ ,~_ / , ,  _c 6 ~  //, ratio of water to zinc diethyl 
| / / /  approaching unity. Cumulative 

weight per cent versus reduced 
!40~ /  / /  weight (-M. of fraction divided by 

Me of whole polymer) for: 
~ / /  1, poly(styrene oxide); 2, poly- 

2 (propylene oxide); 3, po!y(t-butyl 
ethylene oxide) 

I f /  t I 1 I,. 
o 1 2 3 4 

Reduced molecular weight 
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EFFECT OF SIDE GROUP UPON PROPERTIES OF POLY(EPOXIDES) II 

poly(propylene oxide) ~'3 and poly( tBEO) (Table 1). The distribution of  
molecular  weights of  poly(styrene oxide) is seen to be much wider than 
that  of  poly(propylene oxide), which in turn is wider than that  of 
poly(tBEO). Unfortunately use of  these results to discuss the mechanism of  
polymerizat ion of  styrene oxide is precluded by  the f ragmentary nature o f  
the data  which are available. T he  pr imary aim of  the work was to produce 
po lymer  fractions for  studies of  physical properties. 

We acknowledge with thanks the practical assistance of Miss C. J. S. 
Guthrie and Mrs  J. /t .  Hurst, and the helpful discussions with Dr J. M. 
Bruce. 

Department of Chemistry, 
University of Manchester 

(Received November 1966) 
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II--Intrinsic Viscosity and Light Scattering Measurements 
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Poly(t-butyl ethylene oxide) 
G. ALLEN, C. BOOTH, S. J. HURST*, M. N. JONES and C. PRICE 

Intrinsic viscosity and light scattering data are reported for fractions of the 
poly(styrene oxide) and for fractions of a commercial sample of poly(ethylene 
oxide). A few results obtained for fractions of the poly(t-butyl ethylene oxide) 
are also included. The following intrinsic viscosity/molecular weight relation- 
ships are obtained: 

poly(ethylene oxide) [,/] (benzene at 25 °C) = 3"97 × 10 -4 M ~'686 

poly(styrene oxide) [7] (toluene at 25 °C)= 6-79 × 10 -s M °'766 
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*Present address :  John Dalton ColIeRe of Technology, Manchester 1. 

391 



EFFECT OF SIDE GROUP UPON PROPERTIES OF POLY(EPOXIDES) II 

poly(propylene oxide) ~'3 and poly( tBEO) (Table 1). The distribution of  
molecular  weights of  poly(styrene oxide) is seen to be much wider than 
that  of  poly(propylene oxide), which in turn is wider than that  of 
poly(tBEO). Unfortunately use of  these results to discuss the mechanism of  
polymerizat ion of  styrene oxide is precluded by  the f ragmentary nature o f  
the data  which are available. T he  pr imary aim of  the work was to produce 
po lymer  fractions for  studies of  physical properties. 

We acknowledge with thanks the practical assistance of Miss C. J. S. 
Guthrie and Mrs  J. /t .  Hurst, and the helpful discussions with Dr J. M. 
Bruce. 

Department of Chemistry, 
University of Manchester 

(Received November 1966) 

R E F E R E N C E S  
I BRUCE, J. M. and HURST, S. J. Polymer, Lend. 1966, 7, l 
2 Boo~,  C., HI~,m~soN, W. C. E. and POWELL, E. Polymer, Lend. 1964, 5, 479 
s ~ ,  G., BOOTH, C. and JONES, M. N. Polymer, Lend. 1964, 5, 257 

DESREUX, V. and BISCHOFF, J. Bull. Soc. chim. Belg. 1950, 59, 93 
KAUFM,L~q, H. S. and SOLOMON, E. lndustr. Engng Chem. (tndustr.) 1953, 45, 1779 

e See, for example, C~LCLOUOH, R. O., Gr.£, G., HIGGINSON, W. C. E., JACKSON, J. B. 
and Lrrr, M. 1. Polym. Sci. 1959, 34, 171; VAr~rOENBERG, E. J. 1. Polym. Sci. 1960, 
41, 486; KXMBAgA, S. and TAKAnASm, A. MakromoL Chem. 1963, 63, 89 
See, for example, KEmq, R. J. Makromol. Chem. 1965, 81, 261 

s Model 301A Vapour Pressure Osmometer, Mechrolab. Inc. 
9 ~A~T~q, G., BOOTrL C., HURST, S. J., JONES, M. N. and PRICE, C. Polymer, Lend. 

1967, $, 391 
IOALL~, G., BOOTH, C., HUgST, S. J., PRICE, C., VERNON, F. and WARREN, R. F. 

Polymer, Lend. 1967, g, 406 
u BOOTh, C. and PRICE, C. Polymer, Lend. !966, 7, 167 

II--Intrinsic Viscosity and Light Scattering Measurements 
on Poly(ethylene oxide), Poly(styrene oxide) and 
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G. ALLEN, C. BOOTH, S. J. HURST*, M. N. JONES and C. PRICE 

Intrinsic viscosity and light scattering data are reported for fractions of the 
poly(styrene oxide) and for fractions of a commercial sample of poly(ethylene 
oxide). A few results obtained for fractions of the poly(t-butyl ethylene oxide) 
are also included. The following intrinsic viscosity/molecular weight relation- 
ships are obtained: 

poly(ethylene oxide) [,/] (benzene at 25 °C) = 3"97 × 10 -4 M ~'686 

poly(styrene oxide) [7] (toluene at 25 °C)= 6-79 × 10 -s M °'766 
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Estimates of the unperturbed dimensions o/ these polymers yield values of 
(~o/M)½ of 0"93 ̀ 4/or poly(ethylene oxide) and of 0"64 ,4 for poly(styrene oxide). 

A USE~L step in the characterization of a polymer is the determination of 
an intrinsic viscosity/molecular weight relationship. In this paper results 
are presented which yield such relationships for poly(ethylene oxide) and 
poly(styrene oxide), together with an indication of a relationship for poly(t- 
butyl ethylene oxide). These results are used to estimate the unperturbed 
dimensions of the polymers. 

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

Fractions of poly(ethylene oxide) were obtained from a sample of Polyox 
WSR-205 resin (code number FC2075) prepared by Union Carbide Ltd, 
Chemical Division. The fractionation methods involved liquid-liquid 
phase separation, and are described elsewhere 1. Fractions of poly(styrene 
oxide) and poly(tBEO) were obtained from the samples, and by the 
methods, described in part IL Only fractions obtained by liquid-liquid 
phase separation have been used to establish intrinsic viscosity/molecular 
weight relationships. 

Intrinsic viscosity 
Relative viscosities of dilute solutions of polymers were measured by use 

of a modified Desreux-Bischoff viscometer ~.' of low shear stress (about 
2 to 3 g cm -1 sec-~). Temperatures were controlled to +0.01 deg. C. Both 
Huggins and Kraemer plots were used to determine the intrinsic viscosities 
([7/]) from the experimental data. 

Molecular weight 
Weight-average molecular weights (Mw) were determined by the light 

scattering method. The polymer solutions and the solvents were clarified 
by centrifugation in a number 30 rotor of a Spinco model L preparative 
ultracentrifuge for at least three hours at 20 000 rev/min. Light scattering 
measurements were made with a Sofica photometer standardized against 
benzene. Measurements were made with light of wavelength 5 460 A at 
ten angles between 30 ° and 150 ° for four solutions of different concentra- 
tion. Temperatures were controlled to +0.03 deg. C. Weight-average 
molecular weights were determined from the measured intensities of 
scattered light by the double extrapolation method of Zimm; second virial 
coefficients (A2) and z-average root mean square radii of gyration (S~)z -~ were 
obtained from the concentration or angular dependence of the extrapola- 
tions in the normal way s . 

A Brice-Phoenix differential refractometer was used to measure refractive 
index increments. Temperatures were controlled to + 0'03 deg. C by means 
of the water jacket at temperatures below 50°C 6 or by means of an alum- 
inium block thermostat at temperatures above 50°C. The refractometer 
was calibrated with sucrose solutions, and checked against potassium 
chloride solutions. 
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R E S U L T S  
Poly (e thy lene  oxide)  

Intrinsic viscosities were determined for benzene solutions at 25°C. 
Light  scattering measurements  were made on methanol  solutions at 45°C. 
The refractive index increment for  light of wavelength 5 460 A was 
0"152 cm 3 g-~ at 45°C in methanol.  

Intrinsic viscosity and light scattering data  are given in T a b l e  1. The 

Table 1. Intrinsic viscosities and light scattering data for fractions of 
poly(ethylene oxide) 

[rl] (dl g-l) M[w × 10-6 
(benzene at 25 ° C) 

A 2 × 10 -4 (craig -1 mole) (~7)~ (d) 

(methanol at 45°C) 

15-8 5.2 2.1 1880 
11.5 3.30 3.8 1 382 
7.51 1.56 5.2 1 100 
5.20 1.07 3.5 725 
3.65 0.56 4.3 672 
3.09 0.452 5-9 532 
2.03 0-277 6-5 - -  
1'78 0"204 8'1 - -  
0"913 0'080 9"8 - -  

method of  least squares has been used to define the best straight line 
through the log- log plot of  intrinsic viscosity versus weight-average mole- 
cular  weight, and the intrinsic viscosi ty/molecular  weight relationship so 
obtained is 

[~] = 3"97 x 10-'  ~ 6 8 6  

Poly ( s t y rene  ox ide)  
Intrinsic viscosities were determined for  toluene solutions at 25°C, and 

for  benzene solutions at 30°C. Light scattering measurements  were made  
on benzene solutions at 30°C. T he  refractive index increment at 5 460 A 
and 30°C in benzene was 0-085 cm3g -1. 

Intrinsic viscosity and light scattering data are given in Tab le s  2 and 3 

Table 2. Intrinsic viscosities and light scattering data for fractions of 
poly(styrene oxide) 

A2× 10 -4 Az× 10 4 
[~](dlg -1) ~ (cm3g-2mole) [~](dlg -1) ~ (cm3g-Zmole) 
(toluene at Mw× lO-S (benzene at (toluene at Mw × 10-~ (benzene at 

25°C) 30oc) 25°C) 30oc) 

2.37 8.08 2.83 0.288 0.546 5.80 
1-66 4.95 3-23 0.202 0.265 6.94 
1-07 2.80 3.69 0.158 0.222 7.20 
0.670 2.00 4-22 0-120 0.174 7.31 
0-448 1.38 4.24 0.097 0.144 7-36 

The  method of  least squares has been used to define the best straight line 
through the log- log plot of  intrinsic viscosity in toluene at 25°C versus 
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Table 3. Intrinsic viscosities of fractions of poly(styrene oxide) in toluene at  25°C 
and benzene at  30"C 

[~l (dl g-t) [~/] (dl g-t) [7/] (dl g-t) [~/3 (dl g-t) 
(toluene at 25"C) (benzene at 300C) (toluene at 25°C) (benzene at 30°C0 

2"36 2"89 0"690 0"870 
1 "77 2-20 0"371 0"431 

weight-average molecular weight, and the intrinsic viscosity/molecular 
weight relationship so obtained is 

[~/]=6"79 x 1 0 - ~  r~ (toluene at 25°C) 

The corresponding relationship for benzene was obtained by combining 
the above equation with the data of Table 3 and is 

[~/] = 9--22 x 10-~M --37~ (benzene at 30°C) 

Poly(t-butyl ethylene oxide~ 
Intrinsic viscosities were determined for toluene solutions at 75"C. It 

proved difficult to find a solvent for poly(tBEO) which had a refractive 
index sufficiently different from that of the polymer to permit accurate 
determination of molecular weight by the light scattering method. Isooctane 
at 75"C was used eventually (the refractive index increment at 5 460 A 
was 0" 114 cm 8 g-l), but the high molecular weight fractions were not corn- 

Table 4. Intrinsic viscosities and light scattering data for fractions of 
poly(t-butyl ethylene oxide) 

Fraction* [a~] (dl g-l)  M-"~ × 10 -6 As (cma g-~ mole) (~z)~ (.4) 
(toluene at 75°C) (isooctane at 75°C) 

4 4"1)4 0"73 3"97 520 
5 4"62 1 "52 3"82 690 
6 6"53 1 "80 3"74 760 
7 4"03 0"73 3"97 530 

*Portions o{ fractions (Table l, ref. 2) soluble in isooetane at 75". 

pletely soluble at this temperature. Measurements were made on samples 
which had been used for determination of melting point and glass transition 
temperature by dilatometry (Part V) and which had degraded a little in the 
process. The few results we obtained are given in Table 4; they serve only as 
an indication of the relationship between intrinsic viscosity and molecular 
weight for poly(tBEO). 

D I S C U S S I O N  

No intrinsic viscosity/molecular weight relationship has been published 
for poly(styrene oxide) prior to this investigation. Several relationships are 
available for poly(ethylene oxide) including one in our solvent system, 
benzene at 25"C, due to Rossi and Ctmiberti 7, i.e. 

[~/] = 12"9 x 10 -~ ~ro~so 
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Except for the relationships obtained in aqueous solvents 8, the molecular 
weight range studied previously has been that of the commercial poly- 
ethylene gycols, i.e. 100 to 20 000. The difference in the exponent of the 
Mark-Houwink relationships for ,the high and the low polymers is very 
much that expected for a good solvent system. 

The intrinsic viscosity and light scattering data can be used to define the 
coil dimensions of the polymers. There is every indication in our data that 
the poly(epoxides) under examination have dilute solution properties similar 
to those of other polymers and in keeping with dilute solution theories, 
e.g. the second virial coefficients of poly(ethylene oxide) and poly(styrene 
oxide) fit equations of the form 

A2=CM-" 
with e in the region 0"25 to 0-30. 

Hence, we are able to treat our data in the conventional way and estimate 
unperturbed dimensions from the intrinsic viscosity and molecular weight 
data by the method of Kurata, Stockmayer and Roig 9 or by the method of 
Stockmayer and Fixman ~°. Both methods give similar results; we have 
chosen to use the first mentioned in order to be consistent with the most 
accessible literature 11' 1~. The appropriate equations are: 

2/3 -z/S_K~/S ns [n]= M= - + c o  t. g(a)'M~d ~ [- ,fl- ,~ 

K =  ¢~ ~ /  M) 3/~ (MO~ / (M..)i 

qb=2"87 x l0 = g-1 

(1) 

(2) 

(3) 

4 

x 

° / 

:~° • 

o 

Figure l--Kurata-Stockmayer- 
Roig plot for poly(ethylene 
oxide), (3, and poly(styrene 

oxide), • 

I I 

0 5 10 15 
a ( , ~ , ~  [r~]'~x lo-3 

where ~ is the mean square unperturbed end to end distance of the chain, 
and g(a)=8o~s(3a=+l) -s/~ where a is the hydrodynamic expansion 
factor, which is found by a method of successive approximations. 
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In Figure 1 the data are plotted after the manner of Kurata, Stockmayer 
and Roig. The curvature of the plot for poly(ethylene oxide) is due in 
some part to the effect of the non-zero shear stress in the viscometers. A 
correction (indicated in Figure I) can be estimated by analogy with other 
polymer-solvent systems, and applies to molecular weights in excess of 
106 . In view of this uncertainty, and also in view of the results of 
Baumann ~s who has found similar curves for very high molecular weight 
polymers, we have considered only the five lower molecular weight frac- 
tions in arriving at a value of K of 0-22 cm 3 g-1. The data for poly(styrene 
oxide) are more in accord with equation (1)and yield a value of K of 
0.071 cm 3 g-1. Assuming that (Mi)w/(Mw) ~ is 1"1 for our fractions, we 
calculate the following values for (-~/M)~: 

poly(ethylene oxide (4/M)i = O. 93 A 

poly(styrene oxide) (~00/M) t=  0.64 A 

A value of K of N0.12 cm 3 g-~ has been obtained 8 for commercial high 
molecular weight poly(ethylene oxide) samples (Polyox Resins) from in- 
trinsic viscosity and molecular weight measurements in two 0-solvents 
(0'45M aqueous potassium sulphate at 35°C and 0"39~ aqueous magnesium 
sulphate at 45~C). These samples probably have rather wide molecular 
weight distributions; we have reported ~ data for one such sample of 
poly(ethylene oxide) which yields a value of M~/M~ greater than three 
even when the very low molecular weight fraction, which may be an addi- 
tive, is ignored. By use of equations (2) and (3), with K=0.12 cm 3 g-1 and 
(M'-'~)w/(M~)~=2, we obtain a value of (~-/M)~ of 0"84A. The value of 
0.75 A obtained by Kurata and Stockmayer 11"~2 from intrinsic viscosity and 
molecular weight data" for low molecular weight polyethylene glycols does 
not seem tenable in the light of this discussion; presumably the excluded 
volume theory upon which the extrapolation methods are based does not 
extend to the very low molecular weight poly(ethylene oxides) (M < 104), 
which are unlikely to be random coils. 

It is possible, as suggested by Hughes et al. ~5, that the unperturbed 
dimensions estimated from data obtained in good solvents depend upon the 
nature of the solvent. However, the agreement with the 0-solvent data 
already noted for poly(ethylene oxide) [and a further comparison made for 
poly(propylene oxide) in part III] t6 leads one to suppose that this effect is 
not large with the poly(epoxides). 

We grate[ully acknowledge the practical assistance o[ Miss C. 1. S. 
Guthrie and Mrs 1. A. Hurst, and the help o[ Mr C. Bell who designed the 
aluminium block thermostat used in the determination of refractive index 
increments at high temperatures. 
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Ill--The Unperturbed Dimensions of 
Poly(propylene oxide) 

G. ALLEN, C. BOOTH and C. PRICE 

Intrinsic viscosity and light scattering data are reported for [ractions o] 
poly(propylene oxide) in a theta solvent, isooctane at 50°C. These results 
are used to obtain a value for the unperturbed dimensions of poly(propylene 

m 

oxide), i.e. (r2/M)½=0"80 ,~. 

NUMEROUS methods have been developed for the determination of the un- 
per turbed dimensions of  polymer  coils and these have been the subject 
of  a recent review 1. Measurement  of  the chain dimensions in a theta 
solvent using the light scattering technique is the most  direct method and is 
reliable provided well characterized fractions of fairly narrow molecular  
weight distribution are used. Another  useful method of  estimation in- 
volves the measurement  of  the intrinsic viscosity, [~7], in a theta solvent and 
the use of the relationship 2, 

[~] ='~ (~'IM 
where ~ is the unperturbed mean square end-to-end distance of the polymer  
coils, M is the molecular  weight, and qb is a parameter  which may  be calcu- 
lated f rom theory. If  a theta solvent is not  available unperturbed dimen- 
sions can still be obtained f rom intrinsic viscosity and molecular weight 
measurements  in good solvents, e.g. by  means of  the method of  Kurata,  
Stockmayer  and Roig  ~. 

In  order to apply these methods successfully to a polymer  it is necessary 
to define a theta solvent in which light scattering measurements  can be 
made,  and also to develop a method of f ract ionadon which yields fractions 
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reliable provided well characterized fractions of fairly narrow molecular  
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where ~ is the unperturbed mean square end-to-end distance of the polymer  
coils, M is the molecular  weight, and qb is a parameter  which may  be calcu- 
lated f rom theory. If  a theta solvent is not  available unperturbed dimen- 
sions can still be obtained f rom intrinsic viscosity and molecular weight 
measurements  in good solvents, e.g. by  means of  the method of  Kurata,  
Stockmayer  and Roig  ~. 

In  order to apply these methods successfully to a polymer  it is necessary 
to define a theta solvent in which light scattering measurements  can be 
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of fairly narrow molecular we:ght distribution. We have already des- 
cdbed' a suitable theta solvent for poly(propylene oxide), i.e. isooctance at 
50°C. It has also been shown 5 that high molecular weight poly(propylene 
oxide), prepared by means of the zinc diethyl and water catalyst, can be 
separated on the basis of its solubility in isooctane into fractions which are 
identical in average molecular weight and molecular weight distribution, 
but which differ in degree of stereoregularity. The more crystalline frac- 
tions are known 6 to consist of polymer with a high degree of isotacticity. 
The nature of the irregularities in the less crystalline fraction is unclear: 
head to head linkages are common in low molecular weight poly(propylene 
oxide) 7, but there is no direct evidence that this is true for the high polymer 
which is produced by a different propagation reaction 8. Data published 
earlier' pertain to fractions crystallized from isooctane and so of molecular 
weight distribution similar to that of the whole polymer. However, one 
sample had been prepared by mechanical degradation of a very high mole- 
cular weight polymer in solution, and was probably of fairly narrow 
molecular weight distribution: we estimate that M,~/M,~ for these fractions 
was 1-5. Rather than base our study wholly on fractions of this type, we 
have also isolated fractions in the conventional manner by liquid-liquid 
phase separation of partially crystalline poly(propylene oxide) above its 
melting point. 

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

The polymer was prepared in dioxan solution using a zinc diethyl-water 
catalysP. Briefly, propylene oxide (6-8 mole 1-1), zinc diethyl (0"52 mole 
1-1) and water (0.48 mole 1 -x) were mixed under high vacuum conditions 
and allowed to polymerize at 25"C for one week. The resulting mixture 
was dissolved in benzene to which had been added a little methanol, and the 
catalyst residues were removed by centrifugation. The partially crystalline 
product was finally isolated by freeze drying. 

Fractionation 
A sample of the whole polymer (identical to that originally* designated 

part A) was separated into two fractions, crystallizable and non-crystal- 
lizable, by precipitation from isooctane at 400C; similar separations have 
been discussed in detail earlier'. The crystallizable fraction was then frac- 
tionated with respect to molecular weight by liquid-liquid phase separation 
at a temperature above the melting point of the polymer. This was achieved 
by the successive addition of quantities of octamethyRetrasiloxane, a non- 
solvent, to a dilute solution (1 g 1-1) of the polymer in isooctane at 75°C. 
Following each addition of non-solvent the temperature was raised to 
--~900C and then lowered slowly to 75°C in order to ensure an equilibrium 
phase separation. Each precipitate was isolated by syphoning off the 
dilute phase, washing in isooctane at room temperature in order to remove 
the octamethyltetrasiloxane, and finally freeze drying from benzene 
solution. 

Intrinsic viscosity and light scattering 
The experimental methods we adopted in performing these measure- 

ments are described in earlier papers 4,9. 
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R E S U L T S  A N D  D I S C U S S I O N  
We have measured dilute solution properties of three kinds of fractions of 
the poly(propylene oxide). 

(A) Fractions obtained by successive crystallization from isooctane of 
the whole polymer. The methods used and data obtained have been re- 
ported earlieP. These fractions have wide molecular weight distributions 
and our measurements of their properties are not pertinent here. 

(B) Fractions obtained by fractional crystallization from isooctane of 
a sample of the polymer which had been mechanically degraded in solu- 
tion. The methods used and the fractionation data obtained have been 
reported earlier4: in this discussion the designation (B) and the numbering 
of the fractions are identical with those used earliel a. 

(C) Fractions obtained by successive precipitation of liquid phases from 
dilute solution of the crystallizable part of the polymer. These fractions 
are designated C. The fraction data are recorded in Table 1; they are not 
complete because the method of isolating the fractions was perfected by 
use of fraction C1, and the work led to excessive degradation of this 
fraction. 

Table 1. Fract ionat ion of poly(propylene oxide) (sample C) from isooctane-  
octamethyl,tetrasiloxane mixtures at  75°C 

Fraction 
No. 

C1 
C2 
C3 

Weight % 

20"3 
11 '4 
12"5 

[~] (benzene at 
2 Y C )  
(dl g-l) 

9"5 
6"4 

Fraction 
No. 

C4 
C5 

residue 

Weight % 

32"5 
10"0 
13"3 

[~7] (benzene at 
25oc) 
(dl g-l) 

5"0 
2'4 

In Table 2 we have listed results of interest for fractions B and C. The 
data include intrinsic viscosities, in isooctane at 50°C and in benzene at 

Table 2. Light scattering and intrinsic viscosity data for fractions of poly(propylene 
oxide) 

Fraction 
No. 

BI 
B5 
B6 
B8 
C2 
C3 
C4 
C5 

(dl g-i)  
Benzene at 

25°C 

3"77 
4"03 
3"86 
4 '04 
9'5 
6"9 
5"0 
2"40 

My X 10 -8 

0"76 
0-83 
0"78 
0-83 
2"51 
1"51 
1"10 
0"421 

[~l (~)~ 
(dl g-X) (A) 

lsooctane at 50°C 

1"13 358 
- -  339 

1'11 
1"25 340 
2'39 
I "74 
1.41 
0"94 

M,~ X 10-" 

0"78 
0"88 

0'90 

25°C, weight-average molecular weight (MO, and z-average root-mean- 
square radii of gyration (S~)~, measured by light scattering in isooctane at 
50°C. The viscosity-average molecular weights, also listed, were calculated 
from ['q] in benzene at 25 °C by means of the relation 9, 

[,/] = 1" 12 x 10-' (Mvy "77 
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Table 3, Values of the ratio ((~o)/M)½ for poly(propylene oxide) fractions 

Fraction 
No. 

BI 
B5 
B6 
B8 

(~o) l M)½ x 10 a 
from [7/] 

(.4) 

789 

785 
796 

((~)IM)~ x 10 a 

from (~o), 
( / l )  

865 
770 

765 

Fraction 
No. 

C2 
C3 
C4 
C5 

((~/M)~ x 10 a 
from [~1 

(~) 

840 
804 
791 
809 

The log-log plot of intrinsic viscosity in isooctane at 50°C against 
viscosity-average molecular weight has, within experimental error, a slope 
of 0"5. The finding lends support to the value 0=50°C determined earlieP 
from the intercepts of the plots of second virial coefficient (A2) versus tem- 
perature upon the A~= 0 axis. 

In Table 3 we list values of the parameter (~o/M)L These were calculated 
from the data of Table ,2 by means of the equations given below, with 
values of M ~ / M ,  (~, M~/M,) of 1.2 for the fractions C obtained by liquid- 
liquid phase separation and 1"5 for the fractions B obtained by fractional 
crystallization of the whole polymer. 

For the light scattering data (fractions B) we used the equations: 

6t 

= 0.88 (ref. 10) 
and 

For the intrinsic viscosity data we used the equations: 

[~/] = • [(-~/M] (M~)½ i[(M~)~ / (M~)q (ref. 11) 
where 

= 2.87 x 10 ~ g-1 

Within experimental error the values of (~olM)~ are identical for the 
fractions which crystallize from isooctane at 40°C (average va lue  
810 x 10-3A) and the fraction B8 which remained soluble (780x 10 -3 A). 
This insensitivity of unperturbed dimensions to degree of isotacticity is 
consistent with results for other polymers TM. In itself, however, this result is 
difficult to interpret since it may well be that the fractions we have studied 
cover only a small range of degrees of isotacticity. 

Intrinsic viscosities in hexane at 46°C and weight-average molecular 
weights have been reported earlier 9 for four narrow fractions of poly(propyl- 
ene oxide). Using the method of Kurata, Stockmayer and Roig, together 
with these data, we obtain a value of 750 x 10 -3 A for (~0/M). This value 
compares well with those listed above, and also with the value obtained by 
Kurata and Stockmayer 1 from the data of Moacanin 13 for polyurethanes. 
This agreement is most satisfactory and lends support to the unperturbed 
dimensions evaluated in part IP .  
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IV--Proton Spin-Lattice Relaxation in Poly(styrene 
oxide) and Poly(t-butyl ethylene oxide) 

G. ALLEN, D. J. BLEARS* and T. M. CONNOR 

Proton spin-lattice relaxation times (T 1) within the temperature range --I55 ° 
to +175°C are reported for fractions o/ the poly(tBEO) and the poly(styrene 
oxMe). Two T 1 minima were observed (at 30 Mc/s) [or each polymer: 102°C 
and --112°C ]or poly(tBEO); 127°C and -130°G [or poly(styrene oxide). The 
high temperature minima are associated with chain backbone motions, the low 
temperature minima with side group motions. Activation energies [or both 

processes are derived and compared. 

THE proton spin-lattice relaxation time, T1, has been studied as a function 
of  temperature  for  high molecular  weight poly(styrene oxide) and poly(t- 
butyl ethylene oxide). For  these polymers two distinct types of  molecular  
mot ion  are possible 1-6, one involving the chain backbone,  the other the side 
group. The /'1 measurements  were made  in order  to study these motions. 
Act ivat ion energies are derived f rom the slopes of  log T1 versus 1 / T ° K  

_}_ 

(giving Q) and f rom areas under  curves of 1/TI  versus 1 / T  x 103 °K (giving 
<Q>), Also for poly( tBEO) for the low temperature methyl  group rotation 
an activation energy is derived by utilizing Stejskal and Gutowsky 's  quan- 
tum mechanical  tunnelling calculations. 

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

The methods  of  isolation of  the fractions of  poly(styrene oxide) and 

*Present address: Argonne National Laboratory. Chicago, Illinois, U.S.A. 
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IV--Proton Spin-Lattice Relaxation in Poly(styrene 
oxide) and Poly(t-butyl ethylene oxide) 

G. ALLEN, D. J. BLEARS* and T. M. CONNOR 

Proton spin-lattice relaxation times (T 1) within the temperature range --I55 ° 
to +175°C are reported for fractions o/ the poly(tBEO) and the poly(styrene 
oxMe). Two T 1 minima were observed (at 30 Mc/s) [or each polymer: 102°C 
and --112°C ]or poly(tBEO); 127°C and -130°G [or poly(styrene oxide). The 
high temperature minima are associated with chain backbone motions, the low 
temperature minima with side group motions. Activation energies [or both 

processes are derived and compared. 

THE proton spin-lattice relaxation time, T1, has been studied as a function 
of  temperature  for  high molecular  weight poly(styrene oxide) and poly(t- 
butyl ethylene oxide). For  these polymers two distinct types of  molecular  
mot ion  are possible 1-6, one involving the chain backbone,  the other the side 
group. The /'1 measurements  were made  in order  to study these motions. 
Act ivat ion energies are derived f rom the slopes of  log T1 versus 1 / T ° K  

_}_ 

(giving Q) and f rom areas under  curves of 1/TI  versus 1 / T  x 103 °K (giving 
<Q>), Also for poly( tBEO) for the low temperature methyl  group rotation 
an activation energy is derived by utilizing Stejskal and Gutowsky 's  quan- 
tum mechanical  tunnelling calculations. 

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

The methods  of  isolation of  the fractions of  poly(styrene oxide) and 
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poly(tBEO) used in this work are described in ref. 7. The poly(styrene 
oxide) was fraction 1 of Table 1, ref. 8 and had M~ 2.5 x 106, T~, = 162°C; 
the poly(tBEO) was fraction 2 of Table 1, ref. 7 and had M, 5 x 106, 
T,~ = 150°C. 

The proton spin-lattice relaxation times were measured within the 
temperature range + 175°C to - 1550C, using pulse techniques 9,1°, a or, ¢r/2 
pulse train being employed ix. The spectrometer operating frequency was 
30 Mc/s,  the ¢r/2 pulse being of ,~ 1"5/xsec duration with a subsequent 
receiver recovery time of 5 /xsec. The relaxation time is given by the 
expression 

h (t) = h0 [ 1 -  2 exp ( - t/TO] 

where h (t) is the length of the induction decay signal after the ¢r/2 pulse, 
h0 is the height of the decay in the absence of the ¢r pulse and t is the time 
between the ¢r and ¢r/2 pulses. Temperature variation at the samples was 
achieved by the use of a gas flow cryostat ~2. Non-exponential decays of 
the induction signal following the ¢r/2 pulse were not observed although 
the low signal-to-noise ratio of poly(styrene oxide) and poly(tBEO) would 
cause T:s differing by a small factor to go undetected. 

3'E 

I'E 

3"2 

2"e 
,E, 
~ 2.~ 

0 

- 2.C 

1 '2 I 
2'0 

1 I I 
4.0 6.0 8.0 

103/r,[o K] 

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

The experimental results are shown in Figure I for poly(styrene oxide) and 
poly(tBEO). The plots in Figure 1 show two minima corresponding to the 

Figure /---Experimental log T 1 
against (I/T)X 10 a for poly(sty- 
rene oxide) [3, and poly(t-butyl 

ethylene oxide) 0 

two types of motion mentioned previously. Confirmation of the association 
of the high temperatur~ minimum with backbone motions and the low 
temperature minimum with side-group motions has been shown by nume- 
rous studies on other polymers 1,s,~,6.11 and particularly from deuteration 
and dilution experiments 3,5,1a. Results quoted briefly for these polymers in 
a previous communication TM differ slightly from those reported in this paper 
due to the higher purity of the samples used in the present instance. 

The temperatures of the high and low temperature minima are shown in 
Table 1, together with the corresponding values of (T~)~,~. 
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The temperature at which the high temperature (T1)mt,. occurs rises as 
the size of the side group increases in the order Ph ~ Bu t > W 3. Although 
chain configuration can be expected to influence the temperature of (T1)~,. 

Table  1. High and low temperature minima for poly(styrene oxide) and 
poly(t-butyl ethylene oxide) 

Samp!e  M . p t  (Tl)min. Highminimumtemp. (T1)min. LOWminimumtemp. 
° C msec  ° C msec  ° C 

Poly(styrene oxide) 162 58 127 950 --130 
Poly(tBEO) 150 50 102 23 -- 112 

it is most likely that the above trend reflects the fact that the ease of back- 
bone motion of the polymers is strongly influenced by the substituent side 
group. The Ph group, combining bulk and strong dispersion forces, is the 
most efficient in restricting the motional freedom of the skeleton. The 
(T1)~t,. occurs in each polymer at a temperature well below its melting 
point and hence there is no direct correlation between the two phenomena. 

The temperatures at which the low temperature minima occur are in the 
order poly(tBEO)> poly(styrene oxide) and hence at temperatures when 
reorientational motions of the methyl groups on poly(tBEO) have been 
frozen out, motional effects in poly(styrene oxide) are still manifest. In 
view of the size and planar geometry of the Ph group it is likely that 
motions of this side group are of a cooperative nature and are so restricted 
that rotation is absent, the motion being confined to oscillations of small 
amplitude. This hypothesis is also supported by the unusually large value 
of (T1)mi~. in poly(styrene oxide) (950 msec) compared to that in poly(tBEO) 
(23 msec), although this in part can be attributed to the larger interproton 
distance in Ph as compared with Bu t. 

Previous work on poly(propylene oxides) 5 and poly(1-butene oxides) TM 

indicated the .approximate validity of the Kubo and Tomita equation I~ 
describing relaxation times in which intramolecular processes are the 
dominant cause of the relaxation. For the intramolecular contribution, 

Tt 1 +-co2~ "~ + 1 +-T~T ~ (1) 

where A=3y~h~/lOr 6, to=30 Mc/s and ~" is a molecular correlation time. 
Equation (1) is derived on the basis of a single correlation time applied to 
a two-spin system. It is thus not strictly applicable to poly(styrene oxide) 
and poly(tBEO). Agreement between experimental relaxation times and 
those derived from equation (1) can often be improved by introduction 
of a distribution of correlation times derived from dielectric data l~'~s. 

Activation parameters have been derived from the T1 measurements by a 
variety of methods. The slopes of the curves of log Tt against 1/Tx 103 

give (assuming a single correlation time) activation energies, Q for both 
the high and low temperature minima. On the high temperature side of the 

+ 

minima in the limit tot 40-616, the slope is -Q/2.303R, whilst on the 

low temperature side of the minima (oJ >~ 0'616) the slope is + Q/2-303R aS. 
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Activation energies <Q> can be derived from the expression 15 

<Q> 3¢rAR d (2) 
0 

where the integral represents the area (a) under the 1/TI versus 1 /T  x 10 S 
curve and <Q), is a mean activation energy over the distribution. A can be 
derived from equation (1) using the value of T1 at the minimum, where 
co~-=0.616. In this case equation (1) gives 

1 /(T1)mtn. = A [7 "558 x 10 -9] (3) 

The activation energy evaluated using (2) and (3) is <Q>'. Since A in 
equation (1) is equal to 3¢h~/10r e, it can be determined by assuming a CH 
bond distance of 1"091 A and a tetrahedral angle, giving A=5.39x 10 ~. 
The activation energy derived from this value of A and (2) is <Q>". 

For the rotation of methyl groups, as in the low temperature minimum 
of poly(tBEO), equation (1) can be modified 6 so that A=9¢ha/40re= 
4.04 x 109. Combination of this A value and equation (2) gives <Q>"'. 
In addition, a further quantity E can be associated with the low temperature 
reorientation of the methyl groups in poly(tBEO). The quantity E is the 
barrier height for methyl group rotation derived from Stejskal and 
Gutowsky's calculations TM relating relaxation times to the temperature 
dependence of the CH3 reorientation frequency assuming a sinusoidal 
barrier". The reorientational correlation frequency v~ (in c/s) corres- 
ponding to the low temperature minimum in T1 is given by TM 

r =  1/31rv, 

with ¢0r=0.616 and u,.=3"25 × 107 C/S .  By interpolation on the diagram 
given by Stejskal and Gutowsky ~6 for different values of barrier height V0, 
a value of E corresponding to the position of the low temperature minimum 
can be deduced. 

The experimental activation energies derived as above are given in 
Table 2. 

Table 2. Activation energies for poly(styrene oxide) and poly(t-butyl ethylene oxide) 
H i g h  t e m p e r a t u r e  m i n i m u m  

<0>" .<0> ~' + - 
S a m p l e  a A Real /  A kea l /  Q(O)r<~0"616) O(oJr>~0"610D 

s e c - '  × 1 0  - I  m o l e  x lO-"  m o l e  k c a t / m o l e  k c a l / m o l e  

Poly(styrene 0.013 2.30 9"0 5"39 21' 1 9"2 7"8 
oxide) 

Poly(tBEO) 0" 024 2" 6 (5' 4)* 5" 39 11" 3 4"8 (2" 8)* 

L o w  t empera tu re  m i n i m u m  

S a m p l e  a A < 0 Y A < Q >,tt VO E + - kca l /  k c a l /  Q(~or~0"616) Q(tOr>~0"616) sec -~ X 1 0 - "  k c a l /  x 1 0 - "  c m  -~ 
m o l e  m o l e  m o l e  k c a l / m o l e  k c a l / m o l e  

Poly(stYrene 0"018 0"14 (0"4)* 0"9 0"8 
oxide) 

Poly(tBEO) 0"138 6.13 (2"2)t 4'04 1-5 1 416 4"1 ( l ' 7 ) t  1"1 

*Difficult to estimate due to overlap with low temperature minimum. 
tDifficult to assess due to shallow curve. 
~/Overestimate due to overlap with high temperature minimum. 
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For the purpose of comparison the assumption is made that the activation 
+ 

energies Q do not vary with temperature. This may be a considerable 
approximation for motions causing the high temperature minimum 15 in 
poly(styrene oxide) and poly(tBEO). However, for measurements at 30 Mc/s 
the temperature at which the T1 minimum occurs is normally sufficiently 
greater than the glass transition temperature, To, for Q not to be varying 
very rapidly with temperature. The effect on Q of the melting point, which 
in both cases lies considerably above the T1 minimum temperature, is not 
so clear although no discontinuities appear in the T1 curves when melting 

+ 
occurs. For each polymer, Q (calculated from the limiting slope, 

to'r,~0"616) is greater than Q (calculated from the limiting slope, 
on->~ 0.616), neither including the effects of a distribution. The mean of 
these is always less than the activation energy derived from equation (2) 

+ 

which includes a distribution. Hence, although Q is not varying appreciably 
with temperature, the indication is that the polymers do show some dis- 
tribution in the energies of activation of the relaxation process. On other 

+ 

grounds, however, it seems unreasonable that Q > Q for the high tempera- 
ture minimum, since it is well known from dielectric studies that the 
apparent Q for the molecular motion commencing at To decreases with 
increase in temperature, as would be expected for a cooperative motion, 
the molecular correlation time being given by an expression 15 such as 
r=~-0 exp [ B / ( T - T ~ ) ] ,  where T~ ,.~ To. The larger Q at low temperatures 
is probably due to overlap with the low temperature minimum in the case 
of poly(tBEO). Likely contributing causes are a diminution of T1 at low 
temperatures due to relaxation mechanisms not described by equation (1), 
such as spin-diffusion to paramagnetic impurities or lattice defect centres. 

There are large differences between (Q)', derived from an experimental 
A based on a (T0min. value and (3) and (Q)", derived from a calculated A 

_+ 
and (3). The closer agreement of the former wiih values of Q and its more 
realistic derivation makes this activation energy more reliable. 

For the high temperature minima of poly(styrene oxide) and poly(tBEO), 
the activation energies are in the order Ph ~-Bu'. As expected from a 
consideration of T~ minimum temperatures the Ph group restricts chain 
backbone motion more effectively than does Bu t . 

For the low temperature minimum in poly(tBEO) the experimental and 
calculated values of A are again only in fair agreement. These result in 
values of (Q) '=2 '2  kcal/mole and ( Q ) ' =  1.5 kcal/mole respectively for 
the barrier hindering the methyl group rotation. The former value is in 
good agreement with that in polyacetaldehyde 6 where (Q)'  is also 
2-2 kcal/mole. The value of E for poly(tBEO) is 4-1 kcal/mole also in 
good agreement with E=4-55 kcal/mole in polyacetaldehyde 6, and greater 
than other values of the activation energy given. The agreement between 
the classical activation energy (Q)" and E is not good, which may be due 
to the unsatisfactory assumptions made in calculating the reorientation 
frequency 16, the theory having been found unsatisfactory in other cases 6,18,19. 
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For  poly(styrene oxide) the shallow low temperature min imum indicated, 
as ment ioned previously, that little relaxation occurs due to reorientational 
effects of  the phenyl  group. A similar result has been found for polystyrene ~. 
I t  is likely that  the bulky phenyl  groups are packed in the partially crystal- 
line polymer  in such a way as effectively to prevent independent  reorienta- 
tional motions ~°, the small min imum being caused by  phenyl group oscil- 
lations ~. However ,  at the present time the nature of  the molecular  motions 
responsible for  these shallow relaxation minima is not  clear. 

This work was carried out in part while D.J.B. was a guest scientist in 
the Basic Physics Division of the National Physical Laboratory, Tedding- 
ton. 
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V--Melting Points, Glass Transition Temperatures and 
Dynamic Mechanical Properties of Poly(t-butyl 

ethylene oxide) and Poly(styrene oxide) 
G. ALLEN, C. BOOTH, S. J. HURST*, C. PRICE, F. VERNONt 

and R. F. WARREN 

Melting points and glass transition temperatures, measured under pseudo- 
equilibrium conditions, are reported for fractions of poly(tBEO) and 
poly(styrene oxide). For all fractions of poly(tBEO) Tg was 35"5:1 deg. C 

*Present address:  John Dalton College of Technology, M a n c h ¢ ~ "  I.  
~'Present address:  Shcfficld College of  TechnologY. 
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and T,~ was 149" +_1 deg. C. For the high molecular weight fractions o/ 
poly(styrene oxide) Tg was 40* +2 deg. C. For the most crystalline fraction 
of  poly(styrene oxide) T,~ was 162°C. Mechanical loss spectra, within the 
temperature range --130 ° to -t-100°C and a ]requency range 1 to 1 000 c/s, 
are given for a fraction of each polymer. In each spectrum a prominent loss 
peak (fl dispersion) is associated with the glass transition. Other smaller 
loss peaks are also observed; one /or poly(tBEO) and three /or poly(styrene 
oxide). The ]requency dependence o[ the temperature o[ location of the [3 
dispersion is consistent with n.m.r, data. Activation energies ]or the fl-process 

are calculated. 

GLASS transitions, melting points, and dynamic mechanical properties of 
partially crystalline fractions of poly(t-butyl ethylene oxide) and 
poly(styrene oxide) have been studied. Additional information on molecular 
mobility in the amorphous regions of the specimens has been obtained from 
a comparison of the mechanical data with spin-lattice relaxation measure- 
ments 1 made on the same specimens. 

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

Poly(tBEO) fractions were those described in Table 1 of ref. 2, obtained 
by precipitation from benzene. Six fractions were used in dilatometric 
studies, the small fifth fraction was omitted. All fractions were tough, 
fibrous and partially crystalline. Fraction 2, collected at 65°C by solid- 
liquid phase separation, was used in the dynamic mechanical measurements. 

Poly(styrene oxide) fractions were obtained by dissolving 28 g of the 
polymer ~ in 2.5 1. of benzene. 73  g of the high molecular weight more 
crystalline polymer were precipitated by adding 1-9 1. of isooctane; this 
fraction was then redissolved in benzene and refractionated in the manner 
described 2. The fractionation data are given in Table 1. 

Table 1. Fractionation of the high molecular weight portion of poly(styrene oxide) 

Fraction Nature o/ ['ql in toluene at 25°C 
No. precipitate W t  % (dl g-l) 

1 Crystalline 27"7 5'46 
2 Translucent liquid 17.0 3.94 
3 Translucent liquid 23.7 2'99 
4 Liquid 12"2 2'33 
5 Liquid 10.6 1-35 
6 Residue 8'8 --  

A fraction (II-10), obtained from a complete fractionation of the polymer 
carried out for the light scattering measurements, was also used: it was of 
low molecular weight ([,/]=0.065 dl g-1 in toluene at 25°C). The fraction 
used for dynamic mechanical measurements was a portion of the amorphous 
residue from the initial separation. It was obtained by adding excess 
isooctane to a benzene solution of the residue, and it corresponds in 
molecular weight to fraction II-10. 

Dilatometry 
Transition temperatures were determined in conventional glass dilato- 

meters with mercury as the containing fluid. Samples were degassed at 
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180°C for at least one day. At this temperature poly(styrene oxide) flowed 
readily and cylindrical samples were formed by using glass tubing as a 
mould. On the other hand poly(tBEO) would not flow and so the polymer 
was pressed at 90°C before being degassed again. The storage of samples 
before determination of transition temperatures, the severe treatment during 
preparation and the subsequent studies of the transition all contributed to 
the degradation of the polymer. This was very severe with poly(styrene 
oxide) (the ir/trinsic viscosity of fraction 2 fell from 3"94 to 0"33 dl g-1 
during the course of our experiments) but much less so for poly(tBEO) for 
which [~/] fell only 30 to 40 per cent. It is clear, however, that in neither 
case were we measuring the properties of fractions with very narrow mole- 
cular weight distributions. 

For the glass transition measurements, the samples were held overnight 
at a temperature 15 deg. below Tg and then raised to Tg+ 15°C at a rate of 
five degrees per hour. After standing overnight once more the temperature 
was lowered every hour in decrements of one degree and the meniscus 
reading made when the reading became constant. On reaching T~-15°C 
the procedure was reversed. The glass transition temperature was estimated 
from the readings taken on the cooling and the two heating cycles. There 
was no significant effect of rate of heating on the results. 

Prior to the determination of Tm samples of both polymers were heated 
to 170°C and then annealed at 125°C. Poly(styrene oxide) crystallized 
slowly under these conditions and so the specimen was usually cooled to 
70°C before annealing again at 125°C. For the determination of Tm the 
temperature was raised in increments of two to three degrees, and at each 
point approximately twelve hours were required for the attainment of an 
equilibrium meniscus reading. 

Density measurements 
The measurements on poly(styrene oxide) were made by flotation in 

aqueous solutions of copper sulphate. A specific gravity bottle was used 
for density measurements on poly(tBEO) because the values were 
< 1-0 g cm-~; an attempt to use a flotation method employing methanol- 
water mixture was frustrated by absorption. 

Dynamic mechanical measurements 
The in-phase and out-of-phase components of the rigidity modulus were 

measured on the apparatus described by Wetton and Allen 3. The specimen 
in the form of a small cylindrical rod was clamped vertically in a rigid 
support at its lower end. The upper end was clamped to a coil suspended 
between the poles of a strong permanent magnet and oscillated torsionally 
at the frequency of alternating current passing through the coil. A capacit- 
ance transducer recorded the response of the sample. Some modifications 
were made at the outset of the present work: 

(1) The pin chuck previously used to clamp the lower end of the 
sample was replaced by a cup containing 'Araldite'; the cup was clamped 
to the rigid support and the sample was then set in the cup. This new 
technique reduced the distortion of the specimen. 

(2) The driving current was fed to the coil through fine looped wire 
instead of through the pivots of the coil. 
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(3) Only one of the four vanes of the capacitance transducer was used 
because this improved the alignment of the oscillating system. 

(4) The Attree capacitance meter was replaced by an M.700 L gauge 
oscillator and a frequency modulated gauge amplifier manufactured by 
Southern Instruments Ltd. The original instrument had an appreciable 
inherent phase lag which has been removed by this modification. 

(5) A new thermostat housing was constructed to allow the vanes to 
be re-aligned and the sensitivity to be adjusted at low temperature by re- 
mote control. This avoided the necessity of dismantling the apparatus on 
occasions when the alignment was disturbed by thermal contraction of the 
supports. 

R E S U L T S  A N D  D I S C U S S I O N  
Melting points and glass transition temperatures 

All six fractions of poly(tBEO) have sufficiently high molecular weights 
to assume that the glass transition temperature has attained its upper limit. 
It is not surprising therefore that there is a spread of only three degrees in 
the results reported in Table 2. The actual measurements were reproducible 
to + 1 deg. and so the most reliable limiting value for poly(tBEO) is 
35 o + 1 deg. C. The melting points show no variation outside the probable 
limits of experimental error (again + 1 deg.) and in this respect the results 
are very different from those reported in a similar study 4 of poly(propylene 
oxide) where Tm for the polymer fractions decreased from 73 ° to 58°C as 
fractionation proceeded. It will also be observed (Table 2) that the densities 
of the crystalline materials do not vary in a systematic manner; they all lie 
within the range 0.96 + 0.01 g cm -a and are all greater than the density of 
the amorphous polymer (0-93 + 001 g cm-3). Since all fractions probably 

T a b l e  2. Melting points (Tin), glass transition temperatures (To) and densities of 
fractions of poly(t-butyl ethylene oxide) 

F r a c t i o n *  T o T m D e n s i t y  a t  2 5 ° C ,  g c m  -3 

N o .  ° C ° C Q r l e n c h e d  A n n e a l e d  

l 36"1 149 0"92 G 0"958 
2 35"2 149 0"932 0"969 
3 35"4 149 0"943 0"966 
4 35"0 150 0"924 0"957 
6 33'9 149 0"926 0"964 
7 33"0 149 0'930 0"9511 

*Numbers correspond to those in Table 1 of ref. 2. 

contain highly stereoregular polymer molecules, the variation in density is 
a combination of experimental error and variation in the degree of crystal- 
linity caused by minor variations in thermal history. 

For fractions of poly(styrene oxide) the limiting value for To is 
40 ° + 2 deg. C (Table 3). The range of melting points suggests that the first 
fraction is more crystalline than the remainder. However, its melting point, 
162°C, is intermediate between that reported for poly(styrene oxide) iso- 
lated from a ferric chloride-water catalysed reaction (179°C) ~ and that 
reported for polymer isolated from an aluminium alkyl-water-chelate 
catalysed reaction (149°C) G. It is probable therefore that our first fraction 
has shorter stereoregular sequences than polymer isolated from the ferric 
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chloride catalyst system. None of the fractions was highly crystalline and 
the densities of the partially crystalline samples were only slightly higher 
than those of the corresponding amorphous quenched glass 
(1-148+0.003 g cm-3). Accurate melting point determinations were 
hampered by the onset of severe degradation at temperatures > 140°C. 

Dynamic mechanical properties 
The results of the mechanical measurements are reported in terms of the 

in-phase (G') and out-of-phase (G") components of the complex rigidity 
modulus (G*). 

G * = G ' +  iG" 

The absolute accuracy of G" is + 10 per cent, but relative values are 

Table 3. Melting points (T,,,), glass transition temperatures (Tu) and densities o f  
fractions of poly(styrene oxide) 

Density at 25°C, 
Fraction "T o T,n g cm -3 

No. °C *C Quenched 

1 38-1 162 1-151 
2 36.8 152 1.149 
3 42.3 150 1.147 
4 38.9 150 1.148 
5 38.0 150 1.147 

II-10 33"4 - -  1"148 

obtained with much higher precision. The error in G" is + 5 per cent for 
values greater than 0" 1 G'. 

The melting temperatures of both polymers lie outside the range of our 
instrument. Consequently no a-relaxation processes are observed in the 
mechanical measurements which are summarized in Figures 1 and 2. The 
figures show that each polymer has a strong dispersion in the region of 
50°C, and these are assigned as the fl-relaxation process corresponding to 
the glass transition temperature. 

Poly(t-butyl ethylene oxide) 
The/3 dispersion is located at 46°C at 1 c/s  which compares satisfactorily 

with the dilatometric glass transition (35°C). As a consequence of the high 
degree of crystallinity of the sample G" falls only to 5 x 10 ° dyne cm -~ at 
temperatures above this transition region. There is an indication of a 
secondary (y) dispersion centred at - 1 0 ° C  but its existence is uncertain 
since the strength of this loss peak (tan 8 < 0.01) is well below the limiting 
sensitivity of the instrument 3. 

Poly(styrene oxide) 
The only sample studied was amorphous. Because the sample is un- 

crosslinked and non-crystalline the results are complicated by the onset of 
viscous flow at 60°C. The dilatometric glass transition for a similar sample 
(fraction II-10) is 33°C which compares with the location of the/3-peak at 
38°C at 1 c/s. In addition the polymer exhibits three weak subsidiary 
dispersions which will be termed ~/1, ~/2 and "y~ respectively located at 20 °, 
- 2 0  ° and -850C at 1 c/s. 
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Figure /--Dynamic mech- 
anical measurements for 
poly(t-but~l ethylene oxide). 
The in-phase (G') and out- 
of-phase (G") rigidity mod- 
uli are plotted as functions 

of temperature 
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Figure 2--Dynamic mechanical measurements for poly(styrene 
oxide) 
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The 71 dispersion overlaps the low temperature wing of the 13 peak in G" 
and it is particularly interesting because a very similar subsidiary dispersion 
is located on the side of the/3-peak of polystyrene. Figure 3 shows results 

Eo . . . . . . . .  

~o ~° ""i, I 
"O 

is,//~ % %, 
10 9 I " F i g u r e  3--Dynamic mechanical measure- 

ments for ataetic (full lines) and isotaetic 
~' (broken lines) polystyrene 
E u 

~,, 108 
"O 

(D 

40 80 120 
Temperature, °C 

which we have obtained on a sample of amorphous polystyrene and also on 
an isotactic specimen which was approximately 50 per cent crystalline (esti- 
mated by density measurements). The strengths of both the yl and /3 
dispersions in polystyrene are reduced in the crystalline specimen and we 
conclude therefore that both loss mechanisms are located in the amorphous 
regions. The origin of the Y1 peak in polystyrene has been attributed by 
Odajima 7 to rotation of the benzene rings. Kosfield 8 concludes from an 
n.m.r, study that it arises from a cooperative restricted turning motion of 
the benzene rings and this is endorsed by n.m.r, measurements 9 on poly- 
styrene solutions. The relative strengths of the yl and /3 dispersions are 
similar for both polystyrene and poly(styrene oxide) and the mechanism is 
likely to be the same in both materials. 

Comparison of n.m.r, and mechanical measurements 
The temperature dependence of the maxima in G" is plotted as a func- 

tion of frequency (fro) in Figure 4 for poly(tBEO) and the low molecular 
weight poly(styrene oxide). The location of the high temperature minima 
in T1 measured at 30 Mc/s 1 are also shown for poly(tBEO) and high 
molecular weight poly(styrene oxide). The plot for poly(tBEO) confirms 
the assignment of the high temperature minimum in Tt to the glass transi- 
tion phenomenon. From the measurements of G" as a function of tempera- 
ture and frequency, and also from the area under the loss peak 1°, we calcu- 
late the activation energies (AH) for the/3 processes to be: 

AH (kcal mole -1) 
poly(tBEO), /3-relaxation 100 (from log f,~ versus T -1) 

110 (from area under peak) 
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Figure 4---The location 
of the loss maxima of 
mechanical measurements 
e, and the Tx minimum 
of n.m.r, measurements 
©, for poly(t-butyl ethyl- 
ene oxide). Tagged points 
refer to poly(styrene 

oxide) 

80 (from log fm versus T -I) 
100 (from area under  peak) 

The accuracy of  these activation energies is not  particularly good be- 
cause of the nar row temperature range over which they are estimated. 
However ,  the measurements  on polystyrene samples summarized in 
Figure 3 yield activation energies of 100 kcal mole -1 for both the ya and fl 
peaks in good agreement with results published elsewhere 7. 

Finally it is interesting to note that  the yl dispersion is not observed in 
the results of  spin-lattice relaxation time measurements  on either 
poly(styrene oxidey or polystyrene 1~. The low temperature T~ min imum 
reported in ref. 1 for poly(styrene oxide) cannot be related to either the yx, 
y2 or  y3 relaxations since it is observed at - 1 2 8 ° C  at 30 M c / s  and the 
corresponding mechanical  dispersion would lie at even lower temperatures 
at 1 000 to 1 c/s .  On the other hand  n.m.r, results ~ show that spin-lattice 
relaxation effects associated with the reorientation of  benzene rings are 
weak and it is probable that  the y~ relaxation would be difficult to detect 
owing to its proximity to the fl dispersion. 

We wish to thank Dr J. Mann of the Plastics Laboratory, of Shell Chemi- 
cal Company, Carrington, for the gift of samples of isotactic polystyrenes, 
and Miss C. J. S. Guthrie and Mrs J. A. Hurst for practical assistance. 
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VI--The Physical Properties of Poly(epoxides) 
G. ALt.Et,r, C. BOOTH and C. PRICE 

The physical properties o/ the poly(epoxides) are summarized, and compared 
with each other and also with the properties o f  the corresponding poly(olefins). 
The nature o/ the side group has little effect upon the dynamic and equilibrium 
flexibilities o/ the poly(epoxides) unless the side group is bulky, e.g. t-butyl 

and phenyl. 

THE data reported in parts I to V 1-5, together with data obtained in earlier 
investigations, enable us to compare the physical properties of some high 
molecular weight poly(epoxides) having the structural formula 
[CHR---CH2--O]n. Most of our data refer to polymers prepared by means 
of the zinc diethyl-water catalyst system with a mole ratio of water to zinc 
diethyl of, or approaching, unity. The one exception is poly(ethylene oxide) 
which was obtained from commercial sourcesO; this inconsistency is not 
important since poly(ethylene oxide) does not exhibit optical isomerism. 
Here we review the results, and also take the opportunity to compare the 
physical properties of the poly(epoxides) with those of the corresponding 
poly(olefins). 

P R O P E R T I E S  O F  T H E  P O L Y ( E P O X I D E S )  
General features o/the bulk state 

The crystallinity of the poly(epoxides) varied with the group R. 
Poly(ethylene oxide), poly(t-butyl ethylene oxide) and poly(dodecene-1 
oxide) were all crystalline. Poly(dodecene-1 oxide) crystallized to waxy 
products and it seems probable that crystallization occurred on the side 
chain rather than on the main chain. Poly(propylene oxide), poly(butene-1 
oxide), poly(butadiene monoxide) and poly(styrene oxide) were all of low 
degree of crystallinity as prepared, although it was possible in some cases 7 
to isolate highly crystalline fractions by use of suitable fractionation tech- 
niques. With the exception of poly(styrene oxide) which was a glass, the 
amorphous poly(epoxides) were rubbers at room temperature. Poly(buta- 
diene monoxide) cr0sslinked spontaneously through the pendant vinyl 
groups; this feature was turned to good account by preparing vulcanizable 
co-polymers with propylene oxide s. 

Melting and glass transition temperatures 
In all our work the transition temperatures were determined by dilato- 

metry using low heating rates (less than five degrees per hour). In deter- 
mining melting points annealing processes were used which produced 

Table 1. Transition temperatures of high molecular weight poly(epoxides) 

Poly(epoxide) T~n,°C T o, *C Poly(epoxide) T~,*C T o, *C 

Poly(ethylene oxide)* 68t --67:~ Poly(tBEO) 149 --35 
Poly(propylene oxide) 73§ --75§ Poly(dodecene-I oxide) 795 --41:~ 
Poly(butene-1 oxide) - -  --83:~ Poly(styrcne oxide) 162 40 
Poly(butadiene monoxide) 74:[: --75:1: 

*Commercial sample; re. J. Dt~voY: unpublished data for fraction; ~D. ]'. MARES: data* for whole 
volymers; §W. D. TAYLOr,. 1." data for fraction. 
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optimum crystallinity in the specimen; in determining glass transition points 
specimens were cooled rapidly so as to avoid crystallization. The results 
are collected in Table 1. Where polymers have been fractionated the transi- 
tion temperatures of the most easily crystallized fraction are quoted. In 
our detailed studies of some of these poly(epoxides) 1° we showed that Tg 
was not affected appreciably by changes in crystallizability, but that T,~ 
might be 10 to 20 deg. C lower than the value which could be achieved by 
careful fractionation. In addition, in assessing these data we remember the 
evidence that poly(epoxides) prepared by the ferric chloride-water catalyst 
system have higher melting points than those prepared by the zinc diethyl- 
water catalyst system, e.g. melting points of 75°C for poly(propylene oxide) 1~ 
and 179°C for poly(styrene oxide) TM have been obtained. 

D y n a m i c  mechanical  and n.m.r, properties 
All the polymers investigated were partially crystalline and so quantita- 

tive ,treatment of the dynamic mechanical and n.m.r, properties was even 
less successful than usual. Nevertheless these techniques provided useful 
qualitative information on molecular mobility over a wide range of 
temperature. 

In Table 2 we list the locations of the fl and y dispersions observed at 
1 c/s  by dynamic mechanical methods, and the activation energies (AH) 

Table 2. The dynamic mechanical properties of high molecular weight poly(epoxides) : 
location of the # and 3' dispersions at 1 c/s and the activation energies (AH) for the 

fl process 

Location o[ B Location o/ y 
Poly(epoxide) dispersion AH* dispersion 

°C kcal mole -1 °C 

Poly(ethylene oxide) --60t 65t - -  

Poly(propylene oxide) - 555 705 - 150§ 
Poly(tBEO) 46 110 (-- 10?) 
Poly(styrene oxide) 38l[ 1001[ 20, - 20, -- 851[ 
*Calculated from area under loss peak by the method of Read and ~V'illiamsl'; tWe t ton :  data for whole 
laolymerl'; SWetton: data for fraction"; §Reported by Woodward e t  ,,,t.ao: syndiotaetic sample; illow 
molecular weight sample (similar to sample II-10 of Table 2, ref. 14). 

for the fl process estimated by the method of Read and Williams TM. In 
Table 3 we list the locations of the high and low temperature minima in 
the proton spin-lattice relaxation time versus temperature curves, and the 
activation energies ((Q>') for the high temperature process calculated by 

Table 3. The n.m.r, properties of high molecular weight poly(epoxides): location of 
the high and low temperature minima and activation energies ((Q)') for the high 

temperature process 
High temp. rain. (Q)'* Low temp. min. 

Poly(epoxide) ° C (kcal mole-l) ° C 

Poly(ethylene oxide)# 0 5 - -  
Poly(propylene oxide)$ 1 7 --140 
Poly(butene-I oxide)§ 15 6 --140 
Poly(tBEO) 95 5 -- 1 ! 0 
Poly(styrene oxide) 127 9 -- 130 
*Calculated by the method of Connol "~° (see ref. 3); tT. M. COI~NOR: data for whole Polymers"; SD. J. 
BLEARS: data for fraction~'; §D. J. BLEARS : data for fraction ~°. 
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the method of Connor 16. The /3 process in the dynamic mechanical loss 
spectrum and the high temperature minimum in .the spin-lattice relaxation 
spectrum are both associated with the glass transition 5. The low tempera- 
ture minima in the  spin-lattice relaxation spectra of poly(propylene oxide) 
and poly( tBEO)are associated with methyl group rotation ~'~8. The low 
temperature minimum in the spectrum of poly(styrene oxide) is associated 
with oscillation of the phenyl group ~. The subsidiary loss peaks in the 
dynamic mechanical spectra are less easily assigned. The 7 peaks in 
poly(tBEO) and poly(propylene oxide) are very weak and are probably due 
to rotation of the side group. The T~ peak in poly(styrene oxide) is more 
intense and is assigned to rotation of the phenyl group ~, and the proximity 
of this peak [and that in poly(tBEO)] to the main transition is evidence of 
the high steric hindrance experienced by bulky groups. 

Unperturbed dimensions of the coil 
In Table 4 we have listed values of the ratio (~0/~-)½, where (~)~ is the 

Table 4. Values of (~/~)~ for poly(epoxides) 

Poly(epoxide) (r~l ~)~ 

Poly(ethylene oxide) 163" 
Poly(propylene oxide) 162t" 
Poly(styrene oxide) 185" 

*From intrinsic viscosity/molecular weight relationship in a good solvent; 1"From intrinsic viscosity and 
light scattering measurements in good solvents and in tbeta solvents. 

unperturbed root-mean-square end-to-end distance of the poly(epoxide) 
chain and (~)~ is the corresponding dimension calculated assuming free 

rotation of the bonds in the chain. We have taken (~'-/M)~ equal to 
3.77/M~ .& for the poly(epoxide chain), where My is the molar weight of 
the repeating unit. 

D I S C U S S I O N  

The glass transition and chain flexibility 
It is now generally accepted that the glass transition is associated with 

the loss of internal rotation, and of translational motion of the chain 
segments. Thus chains having high barriers to internal rotation will lose 
their dynamic flexibility at a high temperature and have a high glass transi- 
tion temperature. Considering the polyethers [CHR--CH2--O], ,  when R 
is a bulky group such as t-butyl or phenyl, one would expect high barriers 

Table 5. Properties of poly(olefins)* 

°c  To, °C oc °c  

Poly(ethylene) 141 -- 125 1 "6 Poly(3,3-dimethyl 
Poly(pro pylene) 180 -- I 0 1 "6 butene- 1 ) 260 64 --  
Poly(butene-1) 140 --24 - -  Poly(dodecene- 1) 49 --6 --  
1,2-Poly(butadiene) 125 --4 - -  Poly(styrene) 250 100 2'2 
*The values in this table are taken from the Polymer Handbook=*; they have not been chosen critically 
and are included only for purposes of comparison. The location of T o in polyethylene is still controversial. 
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to internal rotation. This effect can be seen in Tables 1, 2 and 3, where the 
glass transition temperatures of the polymers with bulky side groups are 
some 100 deg. C higher than those of the other poly(epoxides). It is also 
clear that the introduction of a methyl group, or a linear group such as 
ethyl or vinyl, has little effect upon Tg when comparison is made with 
poly(ethylene oxide). This is in marked contrast to the effects noted in the 
corresponding series of poly(olefins), representative properties of which are 
listed in Table 5, and provides an illustration of the minor steric effects 
attributable to small linear side groups when they are separated by two 
unsubstituted main chain atoms. 

A second important factor influencing the glass transition temperature 
is the molecular cohesion of the polymer. Internal rearrangement of the 
polymer chains in the bulk state must involve the cooperative movement 
of the segments of several molecules; polymers having low molecular cohe- 
sion should therefore tend to have low glass transition temperatures. This 
is illustrated by comparing the poly(epoxides) with the poly(olefins) in 
Table 5. Compared to that of the poly(olefin) the flexibility of the 
poly(epoxide) chain should be enhanced by the wider separation of the side 
groups, and by the presence of the ether linkages. However, the molecular 
cohesion of the poly(epoxide) should be greater than that of the poly(olefin) 
because of the polarity of the ether linkages. Thus there are opposing 
effects to be considered. 

Comparison of the glass transition temperature of polyethylene ( -  125°C) 
and poly(ethylene oxide) (-67°C) suggests that in this particular case, the 
increased molecular cohesion of the polyether is the more important factor. 
Comparison of the substituted polymers shows clearly the importance of 
the spacing of the side groups; ,the substitution of a hydrogen atom by a 
methyl group raises Tg of the poly(olefin) by N 100 deg. C, but affects TQ 
of the poly(epoxide) very little. Indeed with the poly(epoxides) an elevation 
of T~ by 100 deg. C or so is achieved only by substitution of a group as 
bulky as t-butyl or phenyl. 

The activation energies listed in Tables 2 and 3 are subject to consider- 
able uncertainty, both in estimation and interpretation. It has been 
held 14,19 that a high value of AH, or <Q)', implies a high impedance to 
molecular motion in the polymer. This interpretation is supported by the 
AH values of Table 2, while the evidence of Table 3 is equivocal. How- 
ever, it seems unlikely that these activation energies can be used with much 
profit until there is a better understanding of the nature of molecular 
motions in the neighbourhood of the glass transition. 

Taken together the data presented here show that the dynamic flexibility 
of the poly(epoxide) chain is reduced considerably by the presence of a 
bulky side group. 

We also conclude that the low glass transition temperatures of the sub- 
stituted poly(epoxides) relative to the poly(a-olefins) are due to the greater 
internal dynamic flexibility of the poly(epoxide) chain, which in turn arises 
principally from the greater spacing of the substituted groups. 

It remains to examine whether the equilibrium flexibility of the chain is 
also affected by the nature of the side groups. The equilibrium flexibility 
depends upon the energy differences between rotational states whereas the 
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dynamic flexibility depends upon the cohesive forces and the heights of 
energy barriers. A priori there is no reason to suppose that there will be  
any direct correlation between the two properties. The equilibrium flexi- 
bility may be described in terms of the ratios (~/~)~ which are presented 
for the poly(epoxides) in Table 4. The larger the ratio, the less flexible is 
the chain. While the values we present are subject to considerable un- 
certainty, they indicate sufficiently well that substitution on the poly(epox- 
ide) chain has little effect upon the unperturbed dimensions of the chain 
when the side group is small ( - -Me),  but increases the dimensions markedly 
when the side group is large (--Ph).  A fortuitous parallel between the 
dynamic and the equilibrium flexibility seems to exist for the poly(epoxides). 
No such parallel is found for the poly(olefins) (see Table 5). 

Melting point 
A cursory examination of Tables 1 and 5 reveals a striking parallel 

between the variation of melting point and of glass transition temperature 
in these series of polymers. Unfortunately we have insufficient subsidiary 
information zt to permit us to examine this parallel in detail. Moreover 
variations in degree of stereoregularity from one polymer to another intro- 
duce an experimental variable which we are not equipped to deal with in 
a quantitative way. For  these reasons we shall not attempt to discuss the 
relationship between melting point and chemical structure for these 
poly(epoxides) at this time. 
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Association of Polyacrylonitrile Solutions 
R. B. BEEVERS 

Kinetic aspects of the association o/  polyacrylonitrile molecules in dimethyl- 
formamide solutions containing between 30 and 40 volume per cent benzene 
have been examined viscometrically. Addition o/  benzene affects the rate but 
not the extent of  association, with the result that the non-solvent acts as an 
inert diluent in this system. Rate constants, corrected to zero polymer con- 
centration, were found to be 5"2 X 1 0  -7  s e c  -1  at 32"0 per cent and 8"2 X 10 -4 sec -1 
at 37"0 per cent benzene. Osmometric and sedimentation measurements on 
these solutions with the same benzene concentrations gave Mn:3"5XlO~, 
8"4X 104; Msd=3"2 X 105, 7"Ox 109 respectively. The values indicate the presence 
of  a few very large aggregates in the polymer solution. Values of the second 
virial coefficient are in satisfactory agreement with those obtained by Krigbaum 

and Kotliar. 

THE occurrence of aggregates in dilute polymer solutions through molecular 
association 1 is quite common and association in polymers containing car- 
boxyl groups is particularly well known ~. Whenever large numbers of polar 
substituents are attached to a polymer these groups will interact both 
intra- and inter-molecularly to form an aggregate: Chang and Morawetz ~ 
were able to distinguish between these types of bond formation for styrene 
plus methacrylic acid copolymers using a combination of infra-red and 
osmotic measurements. Only a few carboxyl groups were found to partici- 
pate intermolecularly; the majority either acted intramolecularly or were 
hidden in the interior of the polymer coil. Polyvinylchloride can become 
associated in dilute solution 3. Association interferes with molecular weight 
determinations on this polymer unless the aggregates are previously broken 
down by heating the solution 4. Men~ik ~ has shown that both polyvinyl- 
chloride and polyacrylonitrile are difficult to fractionate by addition of 
non-solvent. 

Evidence of association in polyacrylonitrile solutions has been provided 
by light scattering and electron microscopy. Heyn 6 has found evidence of 
microgel, microfibrils and free molecular threads together with macrogel 
in solutions of the polymer previously examined by Peebles 7. Both Nicolas 8 
and Peebles 7 have shown that strong Zimm plot distortion in light-scattering 
studies of polymer solutions can be correlated with the presence of microgel 
since it is possible to correct the distortion by ultracentrifugatian of the 
solutions. Electron micrographs given by Thomas 9, particularly of poly- 
acrylonitrile prepared in aqueous suspension with a redox initiator, show 
two groups of particles of noticeably different size distributions. 

Shashoua and Beaman 1° have prepared well-characterized microgel by 
addition of small quantities of N,N'-methylene bisacrylamide as cross- 
linking agent to the emulsion polymerization of acrylonitrile. The purity 
of the micro~el was determined by ultracentrifug~tion'. It is now well 
established that microgel is a common feature of polymer solutions and 
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intermediate in solution properties between the linear chain molecule and 
the macrogel particle. Microgel is soluble in solvents of intermediate 
solvent power to form a macroso112 and can, for example, be characterized 
by intrinsic viscosity measurements 1°. 

Climie and White ~3 reported on a study of association in solutions of 
acrylonitrile copolymers in N,N'-dimethylformamide brought about by 
addition of non-solvent. Solutions of polyacrylonitrile in this solvent become 
associated on addition of about 35 per cent by volume of benzene--a con- 
centration well below that required to cause precipitation of the polymer. 
Climie and White TM further showed that the arrangement of the acrylonitrile 
residues along the chain affected the volume of benzene required to cause 
association and it was possible, in this way, to distinguish between block 
and random copolymers. Investigation ~' of several random copolymers con- 
taining a large proportion of acrylonitrile further showed that the nature 
of the comonomer was unimportant in this respect. Clearly association 
occurred in these solutions through interaction of the CN groups. 

This paper carries the investigation further but devotes attention to the 
homopolymer. Although association can be brought about by many non- 
solvents ~s benzene has been used to give continuity with the work of Climie 
and White ~3 and more particularly because of its lack of participation in 
hydrogen bond formation. 

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

Materials 
Polyacrylonitrile (sample WI2) was prepared according to a redox 

recipe, details of which have been given previously 16. Analytical reagent 
grade benzene was dried over silica gel before distillation. N,N'-dimethyl- 
formamide was dried with eight changes of phosphorus pentoxide before 
vacuum distillation at room temperature. All benzene concentrations were 
determined by volume, and solution concentrations (g d1-1) make allow- 
ance for dilution of the stock polymer solution by benzene. 

Viscometry 
Viscosities were determined at 25"00°C in suspended level dilution 

viscometers (Polymer Consultants Ltd), the usual viscometric procedures 
being followed 17. Values of the time of flow (to) for the solvent-non-solvent 
mixture were not determined prior to each measurement. Instead to was 
obtained for each viscometer and at each temperature using six standard 
solvent-non-solvent mixtures covering the range 20 to 40 per cent benzene. 
Values of to were found to fit closely to a linear dependence on benzene 
composition. The equat'~ons fitting these data were determined and sub- 
sequently used to evaluate to for any particular experiment. 

(a) Limiting viscosity number--Values of the viscosity number ~q~p/c 
were determined for solutions of the polymer in dimethylformamide and 
dimethylformamide-benzene mixtures up to 60 per cent benzene. Addi- 
tional measurements of to were made in this case. Lower concentrations of 
polymer were obtained by dilution using stock dimethylformamide-benzene 
mixtures. Except for the 60 per cent benzene results, linear plots were 
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obtained for the dependence of 71~/c on concentration to give values of 
the limiting viscosity number [,/] reliable to one per cent. Values of the 
Huggins parameter k' given by 

n, , /  c= In] + k'rn] ~c (1) 

were also determined. 
(b) Time dependence of the viscosity number--Preliminary examination 

showed that time-dependent viscosity changes occurred between a con- 
centration of 30 and 40 per cent benzene. In order to make measurements 
of these changes the following procedure was adopted. 

The required volume of polymer solution was added to the viscometer 
by burette (calibrated to 0-01 ml) and a short period allowed for further 
slight thermal equilibration. Benzene was then added using controlled 
nitrogen bubbling to effect mixing. This took approximately 50 see for 
the addition of 3 to 4 ml benzene. Once mixed the polymer and liquid mix- 
ture appeared to be completely free from optical inhomogeneities indicative 
of precipitation or macrogel formation. 

Timing of the experiment commenced with the start of addition of non- 
solvent and the time recorded for the viscometric determination was taken 
at the start of flow of the polymer solution from the upper bulb of the 
viscometer. These measurements were continued at suitable intervals up 
to one week depending upon the concentration of benzene. During the 
early stages of an experiment, and particularly at high benzene concentra- 
tions, only single determinations of a flow time could be made. Later, the 
time of flow in the viscometer became negligible as compared with the 
duration of the experiment and reproducible flow times could then be 
obtained. 

Osmometry 
Measurements were made at 25.00+0"01 d6g. C using Pinner-Stabin 

type osmometers (Polymer Consultants Ltd) following the usual pro- 
cedures 17. Pecel 600 undried cellophane membranes were used and equi- 
librium osmotic heights (+0-001 cm) obtained after 48 hours. The 
membranes initially in a 60 per cent acetone+water environment were 
progressively conditioned through 100 per cent acetone to 100 per cent 
dimethylformamide and subsequently to a dimethylformamide + 35 per cent 
benzene mixture. 

Osmotic measurements were made on solutions of the polymer in 
dimethylformamide using a stock solution and obtaining lower polymer 
concentrations by dilution. 

Osmotic measurements in mixed liquids 
Among the difficulties of osmometry is the possibility when using mixed 

solvents of an uneven distribution of the two liquids on either side of the 
membrane. Gee18 found no evidence of this with benzene-methylalcohol 
mixtures and obtained the same limiting value of the reduced osmotic 
pressure (~r/c) as for a single liquid. 
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(i) Osmotic measurements in 30 per cent and 37 per cent benzene 
mixtures--Measurements were made at benzene concentrations on either 
side of the time-dependent viscosity range. Solutions at each polymer con- 
centration were prepared directly in dilution viscometers. Appropriate 
quantities of stock solution and dimethylformamide were added to the 
viscometer followed by the calculated amount of benzene. Viscosity mea- 
surements were then carried out fo~ 24 hours as described above to ensure 
(1) that at 30"0 per cent benzene no time-dependent viscosity changes had 
occurred, (2) at 37"0 per cent benzene the viscosity number had become 
independent of time. These solutions, prepared in sufficient quantity, were 
used for rinsing and filling the osmometers in the usual way. 

(ii) Osmotic measurements at 32 per cent benzene--At  benzene concen- 
trations between 31 and 33 per cent the rate of change of viscosity number 
with time is small so that, in principle, it is possible to prepare partly 
associated solutions which can be examined osmometrically. These experi- 
ments met with only limited success. Solutions of the required polymer 
concentration were prepared viscometric.ally as detailed above. Changes in 
viscosity were then followed for about three days. Part of the solutions 
was then removed for rinsing and filling the osmometer whilst viscometric 
observations were carried on with the remainder. In this way, allowing 
sufficient time for equilibration in the osmometer, reduced osmotic pres- 
sures could be determined at a time when the solutions had shown the same 
fractional change in viscosity number, i.e. the same extent of association. 

Sedimentation 
Two exploratory runs were made using a Spinco model E ultracentrifuge 

operated at 59 780 rev/min and fitted with schlieren optics. Examination 
of polyacrylonitrile solutions with the ultracentrifuge have previously been 
made by Bisschops 19, Krigbaum and Kotliar ~° and Shashoua and van Holde 11. 
The purpose of these experiments was to comoare solutions in different 
states of association and to examine their sedimentation profiles. Doty, 
Wagner and Singer 3 have made similar observations with associated solu- 
tions of polyvinylchloride in dioxan. No attempt was therefore made to 
correct the observations for concentration or pressure. Sedimentation 
constants (s) were evaluated from the relation 

s = ( 1 / ¢o~r)(dr / dO (2) 

where r is the distance of the boundary from the centre of rotation at 
time t and ¢o is the angular velocity in radians/sec. 

Solutions to be used for sedimentation were prepared viscometrically as 
described above with benzene concentrations of 30"0 and 37-0 per cent. 
Initial polymer concentrations were adjusted to give a final concentration 
in each case of 0.500 g d1-1. This value was chosen to obtain the maximum 
peak visibility of the' sedimentating species without excessive increase in 
solution viscosity. Viscosity measurements were made for 1"1 x 105 sec 
and the sedimentation experiments then were commenced at about 1"8 x 105 
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see. During the preparative stage the viscosity number of the 37.0 per cent 
benzene solution fell from 1-88 dl g-~ to a constant value of 0.42 dl g-1. 

RESULTS AND DISCUSSION 
Dependence o] viscosity on benzene concentration 

Typical changes in the value of ~ . / c  for a solution of polyacrylonitrile 
in dimethylformamide (initial concentration 0-529 g d1-1) are shown in 
Figure 1. Benzene has been added in small increments and sufficient time 

Figure / - -Dependence  of ~sp/c for a solution of 
polyacrylonitrile in dimethylforrnamide on volume 
per cent of added benzene. AB, A'B" denote 
regions of time-dependent viscosity. The critical 
point obtained by Climie and White is indicated 
by C + W ;  O, addition of benzene; e ,  addition of 
dimethylformamide; ID, values of obtained after 

10 s see in kinetic runs 

3.0 

20 
C~ 

d 

1.0 

E'\ 

!, 
n~,. L • 

0 20 40 60 
% benzene  

allowed for thermal equilibrium to be re-established. At low benzene con- 
centrations the weakening solvent power causes a reduction in the dimen- 
sions of the random coil and so reduces the viscosity of the polymer solution. 
Between 30 per cent and 40 per cent benzene the value of ~q~p/c changes 
by a large factor as association takes place. 

Reduction of the benzene concentration by addition of dimethylforma- 
mide brings about dissociation with a marked hysteresis effect. Over the 
regions AB and A'B" indicated in Figure 1 values of 71~o/c are time- 
dependent and the points plotted are only indicative of the nature of the 
changes taking place. These results substantially confirm those reported TM 

for acrylonitrile copolymers apart from some disagreement concerning the 
amount of benzene required to cause association. Climie and White ~3 adopted 
an arbitrary procedure in this respect and the value of 23 + 1 per cent 
benzene indicated in Figure 1 as C + W  has been averaged from their 
tabular data. Measurements similar to those reported in Figure I were 
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carried out with polymer (sample W 11) TM prepared by free radical 
initiation using diethylamine as transfer agent. In this case a much more 
satisfactory agreement was obtained with Climie and White 13 indicating 
that the nature of the polymerization reaction is of some significance. 

Chiang ~I has also been able to differentiate between methods of polymeri- 
zation in respect of the crystallization and dissolution temperatures of 
polyacrylonitrile. Osmometric measurements on polyaerylonitrile in 
dimethylformamide obtained by Krigbaum and Kotliar 2° are clearly affected 
by the onset of association. They report, however, that whilst these effects 
are observed for redox polymer, they are absent in the case of polymer 
prepared in dimethylformarnide with azobisisobutyronitrile as initiator. 
Such distinction has not been observed here. 

Measurements of ['0] and k" from equation (1) in a series of solvent- 
non-solvent mixtures are given in Figure 2. In a poor solvent the molecule 

,° I 
2 . 0 ~  

1.0 

Q ~  O ~O'~ 

Figure 2--Values of [*}] and the Huggins constant 
k' in polyacrylonitrile plus dimethylforrnamide 
plus benzene solutions. ©, values of lv}]; e, values 

of k' 

I L 
0 20 40 60 

% benzene 
is more highly coiled and acts hydrodynamically like a sphere. In general 
this leads to a lower value of [~] and higher k'. Measurements by Climie 1~ 
of the dissymmetry of light scattering in the range 60 ° to 135" show little 
change suggesting that the aggregate must consist of a tight cluster of 
molecules. Doty, Wagner and Singer* drew similar conclusions in respect 
of polyvinylchloride solutions. It is then not surprising that the Einstein 
equation ~° 

[n] =0-025 I p (3) 

for a dispersion of hard spheres of density p appears to be applicable to 
styrene plus divinylbenzene microgels. In this case the results show that 
[~] falls rapidly for small amounts of crosslinking a°. " 
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Only very tenuous conclusions can be drawn concerning the value of 
k', and especially in associating systems. Katayama and Ogoshi ~ for 
example have found that the value of the Huggins parameter for poly- 
acrylonitrile polymerized in a redox system depends on the conditions of 
polymerization. Nicolas 8 obtained similar results to those given in Figure 2 
for polyethylene (Alkathene) in tetralin plus methylphthalate mixtures, 
which were correlated with the existence of microgel. 

Kinetic viscosity effects at constant benzene composition 
The nature of the time-dependent viscosity changes observed in the 

regions AB and A'B" of Figure 1 are more clearly demonstrated in Figure 3. 

2"00' 

"~ 1-00 . . . . . . . . . . . o ~ . - - o - -  o -  

0 1 I 
2 3 4 

log f, sec 

Figure 3--Time dependence of ~,o/c for solutions of polyacrylonitrile 
in dimethylformamide: (a) addition of 38 per cent bermene, 
c=0'291 g d1-1 followed by, (b) addition of dimothylformamid¢ to 

give 27 per cent benzene, c=0"207 g d1-1 

In this experiment non-solvent was added to the*polymer solution at 20°C 
to give a concentration of 38.0 per cent benzeno (c=0"291 g dl-1). Viscosity 
of the solution then decreased (curve a) during several decades of logarith- 
mic time, ultimately reaching a constant value. Horizontal lines drawn 
through some of the points indicate the uncertainty arising from the time 
of flow of solution in the viscometer; this has a relatively small effect on 
the shape of the curve. After the lapse of two days an aliquot portion of 
solution was removed and returned to the cleaned viscometer. Dimethyl- 
formamide was then added to reduce the benzene concentration to 27-0 
per cent (c=0-207 g dl-a); that is to a point in the region A'B'. Viscosity 
then increased with time as shown by curve b, ultimately reaching a con- 
stant value of 1.03 dl g-1. Calculation of ~q+,/c corresponding to the 
conditions pertaining to curve b using equalion (1) with values of [~7] and 
k' taken from Figure 2, gives 2-52 dl g-1. This suggests that the association- 
dissociation reaction is not completely reversible, at least for the conditions 
used here. Boedtker and Doty = similarly found evidence of irreversibility 
in dilute gelatin solutions. 

Exploration of the effect of polymer concentration reveals two types of 
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behaviour as shown in Figure 4 where the benzene concentration is kept 
constant at 37"0 per cent. Polymer concentration was varied from 0"18 to 
1.30 g dl -~ as indicated on each curve. 

At low polymer concentrations the curves are qualitatively similar to 
curve a in Figure 3. Increase in concentration to above 1"0 g dl -~ produces 
a marked change in the time dependence of 71~p/c. After about 1 000 see 

30 

2.0 

1'(] 

/ ,  30 / 2 0  

, , t , I ~ ~ , t I ~ °118  , , 

3 4 5 
tog t, sec 

Figure 4--Effect  of polymer concentrat ion on the time- 
dependent  viscosity of polyacrylonitrile solutions with 37.0 
per cer~t benzene. Figures on the curves denote polymer 

concentration in g dl -~ 

viscosity begins to increase and this is accompanied by visible gel formation 
in the effluxing liquid of the viscometer. The results given in Figure 4 now 
make it possible to delineate between gel and microgel. For this benzene 
concentration critical polymer concentration is 1"02+0.06 g d l  -1, and is in 
accord with similar measurements by Boedtker and Doty ~ on gelatin in 
0"15M sodium chloride at 18°C. They found the critical concentration 
separating the gel and aggregated forms (microgel) to be about 0"8 g d1-1 
for gelatin of similar molecular weight to that of the polyacrylonitrile 
sample used here. 

Effect of variation of benzene concentration 
Measurements shown by curve a in Figure 3 were extended to cover the 

range 30"0 to 40"0 per cent benzene, corresponding with the points A and 
B of Figure 1. These results given in Figure 5 reveal the nature of the 
kinetic effects at 25.00°C. Initial polymer concentration in dimethylforma- 
mide was 0.467 +0.002 g d1-1 resulting in a variation from 0"327 to 0.280 
g dl -~ over the range of benzene concentrations examined, Polymer con- 
centration was sufficiently low and so avoided complications arising from 
maerogel formation. 
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With increase in benzene concentration the rate of change of 9,p/c 
increases rapidly so that at 40.0 per cent benzene most of the kinetic 
effects have occurred before viscometric measurements could be made. 
Only part of the curves are shown in Figure 5. Extension to 106 and 107 sec 
shows that all curves have a similar sigrnoid shape ultimately reaching a 
constant low value of ~7~/c. Small variations in this final value arise from 
small variations in polymer concentration, and in this section these have 
been considered to be of the second order. If we consider the magnitude 
of the change in ~q,p/c to give a measure of the extent of association, then 
the curves demonstrate that the effect of benzene is to control the rate and 
not the degree of association. Benzene must then be considered to act as an 
inert diluent preventing polymer-dimethylformamide interactions and so 
allow polymer-polymer interactions to take place. 

Values of *l,p/c from Figure 5, taken after 1@ sec have been plotted in 
Figure 1 where they are indicated by half-closed circles. These show good 

3 0  I 
2500 °C I 

,-c ~ 300  o- [ 
I E 

31-o I 

, 

1"O- 

f I I I J I I l i i  t I I , , , 1  

3 4 5 
tog t, [sec] 

Figure 5--The dependence of ~sp/c on log ti.me for poly- 
acrylonitrile plus dimethylformamide solutions. Numbers on 
.the curves iaadicate the volume per cent of benzene added at 

the start of ,the experiment 

agreement with the other data and give further definition to the rapidly 
changing section of the graph. A time of 10 ~ sec was chosen arbitrarily and 
corresponded roughly with the time interval between readings taken in 
deriving Figure 1. 

With the exception of results at high benzene concentrations, plots of 
In (~q~/c) depend linearly on time to a reasonable approximation. Thus, 

in (~/D0) = - kt (4) 
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where for convenience • ='q,~/c, ~o is the value of • at t = 0 ,  and k is the 
rate constant. The association-dissociation process can be considered to  
be a reaction of the form 

ka 
n t ' .  " P. (5) 

k2 

where kx and k2 are the respective rate constants and n the degree of 
association o f t h e  polymer P. Consideration of Figure I shows the hysteresis 
loop to be very wide so that the association and dissociation reactions do not 
overlap, i.e. kl >~ ks over the composition range 30 to 40 per cent benzene, 
and we can consider kx = k in equation (4). Values of kl determined from 
Figure 5 and numerous repeat measurements are given in Figure 6. 

10-3 

I0-4 
'7 
U Q; 

10-5 

lO-S 
30 32 34 36 38 40 

% benzene 

Figure 6--Values of k 1 determined for poly- 
acrylonitrile plus dimethylformamide solu- 

tions at various benzene concentrations 

These results are, however, complicated by the dependence of kl on 
polymer concentration. Values of kl derived from Figure 4 at 37.0 per cent 
benzene and for c < 1 "0 gd l  -1 are given by 

In (kl/k0) = Ac (6) 

where c is the polymer concentration and the constants here take values, 
k0=8-2x 10 -~ see -1, A = - 0 " 3 8  dl g-1. Similar measurements for 32"0 per 
cent benzene yield k0 =5"2 × 10 -7 see -~, A = 1-82 dl g-~. 

Determination of the degree of association 
(a) Sedimentation Doty, Wagner and Singer 3 examined 
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solutions of polyvinylchloride in the ultracentrifuge and observed two 
distinct peaks whose sedimentation velocities corresponded with the 
associated and non-associated polymer species previously deduced. Ultra- 
centrifuge analyses on acrylonitrile plus ethylene bismethacrylate microsols 
have also been carried out, in this case to determine their purity 1°.11. 
Shashoua and Beaman 1° report that the microgel sedimentated between 20 
and 100 times as fast as the linear polymer. 

Experiments were here carried out with solutions containing 30.0 and 
37.0 per cent benzene. In each case a well defined peak was observed super- 
imposed upon evidence of a second component. Sedimentation constants 
were determined from equation (2) and are given in Table 1. Estimation of 

Table 1. Ultracentrifuge results on sohltions of polyacrylonitrile in dimethylforma- 
mide with added benzene; room temperature; 59 780 rev/min 

% benzene S S O Msd 
s e c  s e c  

30'0 1.44 3"08 3"2 × 105 
37"0 64.7 138 7.0× 109 

the limiting values of the sedimentation constants at zero polymer con- 
centration have been made using data obtained by Krigbaum and Kotliar ~ 
for a polyacrylonitrile fraction (A-Ill-8) in dimethylformamide and un- 
corrected for the effect of hydrostatic pressure. In this case, 

In (So~S) = 1.52c (7) 

where S = s  x 10 -13 sec. The sedimentation data of Bisschops 19, which were 
uncorrected for hydrostatic pressure, were then used to derive a relation 
between the sedimentation constant and molecular weight M,d and which 
is given by 

S0 = 0"025(M,d) °~ (8) 

Values calculated from this equation are reported in Table 1. They can only 
be regarded as approximate since equation (8) was derived from measure- 
ments on four polymer samples covering the molecular weight range 
48 000 to 270 000. The degree of association n given by the ratio of 
molecular weights, is approximately 2 x 10'. 

Extrapolated values of the turbidity from Zimm plots for solutions of an 
acrylonitrile plus methyl methacrylate block copolymer (70'6 mole per 
cent acrylonitrile) in dimethylformamide and in dimethylformamide plus 40 
per cent benzene gave molecular weights ~w=3"5 x l0 s and ~rw= 1"5 x 107 
respectively 1'. In this case approximately forty molecules associated to 
form the aggregate. The higher value observed here would appear com- 
parable with the observations of Shashoua and Beaman 1° as judged by the 
ratio of their sedimentation velocities. 

(b) Osmomet ry - -The  results of osmotic measurements on these 
solutions are shown in Figure 7 where the reduced osmotic pressure (or~c) 
is shown plotted against polymer concentration. The non-linearity observed 
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Figure 7--Dependence of reduced 
osmotic pressure on concentration in 
polyacrylonitrile solutions. O dimethyl- 
formamide; O, dimethylformamide 
plus 30-0 per cer~t benzene; e, di- 
methylformamide plus 32"0 per cent 
benzene; ~, dimethylformamide plus 

37'0 per cent benzene 

at low polymer concentrations is reduced if (~r/c)~ is taken as ordinate in 
the manner adopted by Krigbaum and Kotliar ~°. Values of the number 
average molecular weight ~ ,  and the second virial coefficient As obtained 
from 

~ ' / c = R T [ A I +  A~c+ A3c~+ . . . .  ] (9) 

where R is the gas constant and T the absolute temperature, are given in 
Tab le  2. Corresponding values obtained from Krigbaum and Kotliar ~° 

Table 2. Osmotic data for polyacrylonitrile 

Source M n 10 ~ X t l  2 

Present results at 25°C 
DMF* 75 900 

+30"0 per cent benzene 35 000 
+32'0 per cent benzene 35 000 
+37"0 per cent benzene 83 900 

Krigbaum and Kofliar 2° at 300C 

30 
8 
0 

- - 4  

DMFt 45 900 29 
+0.15 per cent water 43 200 15 
+0"65 per cent water 43 500 10 

*N,N'-dirnethylformamide. 
t Deionized solution. 

(Figure 2 of ref. 20) which show the effect of traces of water on the 
osmotic behaviour of polyacrylonitrile in dimethylformamide solution at 
30°C are also included for comparison. Values in the table are rounded 
and probably only reliable to + 2 000 in ~ r  and ~+__ 2 x 10 -4 in As. The result 
for the second virial coefficient determined in dimethylformamide solution 
agrees well with Krigbaum and Kotliar ~°. The reduction in A2 with solvent 
quality is typical of polymeric behaviour. Marked non-linearity at low 
concentrations and a slightly negative value of As are features observed in 
other associating systems, the aggregates dissociating on dilution a. 
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Over the range of benzene concentrations of interest ~ ,  increased from 
35 000 to 83 900 giving n = 2'4. The large difference in values of n obtained 
by sedimentation and osmometry indicates that the majority of associating 
molecules have combined to form a few very large aggregates in contrast 
to the observations of Boedtker and Doty on gelatin aggregates ~. A similar 
situation was also observed by Newman, Krigbaum and Carpenter ~ with 
the reversible association of cellulose nitrate solutions in ethanol. It was 
found that whilst ,~r changed by two times, the value of/~rw increased by 
800 times for identical conditions of the solutions. The value of ~rw is sen- 
sitive to the presence of a few large aggregates but that of ~ r  is not. 

An unexplained feature of Figure 7 is the reduction in 2~r, on addition 
of up to 30 per cent benzene. Inspection of the results of Krigbaum and 
Kotliar 2° reveals a similar effect on addition of water; changes which are 
undoubtedly connected with the additional hysteresis effects shown in 
Figure 1. These observations together with those of Krigbaum and Kotliar 2° 
on the deionization of the polymer solutions emphasize the particular diffi- 
culties of molecular weight measurements in polyacrylonitrile solutions. 

T h e  ultracentrifuge runs were very kindly  carried out  by Dr  P. Speakman  
o] the Universi ty  o f  Leeds.  1 am also indebted to Dr  B. Tideswell  o] the 
Universi ty  o] Bradford ]or the  use o] osmometr ic  equipment .  

Universi ty  o[ Brad[ord, 
Bradford 7 

(Rece ived  October  1966) 
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The Effect of Network Breakdown and 
Re-formation on the Swelling of 

Rubbers in Compression 
L. R. G. TRELOAR 

The effect of changes in network structure on the equilibrium swelling of a 
crosslinked rubber subjected to uniaxial compressive stress is calculated on the 
basis of the 'two-network' hypothesis. Equations are also derived for 
the compressive force and the amount of elastic recovery after removal of the 
stress. Numerical examples are given to illustrate the effects predicted by the 

theory for the case of a rubber in a good swelling agent. 

THE equilibrium degree of swelling in organic liquids of a crosslinked 
rubber subjected to any type of stress has been derived theoretically 1, on 
the basis of the Flory-Huggins treatment 2,3 of the free energy of mixing 
of polymer and liquid molecules. Experiments involving various types of 
stress, including uniaxial compressive st.resP e, have confirmed the theoretical 
predictions for liquids producing a high degree of swelling. 

In an unswollen rubber, the effects of network breakdown and crosslink- 
ing reactions taking place in the strained state may be dealt with on the 
basis of the so-called two-network hypothesis 7. This hypothesis rests on 
the assumption that chains which have broken away from the network 
make no contribution to the stress, while .those which become re-attached 
do so in the relaxed state. The latter likewise make no contribution to the 
stress so long as the state of strain remains unchanged, but if the strain is 
changed they behave as if they formed an independent network. 

In the present paper the effects of structural changes in a swollen rubber 
subjected to uniaxial compressive strain are considered on the basis of the 
two-network hypothesis. It is assumed that the equilibrium swelling in the 
compressed state is achieved initially before any breakdown occurs. There- 
after either breakdown only, or breakdown plus re-formation (crosslinking) 
are assumed to occur, at constant compressed length. Both breakdown and 
crosslinking reactions modify the swelling equilibrium, and this in turn 
affects the compressive stress. The problem is to calculate the resultant 
swelling and compressive stress, for given amounts of network breakdown 
and re-formation. 

The analysis of this problem is relevant to many uses of rubber under 
compression in the presence of swelling liquids, particularly in sealing 
applications. 

Whereas in an unswoUen rubber held at a fixed compressed length the 
changes in network structure occur at a constant state of strain, this is no 
longer true for a rubber in contact with a swelling liquid. In this case, if 
the compressed length is held constant, the swelling will continually in- 
crease with increasing amount of breakdown, and if crosslinking subse- 
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quently occurs, the newly-formed network will be formed at varying degrees 
of swelling and therefore at varying degrees of strain. To treat this problem 
exactly would appear to be possible in principle, but very difficult in prac- 
tice, and no attempt has been made to do so. Instead, the difficulty has 
been evaded by considering the whole process of re-formation to occur at 
a single state of swelling, which in deriving the formulae need not be fur- 
ther specified. In calculating numerical results, however, some value must 
be assigned to this parameter. Since the appropriate value, for specified 
amounts of network breakdown and re-formation, is not known, two extreme 
values have been chosen, the first corresponding to the initial state of swel- 
ling, and the second to the final state of swelling. The practical case neces- 
sarily lies somewhere between these two extremes. 

D E R I V A T I O N  O F  S W E L L I N G  E Q U I L I B R I U M  

The following principal symbols will be used: 
No Number of chains per unit volume of original unswollen 

rubber 
NI Number of chains remaining unbroken, per unit volume of 

unswollen rubber 
N~ Number of chains re-formed, per unit volume of unswollen 

rubber 
p Density of unswollen rubber 

Mc Original mean chain molecular weight 
no Number of moles of swelling liquid per unit volume of dry 

rubber 
V0 Molar volume of swelling liquid 
v~ Volume fraction of rubber in swollen state 

/1, l~, 13 Principal extension ratios, referred to unstrained unswoUen 
rubber 

General case 
The treatment follows the same lines as in the author's earlier work on 

the problem of swelling under strain 1. The total change in Helmholtz free 
energy A, in passing from the unstrained unswollen state to the strained 
swollen state is expressed as the sum of two terms, AA,~ and AA,, the first 
representing the free energy of mixing of polymer and liquid molecules 
(assumed independent of network formation) and the second the free energy 
of elastic deformation. The corresponding molar free energies of dilution 
A0~, A0e, are obtained by differentiation with respect to liquid content no, 
hence 

OA = A 0 ~ + A 0 , = - -  + (1) 
Ono Ono Ono 

For the first component the approximate form of the Flory-Huggins 
equation 

A 0n = R T [In (1 - v~) + v2 + ×v~] (2) 

will be used. In this expression R and T are the gas constant and absolute 
temperature, while X is an experimentally-derived parameter whose value 
depends on the particular polymer-liquid system considered. The second 
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component, the free energy of network deformation, for a single unmodified 
network, is given by the statistical theory in the form* 

AA,=~N&T(~+~+{-3)= (pRT/2M,) (r;‘+5+5--3) (3) 

k being Boltzmann’s constant. This represents the most general type of 
strain (including swelling) in which the three principal extension ratios h, 
l2 and 5 are unrelated. 

We now have to consider a process of network breakdown followed by 
re-formation or crosslinking at some specified state of swelling and strain. 
The state at which the breakdown occurs is not involved directly, but only 
through its influence on the subsequent swelling; it is therefore sufficient to 
specify the conditions under which the re-formation process occurs. We 
therefore specify this state by the principal extension ratios jI1, ZZ1. L, and 
corresponding volume fraction ZJ 21 of polymer. The system is then allowed 
to attain a new equilibrium, which will be represented by the extension 
ratio.s 11, la, I,, and volume fraction vuz. According to the two-network hypo- 
thesis the elastic free energy in the final state is given by 

2AA 
d =NI(<+{+~-~)+N~ 

kT 
; + $ + + -3 (4) 

11 21 31 

where NI and NZ are the respective numbers of chains in the original and 
newly-formed networks. 

Assuming additivity of volumes of polymer and liquid, we have the 
general relation 

lJ& = 1 / z12 = 1 + n” V, (5) 

while for the particular case of uniaxial compression (or extension) in the 
direction lI the two transverse dimensions are equal, and are given by 

%=C= l/l& (6) 

For uniaxial compre,ssion equation (4) thus becomes 

To obtain the equilibrium swelling at a fixed value of compressed length Z, 
we require the quantity (dAA,/&z,J. Making use of (5) we have 

Differentiation of (7) with respect to vu2 then gives 

$($$)z, = [Nl (- &) +Nz (-%)I (-VP;) 

*An alternative formula for the network free energy has been derived by FlorP. This is 
AA,=@RTIM,) (I : +I ;+Z.:-3-l” ZZZ313) 

The use of this in place of equation (3) wou!d kad to g slight modification of the equations derived 
in the present paper, but would not introduce gny difference in principle. 

435 



L. R. G. TRELOAR 

or 

OAA, = (NI + N~l~,v2~) (9) kTV. 
Ono ] ~, l, 

In the present case it is further assumed that the compressed length is held 
constant throughout, so that l~=ln. Introducing this condition, we obtain 
finally 

Ono ]q=,u ~ +N2v~ = Mc No " lu 

since 
NokT = pRT / M, 

The condition for equilibrium swelling is 

OA 
Ono =Ao~+A0,=0 

Making use of (2) and (10i this gives the result 

N~ ) (10) + ~ v ~  

(11) 

(12) 

pVo -~o " ~ + - ~  N2 ) _ RTA°~ - -[ ln(1-v2)+v2+ xv~] (13) 

Special cases 
Case /--Breakdown without re-formation of junction points. 
For this simple case N~=0, and equation (13) can be reduced to 

p V0 N1 1 - [ln(1-v~)+v~+XV ~ (I4) 
Mc No" In 

which may be solved for v2, the volume fraction of polymer at the 
equilibrium swelling. 

Case 2(a)---Breakdown together with re-formation of junction points at 
the initial state of swelling. 

In this case the parameter v2~ represents the state of swelling of the 
compressed material before any breakdown or crosslinking reactions have 
occurred. Its value is obtained by putting NI=No and N~=0 in equa- 
tion (13), and solving for v~, i.e. 

pVo 1 - [In(1-v~)+v~+XV~] (15) 
Mc In 

'Insertion of this value ~ of v~l into equation (13) gives an equation which 
may be solved for v2, the final equilibrium volume fraction of polymer. 

Case 2(b)---Breakdown together with re-formation of junction points at 
the final state of swelling. 

In this case v~ is not predetermined, but is equal to the final volume 
fraction ~2. We therefore put v~=v~ in equation (13), and obtain an equa- 
tion containing only the variable v2, i.e. 

pVOMc (Nx_~o ll--~+-N-oo N, ) = -  [ln(1-v~)+vz+xv~'J (16) 
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C O M P R E S S I V E  FORCE 
To obtain the compressive force F, we consider the work 8W performed in 
a reversible increase of length 81~, at constant % If we consider the mate- 
rial in the unstrained unswollen state to have the form of a unit cube, we 
have 

8W = - F 811 

Making the usual assumption of incompressibility with respect to total 
volume no work is done against the atmospheric pressure and therefore 
5 W  = 8A.  Hence  we may write 

F = - (OA/Ol l )v3  (17) 

Furthermore, since the free energy of mixing is a function of v2 only, we 
have 

Hence 

( ) (oaAq (o q 
oA = + ol1 !o,= oh !o3 N o 3  Ol, /.3 (18) 

(19) 

_ _ _  luv21] (20) 
t 3/ 

F= -(OaA,/Oll) 3 

Differentiation of equation (7) with respect to/1 gives 

Letting/1 = lll (the fixed compressed length) and introducing the relation (11) 
we obtain finally 

(21) 
Mc [ N'--'~ I,/~2 g "luv2 ,11" 

S p e c i a l  c a s e s  

In applying equation (16) to the special cases considered in the preceding 
section, the values of v3~ and v2 obtained as therein described are to be 
employed. It may be noted here that for Case 1 (no re-formation of 
junction points) N3=0 and the second term in (21) vanishes. For Case 2(b) 
(re-formation at finalstate of swelling) ~2t=v3, and again the second term 
vanishes. In this case the second network, having been formed at the final 
state of swelling, is not subjected to any further strain, and hence does not 

mtribute to the stress (though its presence does affect the equilibrium 
swelling, and therefore, indirectly, the stress). 

E L A S T I C  R E C O V E R Y  A N D  C O M P R E S S I O N  S E T  

In certain practical situations, while it may not be possible or convenient 
to measure the compressive force, it may nevertheless be possible to mea- 
sure the elastic recovery, i.e. the final length attained after removal of the 
stress. In discussing the calculation of this recovery, it is necessary to 
distinguish between the i n s t a n t a n e o u s  recovery which takes place on re- 
moval of the stress, without change in the state of swelling (v2), and the 
u l t i m a t e  recovery, which corresponds to the final equilibrium attained if the 
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rubber is left in contact with the liquid after removal of the stress. In this 
final state the state of swelling will differ from that existing prior to 
removal of the stress, 

Finally, we consider the final length in the stress-free state alter removal 
o[ the swelling liquid. 

Instantaneous recovery 
In considering the elastic recovery on removal of the compressive stress, 

it may be assumed that the state of symmetry existing in the stressed state 
will be retained, i.e. that the recovery will correspond to an extension along 
the axis, with equal contractions in the two transverse dimensions. Under 
these conditions the network free energy may still be represented by equa- 
tion (7), in which/11 and v~t are respectively the length and volume fraction 
of polymer at which the second network was formed, and v~, in the present 
context, is the equilibrium volume fraction prior to removal of the stress. 
The criterion for equilibrium in the stress-free .state (with vz constant) is 
that the network free energy shall be a minimum with respect to changes 
in l~, or alternatively, that the compressive force F given by (20) shall be 
zero. Thus if 11 is the instantaneously-recovered length we have, from (20), 

o r  

Ultimate recovery 

p~ = 1 NI + N,luv~, (22) 
~,~ " N~ + N,/b~l 

In applying equation (22) to the instantaneous recovery, v2 is given the 
value corresponding to the state of swelling prior to removal of the stress. 
However, equation (22) expresses the relation between the stress-free length 
/1 and the volume fraction of polymer v~, whatever the value of v~. To 
obtain the final value of v~ in the stress-free state, a second relation between 
/1 and v2, representing the equilibrium with respect to liquid content, must 
be introduced. The relevant relation is obtained by combining equations (9) 
and (12), but without the restriction l~=l~ previously introduced. Intro- 
ducing No via (11), the result becomes 

pVo 1 (N~ N~ 1 A0~ _ -[In  (1-v~)+v~+ XV~] 
M, " T \No + "~o Inv~/ = R T  

(23) 

Equations (22) and (23) now form a pair of simultaneous equations in the 
two variables/i and v~. They may be solved by successive approximation. 

Compression set in unswollen state 
If, after network breakdown and re-formation, the compressive stress is 

removed and the rubtmr is allowed to dry, the final length/1 in the stress- 
free dry state will be given by equation (22), with v2 = 1, i.e. 

P1 = NI + N~luv21 
N~ + N~ / Pn (22a) 
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In the case when v2t is also unity, this result is in agreement with that 
obtain~l  by previous workers 9. 

The quantity 1 - /1  may be called the 'compression set'. 
An examination of equation (22) leads to the conclusion that the com- 

pression set is independent of the state of swelling, i.e. for uniaxial stresses 
the material in its final state swells isotropically. In  particular, this ratio 
is the same for the instantaneously recovered state, for the ultimate state of  
equilibrium in contact with liquid, and for the final dry state. 

The result may be proved by putting 

NI + N21uv21 
Nt + N2 /~  = a = const. 

/ ' ~ 2 = a  

so that equation (22) becomes 

From (6) we then have 

or 
~/P~= 1/a= const. 
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Figure/--Volume fraction v~ at equilibrium swelling : 
• - Case 1; . . . .  Case 2(a); - -  - -  - -  Case 2(b) 
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~ 50 % Compression 
10- ~'~ 

oo[_ 

. . . . . . . . .  o-- ' .  . . . . .  = :  -- - = : = :  ~ - - - :  

1"0 0"9 08 0'7 0"6 0"5 0"4 0"3 
N1m0 

Figure 2----Compressive force per uni t  unst ra ined unswoIlen area : 
- .- Case I ;  . . . .  Case 2(a); - - - - - -  Case 2(b) 

The isotropy of the network with respect to swelling is analogous to the 
isotropy of any Gaussian network with respect to mechanical strains, which 
has been proved by Lodge ~°. 

NUMERICAL CALCULATIONS AND CONCLUSIONS 

For the purpose of illustrating the general features of the above results, 
values of equilibrium swelling, compressive force and final dry length have 
been calculated for each of the three special cases considered. To avoid 
over-elaboration the number of chains re-formed, in Cases 2(a) and 2(b), 
has been put equal to the number broken down, i.e. N1 + N~ = No. 

The numerical values of the parameters occurring in the equations were 
chosen to correspond to the system natural rubber plus benzene, i.e. 

p=0"95 g/cm 8, V0- 89"4 cm3/mole, X=0-41 

Taking M~=8 490 we then have pVo/Mc=l/lO0. For a temperature of 
298°K, taking R=84.78 kcm/deg.,  this gives pRT/Mc=2"827 kg/cm *. 

The percentage compression is specified with respect to the initial linear 
dimensions in the swollen stress-free state. Thus, using the above values, 
one obtains for the initial stress-free state 

v2= 0"18747, 11=v~-m= 1"7478 
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A 40 per cent compression, for example, would thus correspond to a length 
ratio ll~ of 1"048,. Calculations were made for six values of compression, 
and for values of N~/No from 1-0 to 0-3 at intervals of 0-1. The results are 
presented in the accompanying Figures 1, 2 and 3. 

The most significant feature of the data is the relatively slight difference 
in swelling between Case 2(a) and Case 2(b). This implies that either of 
these cases may be taken as a fairly close approximation to the more com- 
plex case in which the process of re-formation occurs continuously between 
the initial and final states of swelling. 
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Figure 3--Recovered length ratio in dry state : 

- -  Case 1; . . . .  Case 2(a); 

It is seen from Figure 2 that for high initial compressions the force 
decreases with increasing breakdown (whether or not this is accompanied 
by re-formation), while for zero or small initial compressions it increases. 
In the latter case the increase in swelling arising from network breakdown 
has the effect of increasing the compressive force, and thus tends to com- 
pensate for the reduction which would otherwise occur. 

In Figure 3, data for recovered length are given only for Case 2(a) and 
2(b). In Case 1, a second network is not formed, and the recovered length 
is therefore always unity. 

It is perhaps worth noting that Case 2(b) gives a finite compression set 
even for the case of zero initial compression. 
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Conversion Factors in Dilatometry 
C. E. M. MORRIS and A. G. PARTS 

In dilatometric determinations o[ the extent o] polymerization reactions the 
difference between the partial specifi c volumes o[ the reactants and the pro- 
ducts determines the volume contraction. The partial specific volumes cannot 
be assumed to be equal to the specific volumes o] the respective pure com- 

pounds. 

ONE OF the most convenient methods of following the progress of a 
polymerization reaction is by dilatometry. As many readings as desired 
can be taken, with considerable precision, of the height contraction of the 
capillary liquid column (and hence volume contraction) as the reaction 
proceeds, The difficulty, which is not recognized by many workers, comes 
in relating the observed volume contraction to the extent of reaction, e.g. 
the percentage conversion in the case of polymerization. While it is a 
relatively simple matter to calibrate the dilatometric method for a given 
system by some absolute technique (e.g. gravimetric determinations) large 
numbers of workers do not do this but rely instead on a calculation from 
the densities of the pure components of the system. The validity of such 
calculations is extremely doubtful and often gives conversion factors greatly 
in error. 

A warning along these lines was given by Treloar 1. As he said 'frequently 
the method of calibration (of dilatometry) is to assume ideal mixing of 
both monomer and polymer with the solvent used and to calculate the 
expected volume contraction for 100 per cent conversion from a knowledge 
of the density of both the monomer and the polymer. The percentage 
conversion is then assumed to be directly proportional to the volume 
contraction'. However, in the subsequent discusaion he assumes linearity 
of the density of homogeneous mixtures with concentration, which 
relationship is not fulfilled when volumes are additive. 

The main objection to the calculation of the volume contraction accom- 
panying polymerization lies in the assumption that this volume change can 
be calculated from the bulk densities of the monomer and polymer, since 
this assumes that the partial specific volumes of the components are the 
same in bulk as in solution. This is generally not true; see, for example, 
the investigation of the partial molal volumes of alcohols in water by 
Nakanishi ~. Calculation of the volume contraction from the densities of 
the pure monomer and polymer may be valid for the bulk polymerization 
of a monomer immiscible with its polymer. In any system which contains 
a solvent for the monomer or the polymer, or both, or in which monomer 
and polymer are miscible, the volume contraction accompanying poly- 
merization cannot be calculated from the bulk densities of the monomer 
and polymer. 

The difference in the value of the specific contraction between that 
determined experimentally and that calculated on the density basis can 
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be very considerable. Table 1 summarizes for various Systems values of 
the specific contraction determined experimentally and calculated from the 
bulk monomer and polymer densities. These examples have been selected 
at random from the literature. 

Table 1 

Specific Specific 
contraction contraction 

Monomer Solvent or on poly- Re/. on poly- Ref. 
dispersing merization, merization, (density 
medium experi- calculated, data) 

mental, cm3 / g 
cm31g 

T 
°C 

Methyl 
acrylate H20 0-150 3 0-250 4 40'0 
Vinyl 
acetate H20 0' 156 5 0"253 6 40.0 
Acrylo- 
nitrile HzO 0"283 7 0"403* 8'9 40"0 
Styrene - -  0"175 10 0.159"f 11 25"0 
Styrene H20 0"188 12 0.182I' 11 50"0 
Styrene ethylene 

dichloride 0" 170 13 0"172t 13 25"0 
Styrene 50] 50 nitro- 

benzene/ 
carbon 0.152 14 0-1681" 14 0 
tetra- 

chloride 
*Calculated from densities at  25'00C. 
tVarious  values can be  calculated because of the range of density data which is available for the 
monomer  and polymer. 

The temperature dependence of the specific contraction has been shown 
experimentally to be small TM. 

It is obvious that calculation of the specific contraction from the bulk 
densities can give results greatly in error, especially in aqueous systems. 
In principle, it should be possible to calculate the specific contraction 
from the partial specific volumes of the components of the mixture. How- 
ever, lack of suitable data on the density of monomer-polymer-solvent  
mixtures in general prevents this calculation. Some data are available 9 for 
mixtures of acrylonitrile in water up to a concentration of 1.20 M. Since 
neither water nor the monomer is a solvent for polyacrylonitrile, this is 
potentially a suitable system for calculation of the specific contraction 
from the partial specific volume of the monomer in water. Unfortunately, 
the solubility of the monomer in water is limited (up to about seven per 
cent) so that the mole fraction of monomer in water is very small--up to 
about 0.023. For  calculation of the partial specific volume, the smallness 
of the monomer mole fraction necessitates extremely accurate measure- 
ments of the density of the monomer-water  mixtures--probably to greater 
accuracy than is readily obtainable experimentally. From the density data 
available (25.0°C) the partial specific volume of acrylonitrile in water was 
calculated to be 1-106 cm~/g in the mole fraction range 0 to 0.0228, whilst 
the partial specific volume of water was calculated to be 1.003 cmS/g. 
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Taking the density 9 of polyacrylonitrile as 1.182g/cm 3, the specific con- 
traction is thus 0.260 cm~/g. Gravimetric determinations 7 gave a value of 
0.283 cmS/g. Taking into account the accuracy of the density data from 
which the partial specific volume was calculated the agreement can be 
considered satisfactory. These values may be compared with that calculated 
from the bulk densities of the monomer and polymer, 0.403 cm3/g (25.0°C). 

A further consideration is the dependence of the partial specific volume 
on concentration, a marked variation being observed in some cases, for 
example, the alcohols in water ~. In the calculation reported above, the 
change in partial specific volume with concentration over the narrow 
monomer mole fraction range examined is extremely small. It should be 
noted, however, that the partial specific volume of acrylonitrile alone is 
1.249cm~/g at 25-0°C, which may be compared with the mean value 
obtained above, 1.106cm3/g. Applied to polymerization, this means that 
where a concentrated monomer solution is used, the conversion factor in 
dilatometry is not in fact a constant but a variable whose value depends 
on the composition of the mixture, i.e. on the extent of polymerization. 
This conclusion is not confined to aqueous acrylonitrile solutions but 
applies in general to all systems. Without more extensive data on the partial 
specific volume at various concentrations it is impossible to say at what 
concentrations such effects become significant as far as the calculation of 
the extent of reaction from the observed volume contraction is concerned. 

It is obvious that to obtain the specific contraction for a particular system 
one must determine by some absolute method (such as gravimetrically) 
the amount of formed polymer which corresponds to a given volume 
change, and not rely on any calculation from the bulk densities of the 
monomer and polymer. 
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Note 

Aromatic Polyester 

Tim aromatic polyesters were prepared as a hard segment for an elastomeric 
polyester. The molecular chain of the flexible rubbery segments is con- 
sidered to be randomly coiled in a state of tangled disorder so that orienta- 
tion by the application of an external force will be counteracted by the 
tendency of the molecules to return to their most likely random configura- 
tion. The resistance of the elastomeric polyesters to viscous flow is attri- 
buted to the presence of the rigid crystallites of the hard segments in the 
matrix of the mobile polymer chains. It is felt that the rigid crystallites 
contribute to producing high tensile strength and elastic recovery. The hard 
segment must also have a high melting point to counteract the low melting 
point of the soft segment. The high melting, crystalline segments were best 
prepared by using symmetrical aromatic acid esters and symmetrical 
aromatic diols. For this purpose, aromatic diols, 

H O - - ( C H 2 ) , ~ ~  (C H2)n--'OH (n =1-5i 

were synthesized to be polycondensed with dimethylterephthalate. 

Polymerization 
6-99 g (0.036 mole) of dimethylterephthalate, 0.072 m01e of aromatic diol 

and 0.5 cm ~ of 20 per cent n-butanol solution of metal butoxide catalyst 
were placed in a 100 ml flask equipped with a stirrer and nitrogen inlet. 
The mixture was heated at 200 ° to 210°C to take methanol out of the 
system, then the pressure was gradually reduced to the vicinity of 0-3 mm 
of mercury by raising temperature at the same time up to 270* to 280"C. 
In two hours the condensation was complete to give a high molecular weight 
polyester. The intrinsic viscosity was measured by dissolving polymers in 
phenol-tetrachlorethane (6: 4). 

Thus, the essential feature of these aromatic polyesters is high melting, 
good symmetry and packing to compensate the low melting point of a 
soft segment. 

In Table 1, the physical properties of the resulting polyesters are shown. 
In Figure 1, the observed melting points were plotted against the numbers of 
methylene groups (n). It was found that the series with even numbers of 
(n) have higher melting points than those with odd numbers. This phen- 
omenon has already been found in polyamides and discussed in terms of 
hydrogen bonding ~-~ or of pleated structureE The observed densities are 
plotted for series of aromatic polyester homologues in Figure 2. It is to be 
noticed that the relation between density and number of methylene groups 
(n) has a close resemblance to the relation between melting point and (n)*. 
This phenomenon has a feature of significance in itself by the fact that the 
relation between density and methylene number (n) indicates the character- 
istics of molecular packing, the molecule with an even number of (n) being 

*(n) refers to numbers of carbon atoms between benzene ring and hydroxyl end group in the aromatic 
diols. 
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expected to pack together much more closely than the molecule with an 
odd number of (n). 

Fibres spun from an aromatic polyester, particularly when n = 2, showed 
high melting point (330°C) and an excellent dimensional stability. 

Dimensional stability was measured by immersing each sample which was 
melt spun and stretched 5 x ,  in a water bath at 100°C for 20 seconds. 
Disorientation in the amorphous regions usually proceeds rapidly with the 
longitudinal shrinkage of a fibre. 

The shrinkage of a fibre was determined by measuring its length under 
standard conditions (24°C, 65% RH) before and after a specified exposure. 

Fibres from an aromatic polyester (n = 2) showed a shrinkage of 2"5 per 
cent, whereas the commercially available polyethylene terephthalate which 
was subjected to the same test showed a shrinkage of 10.4 per cent. 

In conclusion, it was found that there is a striking difference in melting 
point depending upon the number of methylene groups (n) attached to diols. 
This phenomenon was related to a molecular packing of the polymer. High 

Table 1. Physical properties of aromatic polyesters 

Polymer 
No. 

1 
2 
3 
4 
5 

*Measured in 

Repeating "unif 

~ (C Hz),.,--O -- 

n = l  
n = 2  
n = 3  
n = 4  
n = 5  

~henol-tetrachlorethane (6:4) solution at 30°C. 
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M.pt (°C) [~7]* Density (g / cm a) 

265-267 0"71 1 "40 
327-330 0'82 1 "51 
159-162 0"91 1"31 
214-217 0"80 1"35 
113-116 0"75 1"24 



NOTE 

molecular weight aromatic polyester was successfully obtained by using 
metal double alkoxide such as:  Mg [H Ti (OBu)d~ as a catalyst. 

Research Department, 
Dow Badische Co., 

Williamsburg, Va 23185 
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Thermooxidative Stability of Polypropy- 
lene with Regard to the Concentration 
of Hydroperoxides in the Presence of 

Phenolic Stabilizer 
D. RY~AV~ 

The inhibited oxidation of atactic polypropylene containing different initial 
concentrations of  hydroperoxidic groups has been studied at 120°C and in the 
temperature range 160 ° to 170°C. The mathematical expressions for the 
dependence of  the length of  the induction period on concentrations of  phenolic 
stabilizer and hydroperoxidic groups have been derived. It  fol lows from the 
kinetic analysis that the derived equation for 120°C is valid for the concen- 
tration range of  stabilizer at which the rates of  radical termination by stabilizer 
and by recombination are of  the same order. The expression valid for the 
temperature range 160 ° to 170°C has been found to be identical with Shlypani- 
kov's equation derived ]or the temperatures 180 ° to 210°C. The critical anti- 
oxidant concentration and the length of  the induction period are both functions 
of  the initial concentration of  hydroperoxidic groups] The activation energy 

of  the direct oxidation of antioxida'nt 2246 has been determined. 

POLYPROPYLENE readily undergoes oxidative destruction of its comparatively 
weak tertiary C--H bonds. The rate of oxidation can be slowed down by 
the addition of the compounds which can react with radicals in such a way 
that less active species are formed. The main representatives of this group 
of stabilizers are substituted phenols. Their effectiveness for the stabiliza- 
tion of polypropylene and its copolymers with regard to the structure of the 
stabilizer and temperature has been studied by many authors 1-8. 

However, very little attention has been paid to the problem of the extent 
to which the stability of polypropylene articles depends on the concentration 
of hydroperoxidic groups which were formed during the preparation and 
storage of the polymer before the addition of stabilizer. The: present paper 
is devoted to this problem. 

The measurements were done on atactic polypropylene° in which we can 
determine accurately the concentration of hydroperoxidic groups and pre- 
pare stabilized samples at temperatures at which the rate of decomposition 
of hydroperoxides is negligible. 

The process o~ the inhibited oxidation at 120°C is slow. In order to 
speed up the measurements the concentration of stabilizer was reduced by 
a factor of ten in comparison with the concentrations used for commercial 
articles. 

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

Materials 
The atactic polypropylene was obtained by the propan extraction of 

polymer prepared with the TiCI3-AIEt~ catalytic system. This polymer was 
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dissolved in ether, the solution was filtered, concentrated by distillation 
under nitrogen, then precipitated by acetone and dried in the vacuum oven 
at 40°C. Molecular weight was 6-8 x 10'. The concentrations of titanium 
and aluminium were less than 50 p.p.m. 

Antioxidant 2246--a commercial product of American Cyanamid Co.-- 
was repeatedly recrystallized. M.pt 131°C. 

4-Hydroxy,3,5-di-tertbutyl-toluene prepared in our Institute was purified 
by recrystallization. M.pt 68"5°C. 

Analytical grade solvents were used without further purification. 
Ether was freed from peroxides by shaking with a five per cent solution 

of ferrous sulphate and water, This product was dried over calcium chloride 
and sodium and finally distilled under nitrogen. 

Methods 
The rate of the inhibited oxidation was characterized by the length of the 

induction period. The induction period is defined by the time taken for 1 g 
of polymer to absorb 2 mr of oxygen. It means that 0"4 per cent of tertiary 
C--H bonds are oxidized. 

The simple apparatus shown in Figure 1 was used for the determination 
of the induction period. 

36 ft 

4 

< 

~ ~ , x  --9 

Figure /--Apparatus for determina,tion of the induction period 

The reaction vessel is connected to a pressure gauge which consists of a 
U-tube with a small bulb on each arm. Both arms are joined by a tube and 
tap, 6. In the right-hand arm there are two contacts immersed in mercury, 
4, and connected to a recorder. Vacuum line and filling assembly are 
joined to the differential pressure gauge through a tap, 7. The reaction 
vessel is placed in an aluminium block, 8, which is insulated by glass wool, 
10, and heated with a heater, 9. The temperature is kept constant within 
+0"1 deg. C. 

A sample (0.05 g) is weighed in tube 2 and placed into the reaction 
vessel, 1, just before the measurement. Taps 6 and 7 are opened and the 
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apparatus is evacuated and then filled with oxygen till atmospheric pressure 
is reached. During the measurement taps 6 and 7 are dosed. At the end 
of the induction period when oxygen is absorbed by a polymer sample, 
the pressure decreases and subsequently the level of mercury in the right- 
hand arm goes down till the contacts are disconnected. The disconnection 
of the electric circuit is recorded. 

The two solutions of polymer in heptane and solution of stabilizer in 
benzene-heptane (3: 1) were used for the preparation of samples for the 
induction period determination. 

Polymer solutions--The purified atactic polypropylene was dissolved in 
pure heptane (6 g atactic polypropylene in i00 g of solvent). The solution 
was bubbled with argon and stored at -10°C. One part of it was used 
for the preparation of peroxidic groups on the polymer by the exposure of 
polymer foils on Petri dishes to oxygen at 120°C. After hydroperoxides 
were accumulated the foils were again dissolved in heptane, The polymer, 
with a certain concentration of hydroperoxidic groups, was prepared by 
mixing these two solutions. The concentration of hydroperoxides was 
determined analytically. The solution of a known concentration of hydro- 
peroxides was then mixed with the solution of stabilizer in benzene and 
the polymer samples were prepared by casting the solution on to Teflon 
plates. The solvents were removed by a stream of air at 40°C and by 
drying under vacuum at the same temperature. The foil which was formed 
on the surface of the plate was pulled off and used for the induction period 
determination. The foil was easily removed from the Teflon surface. 

Determination o[ hydroperoxidic groups--Dulog's method 9 based on the 
oxidation of leucomethylene blue by hydroperoxides was used. The photo- 
metric determination of the optical density at 643 n.m. was employed for the 
quantitative measurements. 

D I S C U S S I O N  
Inhibited oxidation at 120°C 

Tho dependence of the length of the induction period on the concentra- 
tion of stabilizer 2246 is shown, in Figttre 2. The system behaves as an 
unstabilized one up to a certain concentration of stabilizer which depends on 
the concentration of hydroperoxides. When this concentration is reached 
an induction period is observed. The lower the concentration of hydro- 
peroxides the greater the length of the induction period found. 

Each curve (Figure 2) can be described by equation (1), as shown in 
Figure 3. 

log r = m  [AH]0+b (1) 

The plot of m against concentration of hydroperoxides gives an equi-axed 
hyperbola (Figure 4) which demonstrates the sharp decrease of the effec- 
tiveness of the stabilization with increasing concentration of hydroperoxides. 

The rectilinear dependence (Figure 5) is obtained in 1/m versus 
[ ROOH ] 0 coordinates 

1/m =a [ROOH]0 (2) 
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Figure 2--Dependence of length of inductio~a period on initial 
concentration of ar~tioxidant 2246. Numerals on curves denote 
initial concentration of hydro,peroxidic groups in I0 -~ mole/1. 

The mathematical expression of the dependence of the length of the 
induction period on the concentration of stabilizer and hydroperoxides can 
be obtained from equations (1) and (2): 

l o g r = m  [AH]0+ b 

1/m-a [ROOH]0 
1 [AH]0 log r = a [ROOH]0 +b  

a 715  ¢ 

I-'- 

, ,o 

1 - 6 ~ -  i i ~ r s I 
0 1 2 3 4 5 6 

10 3 [ A H ] 0  

Figure 3--Dependence of logarithm of ~nduetion period on 
initial concentration of arrtioxidant 2246 at 120°C. Numerals 
¢~n curves denote initial concentration of hydroperoxidic groups 

in 10 -a mole/1. 
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1 2 3 4 5 
102 [R 00H-10 

E 3  
O 

Figure 4---The plot of m versus initial concentra- 
tio,n of hydroperoxidic groups 

Let 
b = log q 

Then  

log r = 1 [AH]0 
q a [ROOH]0 

or 
~" 2"3 [AH]o 

In - - =  
q a [ROOH]0 

Let 
k = 2 " 3 / a  

Then 
r = q  exp {k [AH] , / [ROOH] ,}  (3) 

The values of q and k characterizing the effectiveness of  stabilization of 
two substi tuted phenols are given in Table  1. 

Table 1 

q 
Stabilizer k (sec) 

Antioxidant 2246 25"75 2-87 x 10 ~ 
4-Hydroxy-3,5- 

di-tertbutyitoluene 12'65 4"76 x 103 

4 
E 

g3 

0 1 2 3 4 5 
• 10 2 [ROOH]o 

Figure 5--The plot of l / m  versus initial con- 
eentration of hydroperoxidic groups 
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From the theoretical point of view it is interesting to compare the usual 
reaction scheme of inhibited oxidation with the experimentally found 
equation. 

The main reactions involved in oxidation of hydrocarbons are as follows: 

ROOH + ROOH > RO~ + RO" + H20 

k, [ROOH]2 (4) 

RO '+  RH ---~ ROH + R" 

k' 5 [RO~] [RH] (5) 

R'+ O, > RO~ 
k6 [R'] .[0~] (6) 

RO~ + RH --> ROOH + R" 

k 7 :[RO~] [RH] (7) 

RO~ + AH > R O O H  + A" 
k, [RO~] [AH] (8) 

RO~+ RO~ > inactive products 

k, IROn]* (9) 

Initiation can proceed by the first or second order decomposition of 
hydroperoxides. As atactic propylene is involved, the decomposition in the 
temperature range 120 ° to 140oc was proved to be of second order. There- 
fore only this reaction is incorporated in the reaction scheme. 

Besides the above-mentioned initiation, the primary initiation reaction 

RH+O~ > R'+HO~ (10) 

is very often considered. 
But this reaction can only be of importance in the oxidation of pure 

hydrocarbons, because it is known that even at a very low concentration of 
hydroperoxides the initiation by decomposition of hydroperoxides is 
dominant. The process of inhibited oxidation, under our experimental 
conditions, always started at a certain concentration of hydroperoxides, 
therefore the primary initiation reaction can be neglected. 

The system of the above-mentioned reactions has been solved on the 
assumption that the overall change of radical concentrations is negligible 
by comparison with the changes of the concentrations of stabilizer and 
hydroperoxides, and therefore it is assumed to be equal to zero. 

Another assumption, is that in the presence of stabilizer the radicals dis- 
appear mainly by reaction 8, so that 

k, [RO~] • [AH] >> kg ,IROn] ~ (11) 
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Equations (12) and (13) give the changes of the concentrations of hydro- 
peroxides and antioxidant. 

d [ROOH] 2k,k7 [RH] [ROOH] 2 = + k, [ROOH] 2 (12) 
dt ks [AH] 

d [AH] =2k, [ROOH] 2 (13) 
dt 

The induction period is defined as the time in which the concentration of 
stabilizer is decreased to a minimum value which is not sufficient to retard 
the oxidation. The methematical formulation of r can be derived from 
equation (13). 

[aHI 
1 f d [AH] 

t = ~ - = -  2k----~ a [ROOH] 2 (14) 
[XE1, 

The relationship between [ROOH] and [AH] can be obtained by division 
of equations (12) and (13). 

d [ROOH] 1 1 
d [AH] =f l  ~ + 2 

where fi=k7 [RH]/ks  

Therefore 

(15) 

[ROOH] = { [ROOH]0 + ½ [AH]0 + 2.3/3 log [AH]0} 

- {½ [AH] + 2-3fl log [AH] } (16) 

[ROOH] in equation (14) can be replaced by a term which is a function 
of [AH] only. But even this simplification is no~ sufficient for integration. 
It means that it is not possible to derive a general equation for the induction 
period and compare it with an experimentally determined equation. 

If the values of reaction constants are substituted in equation (16), it is 
possible, by means of numerical calculation of integrals, to calculate the 
dependence of z on [AH]0 and compare the shape of calculated and experi- 
mentally found curves. 

Constant k, was taken from Mafi~isek's data TM obtained on atactic poiy- 
propylene, k7 and ks are from Buchachenko's data u obtained on trimethyl- 
heptane and k9 is an average value obtained on a series of hydrocarbons ~2, 

The following values of constants were used : 

k~ =2 x 10 -31./mol. see 

k7 = 1 1./mol. sec 

ks=4 x 10 2 1./mol. see 

kg= 106 1./mol. sec 

The hydrocarbon concentration, expressed in moles of monomeric units per 
litre of polypropylene, was taken to be 2 x 10 mole/1. 
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The plot of calculated values against initial concentration of stabilizer is 
shown in Figure 6. It seems that experimental results are inconsistent with 
our kinetic assumptions. 

What is the cause of this contradiction? The calculation was made sup- 
posing that RO~ radicals mostly disappear by the reaction with stabilizer 
and not by recombination. This assumption, which is common in the 
systems with'dominant retardation of oxidation by stabilizer, is obviously 
incorrect here. 

24 

.r Figure 6--Dependence of calcu- 
16 lated values of induetima periods 

I on initial concentration of stabi- 
lizer 

8 

I I I i 
0 5 lO 15 2.0 

- - . .  lO 2. [AH]o 

The initial concentration of stabilizer used in the experiments was so 
low that probably the rates of both types of termination were of the 
same magnitude. 

A mathematical verification of this hypothesis is practically impossible. 
Therefore we have tried to compare the theoretical equation valid for the 
boundary of the region in which the rate of termination by radical recom- 
bination is predominant and the region in which reaction (8) is predomin- 
ant with the experimentally found equation. The boundary is defined by 
the state when the rate of uninhibited termination is n times higher than the 
rate of the inhibited one. 

k9 [RO;] ~o 
= n  

k, [RO;]o [AH]0 

{RO;]0= nk7 [AH] 
k9 

By the substitution of RO~2in equation (11) we obtain 

kl/Z 
[AH]0 _ 2 klJ ~'-9 =const. (17) 

[ROOH]0 (2n+ 1) 1/~ kr 

Experimentally, by the boundary is meant that concentration of stabilizer 
at which the first increase of induction period, in comparison with un- 
inhibited oxidation, is noticeable. For example, if ~'i~t~b. = 60 min, then all 
concentrations of [AH]0 at which r,t,b. = 70 min are taken, as the boundary 
state. 
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The validity of the following equation has been experimentally confirmed 

T = q  exp k [AH]0/[ROOH]0 

If z = 70 min, then the: following equations for two different concentrations 
of hydroperoxides must be valid: 

z = 70 = q exp k [AH]~/[ROOH]~ 

This means that 

z = 7 0 = q  exp k '[AH]2/[ROOH]2 

[AH], [AH]~ 
[ROOH]I [ROOH]2 

= constant 

Therefore at the boundary value of ~- the ratio, of the concentrations of 
stabilizer and hydroperoxides must be constant. This agrees well with the 
conclusions resulting from the theoretical analysis. Finally, we can say that 
there is good reason to assume that the experimentally found equation is 
valid for the region where the rates of radical termination by stabilizer and 
by recombination are of the same order. 

Inhibited oxidation in the temperature range 160 ° to 170 °C 
The curves of the dependence of the induction period on concentration 

of antioxidant 2246 at different concentrations of hydroperoxidic groups are 
given in Figure 7. These curves a re  S-shaped in comparison with those 
obtained at 120°C. The first short part of the curve turns to the left and 
the main second part turns to the right. The rate of growth of the induction 
period decreases sharply with increasing concentration of stabilizer. The 
induction period and the rate of growth of z with [AH]0 both decrease with 
increasing concentration of hydroperoxidic groups. 

The plots of log [AH]0 versus ~- give the curves shown in Figure 8. The 
linear part of the curve starts from a certain concentration of stabilizer 
which is denoted by [AH]k. The length of the induction period is given by 
equation (18) 

r - r~ = k log { [AH]0/,[AH]k } (18) 

where rk is the induction period at the point of inflection (see Figure 8). 
z~. and [AH]k are functions of the initial concentration of hydroperoxides. 
The following equation is valid for [AH]k (see Figure 9). 

[AH]k = c log i[ROOH]o + d 

The values of constants c, d for the stabilizer used, at a temperature of 
160°C, are: as follows: 

c=2"23 × 10 -3 mole/l.  

d=8 .5  × 10 -~ mole/l. 

The values of ~-~ were found  to be reversibly proportional to the initial 
concentration of hydroperoxides. The dependence of zl~ on [ROOH]~ could 
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Figure. 7--Dependence of induc- 
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antioxidaBt 2246 at 160"C. 
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not be expressed by  a simple equation because ~-~ in fact is a complicated 
function of a set of competitive reactions. 

Two basic reactions can be considered to be responsible for the consump- 
tion of antioxidant in the course of inhibited oxidation: 

the reaction of stabilizer with peroxy radicals 

RO~ + AH ~ ROOH + A" (8) 

the reaction of stabilizer with oxygen 

A H + O 2  > A '+HO~ (19) 

It is reasonable to assume that reaction 09)  has a higher energy of 
activation than reaction (8), therefore the reaction of A H  with radicals 
would be dominant at low temperatures and the reaction of A H  with 
oxygen dominant at high temperatures. 

Having assumed that reaction (8) is dominant, the equation for the 
length of the induction period (14) was derived. 

No modification of equation 04)  led to an expression which would be in 
agreement with that found experimentally at 160°C. 
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Figure 8--Dependence of ~" on 
log [AH]0 at 160 ° . [AH]0-- 
ini,tial concentration of antioxi- 
dant 2246; ~---induotion period 
(min). Numerals on curves demote 
initial concentration of hydro- 
peroxidic groups in 10 -3 mole/l. 

Assuming  that  reaction (19) is dominant  we can write 

- d [ A H ] / d t  = k19 [O~] [ A S ]  

Solution of  (20) leads to 

2"3 [AH]0 
t = k19 [0]5 log [AH]  

(20) 

(21) 

Exper imental ly ,  it has been found that  

r - r~ = k log {[AHI0/[AH]~} (]8) 

F r o m  this it follows that  if [AH]0 > [AH]k, the rate of  consumpt ion  of 
stabilizer in the concentrat ion range f rom ![AH]0 to [AH]~ is determined by  
reaction (19), which under  these conditions prevails  over  reaction (8). 

, 5  

I I I 
1.0 1-5 2.0 

, tog 10~[ROOH]0 

! 
2.5 
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Figure 9--Dependence of [AH]k 
on initial concentration of ROOH. 

[ROOHlo--mole/1.; [AH]k-- 
mole / I. 
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From the comparison of equations (21) and (8) it follows that the experi- 
mentally found constant, k, is given by 

k = 2.3/k~o I[O2] 

This expression enables us to calculate klg[O~]. Knowing the value of 
k19[O2] at several different temperatures, the activation energy of reaction 
(19) can be calculated (Figure 10). E=49"5 kcal/mole was found. 

5 

4 

% 3 
~n 
o 2 

2"22 2'26 2'30 

~ I03/T 

Figure 10--Dependence of k19102] on 
1/T. k19 [O2]--(sec-1); T - - ° K  

Our result that stabilizer at higher temperatures is consumed by direct 
oxidation is in agreement with the findings of Shlyapnikov et al. 1'3"6"7 
obtained at 180 ° to 210°C. Our present studies have extended their results 
to cover the sphere of lower temperatures and the effect of the initial con- 
centration of hydroperoxides has been established. 

CONCLUSIONS 

Results obtained at 120°C and at 160 ° to 176°C give a general picture of 
the dependence of the induction period on the concentration of antioxidant 
at different temperatures. 

Up to a certain concentration the stabilizer has no effect on the rate of 
oxidation. Inhibition by the stabilizer starts when this concentration is 
exceeded. The critical concentration depends on the rate o.f reaction AH 
with RO~ and initiation. The later one is determined by the concentration 
of hydroperoxides and temperature. The induction period is an exponential 
function of the concentration of antioxidant; the curve T versus [AI-I]0 turns 
to the left. In this concentration range the rate of termination is go.verned 
by the following reactions : 

RO~ + AH > less active products (8) 

RO~ + RO~ > less active products (9) 

The induction period is given by 

r = q  exp k :[AH],,/[ROOH]0 (3) 

The contribution of reaction (9) to termination decreases with increasing 
concentration of the antioxidant. The rate of termination by reaction (8) 
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becomes dominant. The curve of r versus [AH]0 should exhibit an inflec- 
tion point and then turn to the right. The length of the induction period 
should be given by equation (14): 

lASt] 

I f d [AN] 
r = ~ [ROOH]0 + ½ [AH]0 + 2.3/3 log [AH]0 - ½ [AH] - 2 3/3 log [AH] 

[Artl 0 

where 

/3 = kr ![RH]/ks 

Unfortunately no measurements intended to confirm the validity of equation 
(14) could be made at higher concentrations of antioxidant because the 
induction periods were too long. The induction _period could be shortened 
by working at higher temperatures. But the temperature at which ~he 
induction period would be shorter than 2 000 min would be so high that 
the rate of direct oxidation of antioxidant would strongly influence the 
relationship of ~- versus [AH]0. 

The length of the induction period is given by 

2.3 log [AH]~, (22) 
r = ~-~ + k7 [O~] -[AH]~ 

where r~ and [AH]~ are functions of [ROOH]~. 
Reaction (19) has a higher energy of activation in comparison with re- 

action (8). Assuming that the activation energy of reaction (8) measured on 
polypropylene would have the same value as that determined on the struc- 
turally similar compound, trimethylheptane 11, then 

E19/ Es~14 

Therefore, we can suppose that at lower temperatures the consumption 
of stabilizer is negligible and that the length of the induction period is deter- 
mined by equations (3) and (14). 

At elevated temperatures we must distinguish several concentration 
ranges of stabilizer (they are: arranged with increasing concentration): 
(1) the concentration range in which the shape of curve of r versus [AH], 

is given by equation (3); 
(2) the range where the shape of the curve of r versus [AH],, is given by 

equation (14); 
(3) the range where the shape of the curve of r versus [AH],, is a result of 

competitive, reactions involving RO~ + AH and 0,2 + AH; 

(4) the range at which the shape of the curve of r versus [AH]0 is given 
by equation (22) and the value of 7r~ is a considerable part of the total 
value of r. 
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At  high temperatures the shape of  the curve of "r versus [AH]0 is deter- 
mined by the da ta  stated under  3 and 4. The  value of  ~-~ at 180°C and 
higher is very small and its propor t ion of  the total value of  ~- is negligible. 

The author wishes to thank Dr Osecky of this Institute 1or his heltfftd 
suggestions and discussion of the mathematical aspects of the paper. 

Research Institute o] Macromolecular Chemistry, 
Brno, Czechoslovakia 

(Received August 1966) 
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The Thermal Degradation of 
Poly(benzyl acrylate) 

G. G. CAMERON* and D. R. KANEI" 

The thermal degradation of poly(benzyl acrylate) at 260 ° to 300* C has been 
studied. The main products of degradation are carbon dioxide, benzyl alcohol 
and low polymer. The main polymer chain backbone decomposes in an 
essentially random manner. In the light of spectroscopic data on the polymeric 
residue reaction mechanisms to explain the breakdown are considered. The 
pyrolysis of poly(benzyl acrylate) appears to follow a pattern similar to that of 

poly(methyl acrylate). 

AMONG the common addition polymers whose thermal degradations have 
been studied the polyacrylates stand out as a group which has received 
comparatively little attention. This is undoubtedly due in part to their 
relatively complex mode of breakdown. Recently poly(methyl acrylate) 
(PMA) has been the subject of a fairly exhaustive study a-3 which has eluci- 
dated the main features of the degradation, with the exception of the precise 
mechanism of methanol formation. 

The object of the work on poly(benzyl acrylate) (PBA) described here 
was twofold. First, it was carried out as part of a programme, being con- 
ducked in these laboratories and elsewhere, to establish the general pattern 
of polyacrylate pyrolysis, and secondly to complement the work on PMA, 
particularly to clarify the reactions which lead to methanol formation. 

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

(a) Prepara t ion  o f  m o n o m e r  
Benzyl acrylate was prepared by the method of Rehberg by trans-esteri- 

fication of methyl acrylate with benzyl alcohoP. The crude product was 
found to be contaminated by a carboxylic acid which was removed by 
washing with caustic soda solution. Analysis of the purified product gave 
C, 73"9; H, 6"2; O, 19.9 per cent; calculated for Ct0H1oO~, C, 74.1; H, 6.2; 
O, 19.7 per cent. Pure monomer was stored under nitrogen in a refrigerator 
until required. 

(b) Preparation o /  the po lymer  
Two samples of polymer were prepared at 60"C, one tPBA1) using methyl 

acetate and the other (PBA2) toluene, as diluent. The volume ratio of 
monomer to diluent was 0"5. In each case polymerization was conducted 
in a vacuum-sealed dilatometer using benzoyl peroxide (cone. ~ 5 x 10-'  g 
mole 1-1 ) as initiator and conversion was taken to approximately 25 per 
cent. The polymer sample was purified by repeated precipitation in 
methanol from acetone solution. Since the polymer is a tough rubbery 
material it could not be powdered and before final vacuum drying at 
40* to 60°C it was cut into small (ca. 5 nag) pieces. 

*Present address : Department of  Chemistry, The University of  Aberdeen, Old Aberdeen. 
1"Present address: The Polymer Corp., Sarnia, Ontario, Canada. 
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(c) Polymer pyrolysis 
The division of pyrolysis products into fractions is not so clear-cut for 

PBA as it was for PMA. Collection of the products was most conveniently 
accomplished using the apparatus shown in Figure 1. The glassware was 
sealed to the main vacuum line at J, and was connected to a calibrated 
vacustat gauge, M, through T8. Access to a Toepler pump, for collecting 
gaseous products, was through T9. The whole apparatus could be pumped 
down to a vacuum better than 10 -~ mm of mercury, and the arrangement of 
taps T7, T10, T l l ,  and T12, made it possible for each section to be kept 
under high vacuum, if necessary, when the adjacent section was not. 

To pumpsT7 ~2 
0 

Toepler pump M 

Figure/--All-glass apparatus for pyrolysis of PBA 

The polymer sample was placed at the foot of G which was immersed in 
a Wood's metal bath controlled to the desired temperature (+  3 deg. C) with 
a variable transformer. The bend H minimized the return of liquid con- 
densate to the heated zone. 

Prior to each run the apparatus was evacuated and the polymer sample 
heated to 130°C for two hours to remove any contaminating volatiles. At 
the same time the vessel walls were flamed thoroughly. After this treatment 
the apparatus was sealed off at N1, the temperature raised to the required 
level, and the trap L immersed in liquid nitrogen. At the end of a run the 
heating bath was removed and the liquid in I was distilled into L by gently 
flaming. L was then sealed off at N2 and the contents analysed. When 
non-condensable gases were examined this procedure was modified by 
leaving N1 intact and T7 and T8 closed. The pressure of these gases was 
measured by M and they were then pumped into a suitable vessel for mass 
spectrometric analysis. A knowledge of the volume of the system then 
allowed the absolute weights of the components of this fraction to be 
calculated. 

(d) Viscosities 
The Mark-Houwink constants for PBA are not known, and the viscosity 

data (i n benzene at 30°C)could  not be converted to average molecular 
weights. 
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(e) Spectroscopic measurements 
Some i.r. spectra were recorded using a Perkin-Elmer 621 spectrophoto- 

meter and for u.v..spectra a Unicam UP 700 spectrophotometer was em- 
ployed. In each case the polymer was in the form of a film, on sodium 
chloride and quartz plates for i.r. and u.v. respectively. As degraded resi- 
dues contained appreciable amounts of insoluble,material the films were 
most conveniently prepared by smearing the plate surface with a polymer- 
chloroform gel. The chloroform was removed in a vacuum oven at 100°C. 

The n.m.r, spectra were measured in deuterochloroform (about five per 
cent solution) with a Perkin-Elmer R10 60 Mc/sec instrument. 

Mass spectrometric measurements were made by Dr G. R. Woolley to 
whom we wish to record our thanks. 

R E S U L T S  

(a) Qualitative and quantitative analysis of [ractions of pyrolysis products 
The pyrolysis products from PBA are most conveniently divided into 

the following four fractions. 

Fraction / - -Th i s  was the polymeric residue remaining in G. Its nature 
will be discussed in detail later. The total weight loss was obtained by 
weighing Fraction I, which was slightly discoloured and contained some 
insoluble gel. 

Fractions H and lll--These fractions, which collected together in L, were 
separated by cooling the arm L in a solid carbon dioxide cooling mixture at 
- 76°C .  The materials volatile at this temperature (Fraction III) were 
pumped via the Toepler pump to a suitable vessel and later examined by 
mass spectrometry. Carbon dioxide proved to be the only component and 
was analysed quantitatively using the molecular still with a calibrated con- 
stant volume manometer as described previously 3. Figure 2 shows that the 
amount of carbon dioxide liberated increases linearly with weight loss, and 
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Figure 2--Pressure of carbon dioxide 
as a function of weight loss for PBAI. 

× 2600C; © 270°C 
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represents 4.7 per cent of the total weight loss between 10 and 50 per cent 
volatilization. 

The material involatile at - 7 6 ° C  (Fraction II) was analysed qualitatively 
by means of gas-liquid chromatography (GLC), i.r., and n.m.r, spectro- 
scopy, which showed it to consist of benzyl alcohol and low polymer, along 
with traces of six or seven other substances, the only one  of which to be 
positively identified being toluene. 

Quantitative analysis of Fraction II was achieved by GLC using a ten 
per cent silicone oil--celite column at l l0°C.  As this fraction contained 
low polymer which remained on the column a known weight of marker, 
phenyl methyl acetate, was added to permit estimation of the absolute 
amounts of benzyl alcohol and the other materials. The mean weight per 
cent of benzyl alcohol was calculated from four or more consistent 
analyses. The results obtained are summarized in Table 1, which shows 
that the proportion of benzyl alcohol, and possibly other components in the 
products, diminishes with progressive volatilization of polymer. 

Table 1. GLC analysis of liquid products (Fraction II) from the pyrolysis of PBA1 
at 300°C 

% Conversion to 
volatiles 

51"9 
45"9 
43"8 
40"3 
36"8 

Mean wt % 
benzyl alcohol 
(based on total 

conversion) 

32"0 
38"5 
40"0 
40"5 
44"2 

Mean wt % 
other components 

2.4 
2.5 
2.9 
3.9 

No monomer was detected. 
Fraction /V- -Th i s  fraction was Collected as described earlier. Mass 

spectrometry revealed that components were carbon monoxide, methane, 
and hydrogen, in the molar ratio 7 :2 :  1. The amount of Fraction IV in 
relation to the total weight loss was approximately one per cent. 

The results of these analyses are summarized in Table  2. 

Table 2. Pyrolysis products from PBA at temperatures below 305°C 

Fraction 

I--Pyrolysis 
residue 

ll--Liquid products 

llI--Condensable 
gases 

IV--Non-condensable 
gases 

Components 

Long chain PBA 

Short chain PBA 
Benzyl alcohol 
Toluene and others 

Carbon dioxide 

CO, CH, and H2in 
molar ratio 7 : 2 : 1  

% of 
total wt loss 

Re,due 

,~,50 
,-,.o40 

4"7 

Comments 

Yellow in colour : 
contains some 
insol, gel 
Exact proportions 
depend on per- 
centage conversion 
to volatiles 
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Figure 3--Limiting viscosity number [~] of soluble 
portions of PBA1 residues versus time of heating. 
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(b) Examination of the polymeric residue (Fraction I) 
Intrinsic viscosities--Two series of experiments at 260 ° and 270°C were 

conducted in the molecular still s to obtain viscosity data on the polymeric 
residues. Plots of limiting viscosity number of the soluble portion of the 
residue versus time of heating and percentage conversion to volatiles are 
shown in Figures 3 and 4. These graphs show behaviour consistent with a 
random type of breakdown of the main chain. Figure. 5 is a plot of 

Figure 4--Limiting viscosity 
number [~] versus percentage 
conversion to volatiles of PBA1. 
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of heating, x 260oc; © 2700C 

1/[~/]t-  1/[T/]0 versus t ime of heating and the linear nature of the curves 
supports an essentially random mechanism. 

Infra-red spectra--Sections of the infra-red spectra between 2 000 and 
900 cm -1 of undegraded and degraded samples of PBA1 are shown in 
Figure 6. Some small but significant differences between the spectra are 
apparent. 

The only increases in absorption in this region occur between 1 700 and 
1 500 cm -1 and are attributed to conjugated double bond structures s. The 
carbonyl absorption a t  1 725 cm -1 broadens markedly with degradation. 
The reduction in the peaks a t  1 500, 1 450 and 1 028 cm -1 reflects the 
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Figure 6--T, he .i.r. spectra of  undeg~aded PBA1 and pyro-  
lysed residues. Undegraded ; 67"5 per cent 

volatilized . . . . . . . .  
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diminishing concentration of aromatic rings, while the evolution of benzyl 
alcohol reduces the main ester C---O peak 6 at 1 155 cm -1. 

In the region 4 000 to 2 000 cm -z (not shown) the only changes observed 
were the reduction in aromatic absorption at 3 100 and 3 000 cm -1, and the 
appearance of a broad hydroxyl peak which was found to be due to benzyl 
alcohol remaining in the polymer residue. 

The n.m.r, measurements--The spectrum of undegraded PBA has peaks 
at 2.72, 5"03, 7-6, and 8.27, corresponding to phenyl, side chain methylene, 
methine, and main chain methylene protorts respectively. The integral 
evaluation of these peaks was as required by the formula. 

q 
2.64 

2 

lO.6units 

T 
4i0 units .~A. 

3 4 5. 6 7 8 9 
r, p.p.m. 

Figure 7--The n.m.r, spectrum of pyrolysed residue of PBA1. 
44.5 per cent conversion to volatiles 

In Figure 7 the n.m.r, spectrum of PBA1 pyrolysed to 44"5 per cent 
volatilization is shown. The absorption of the side chain methylene pro- 
tons has shifted largely from 5"03~- to about 4.89r indicating a change of 
environment on pyrolysis. Since the corresponding protorts in the mono- 
mer absorb at 4-85~- it is possible that a proportion of the ester groups re- 
maining in the pyrolysed residue are attached to ethylenic carbon atoms. The 
peak position of the phenyl protons has also changed to a slightly lower 
value. If it is assumed that benzyl alcohol constitutes 40 per cent by weight 
of the total volatile.s evolved then at 44.5 per cent volatilization two out of 
seven ester groups should be decomposed and the ratio for phenyl : side 
chain • main chain protons should be 2.5 : 1"0 : 2-1. The value obtained 
from Figure 7 is 2-65:1.0: 2.0. At 67.5 per cent conversion to volatiles 
three out of five ester groups should be decomposed, giving the above 
proton ratio of 2-2 : 1.0 : 3.7. The experimental value is 2.2 : 1.0 : 2.5 which 
may indicate that at higher extents of conversion hydrogen atoms are 
stripped from the main chain giving rise to main chain unsaturation and the 
conjugated systems indicated in the i.r. spectra. The same effect, though 
less pronounced, was observed in the spectra of degraded PMA ~. 
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D I S C U S S I O N  
The foregoing results show that the pyrolysis of PBA follows the same basic 
pattern as that of PMA, but there are some differences in detail. From 
both polymers low polymer, carbon dioxide and an alcohol account for the 
bulk of the degradation products, though in differing proportions for 
the two systems. Moreover, the viscosity and molecular weight data for the 
degraded residues are consistent with a random chain breaking process 
in each case'. The chain breaking process in PMA is known to be part of 
a free radical chain reaction s, and there is no reason to suppose it is differ- 
ent in PBA. For PMA, however, it was found that plots of molecular 
weight or intrinsic viscosities versus conversion fell on the same curve, 
regardless of temperature. As Figure 5 shows, this is not so for PBA. The 
different curves followed at 260 ° and 270°C in Figure 5 may result from a 
greater increase in PBA in the relative amounts of intermolecular to intra- 
molecular transfer at higher temperatures. 

The spectroscopic information from the degradation of PBA is broadly 
in line with that obtained from PMA. The n.m.r, spectrum of pyrolysed 
PBA does show, however, a change in environment of the ester methylene 
protons, a change which was not apparent in PMA. Also from the i.r. and 
n.m.r, spectra of PBA residues the evidence for ethylenic unsaturation is 
stronger, though the reactions leading to it are not emirely clear. In pre- 
vious papers ~,s on the degradation of PMA it was suggested that the radical 

~'~---CH~--C---CH~--'~' 

I 
OCHs 

is the precursor of most of the volatile products of degradation. Elimina- 
tion of a neighbouring methylenic proton would produce an internal double 
bond. The appearance of hydrogen in the products from PBA confirms 
that such a process can occur though obviously rather infrequently. 

As in the case of PMA identification by i.r. analysis of new carbonyl struc- 
tures formed was hindered by existing ester absorptions. As before, however, 
there is no evidence in the i.r. or n.m.r, spectra of carboxyl or aldehyde 
groupings and it seems most likely that a ketone is formed in the process 
of alcohol formation. The most satisfactory mechanism therefore to account 
for alcohol formation is as follows: 

CO2CH 2 Ph . . . .  D~ I ~ ,U~"2~'' 

- - , !  o I 
H2C~c(CH2  

I 
CO2CH2Ph 

COzCH 2 Ph 
I 

c I / C ~ c  j - ,~ ,  
- . -  

H2C~c(CH2 

I 
CO 2 CHzPh 

+ Ph CH20" 
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though other possibilities can never be entirely excluded. The same type 
of reaction occurring intermolecularly would produce a crosslink: 

CO~CH~Ph 

" ~ ' ~ C H r C - - - C H ~ - - ' ~ "  

PhCHr---C~---O 
I 

~'v--CHr-C---CH2--"~ 
I 

H 

CO~CH~Ph 
I 

"~- -CHz- -C- -CH~--"v  
I 

+ PhCH~O. C----O 
I 

~'~,__CHz--.C-_CH2__,,,v 
I 

H 

This is consistent with the observation that both PMA and PBA produce 
some insoluble gel on pyrolysis. 

For carbon dioxide formation from PMA a reasonably satisfactory mech- 
anism has already been .suggested. 
is : Ph 

I , H~C, ~,,--i--O\~O 
I 

',,,,'~CH2~ C ~ C H  2 ~C~ ' , . , , .  

I I 
C -~---O H 

i 
OCH2Ph 

The analogous reaction route for PBA 

~H2P h 6~C/'~O 
""I'" 

. ,,,.,. ~ CH2~ C ~CH2 ~ C ~ ,w, 

I I 
CO2Ph H 

~ H2Ph 

• - - ~ . . , w , - -  C H 2 ~  C ~ C H2 ~ (~ ~ , , . N ,  

I I 
CO2Ph H 

÷CO 2 

While the occurrence of these reactions cannot be unequivocally proved 
they are consistent with the experimental results, and molecular models 
show that there is no serious steric objection. 

PBA appears to be less stable thermally than PMA. It was found that 
PBA volatilizes as rapidly at 270°C as does PMA at 290°C. The source 
of instability is apparently the ester side group which decomposes to alcohol 
more readily with PBA than PMA. Thus, for PBA the molar ratio of 
monomer (as low polymer) to alcohol in the degradation products is 
approximately 0-8 while the corresponding ratio .for PMA is about nine. 

One of us (D.R.K.) acknowledges the award of a Studentship from the 
Science Research Council. 
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Temperature Dependence 
& Polyacrylonitrile 

of Association 
Solutions 

R. B. BEEVERS 

Rate constants ]or association in solutions o] polyacrylonitrile in dimethyl- 
]ormamide containing 35"0 per cent by volume benzene have been determined 
viscometrically. Two rate processes are observed with constants ka=(2"7+0"3) 
× 10 -~ sec -1, and having no observable temperature dependence, and 
k b = ( l ' l l  +O'14)× lO-S sec -1 at 15"00°C. Measurements o] k b at  temperatures 
between 8"40 ° and 27"50°C gave an activation energy o] 8"5+_1.0 kcal mole-:  
assuming two intermolecular bonds per molecule. This value confirms that 
association in these solutions is mainly brought about by ]ormation o] C N  

dipole-pair bonds. 

SOLUTIONS of polyacrylonitrile in dimethylformamide become associated on 
addition of about 35 volume per cent benzene. In a previous paper: the 
general kinetic features of this system were examined extending earlier work 
by Climie and White s. It was shown that the rate of association, determined 
viscometrically, depended on both the benzene and polymer concentrations. 
The nature of the time-dependent viscosity changes strongly indicated that 
benzene acts as an inert diluent restricting polymer-solvent interactions so 
allowing polymer--polymer interactions to take place. Measurement of the 
temperature dependence of the association in these solutions should permit 
some understanding of the types of intermolecular bonds formed. 

Polyacrylonitrile is an unusual polymer possessing a high degree of 
lateral order ~ or 'directional crystallization' in the solid state ~. Previously s,6 
intermolecular bonds in polyacrylonitrile have been considered to be hydro- 
gen bonds (I). The extensive association in the liquid low molecular weight 
nitriles and isonitriles, however, indicates the formation of a strong bond 
comparable to the hydrogen bond in the carboxylic acids. This has led 
Saum 6 to suggest that association occurs in these liquids through formation 
of a CN dipole-pair bond (II). With the dipoles on neighbouring molecules 
placed antiparallel and at their closest distance of approach, the energy of 
interaction has been calculated to be at least 7 kcal mole-k It is of course 
most probable that both hydrogen and CN dipole-pair bonds form between 
the polymer molecules. Unusual results obtained for the glass transition 
temperature in acrylonitrile-styrene copolymers 7 have for example been 
ascribe& to the combined effect of both types of bond formation. 

I II 

HCC--N . . . .  HCC--N HC----C~N 
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E X P E R I M E N T A L  
Materials 

The same sample of polyacrylonitrile (W12) was used as previously 1. 
Analytical reagent grade benzene and N,N'-dimethylformamide were used 
after careful drying and distillation. 

Procedure 
The procedure was identical with that described previously ~. All visco- 

metric measurements were carried out with stock solutions having an initial 
polymer concentration of 0"470 g dl -~. Temperature variation (+0"01 deg. 
C) was restricted to the range 8 ° to 30°C at which temperature slight losses 
of benzene occurred through evaporation and made the results irreproduc- 
ible. To minimize thermal effects when adding benzene, experiments were 
carried out when the ambient temperature was approximately equal to that 
of the thermostat. 

Although extensive sets of data were obtained showing the effect of 
benzene concentration at the various temperatures, only results for 35-0 
per cent benzene have been taken for analysis. At this concentration visco- 
meter errors and the effect of time of flow in the viscometer on the kinetic 
data were minimized. 

,4nalysis of data 
It was found earlier 1 that the change in the solution viscosity number with 

time was approximately given by 

In (~l{dP0) = - kit (1) 

where ~1 =~q~,/c at time t and dPl=~0 when t=0 ,  c being the polymer con- 
centration in g dl -~. A small amount of curvature in plots of equation (1) 
for low values of t had been neglected. To take account of this non-linearity 
two association reactions have been assumed, characterized by specific rate 
constants ka and k~, so that now 

~1 / ~0 = ,4 exp ( - k.t) + B exp ( - kd) (2) 

where ,4 and B are constants. This procedure assumes that both hydrogen 
and CN dipolar bonds are formed. For  convenience let cbl/~Po=fl. At large 
t the term involving k~ will be small provided k. ~ kb. If values of /3 are 
obtained for which t ~  t2 < t3, then to a reasonable approximation : 

/31 = .4 exp ( - k.t~) + B exp ( - kbt,) ] 

/32 = B exp ( -  kbt~) I (3) 

/3a = B exp ( -  kbt3) 

which are  readily solved to give" 

In B = (t3 In f12 - t~ In/33)](t3 - t2) (4) 

k. = - In [(/31 - B exp ( - kbtl)]/A) / tl (5) 

kb = In (/33 //3s) / (t~ - t~) (6) 
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In order to simplify computation, the value o f /3  for t=  0 was obtained 
by linear extrapolation of the first few results and the data then normalized 
so that /3,= 1 at t = 0  for which A + B =  1. Large scale plots of /3, as a 
function of time were then prepared and the best curve drawn through the 
data. Values of fin and t were taken from the tabular data using points 
which lay on this line and substituted into equations (4) to (6) to yield B, 
k, and kb. These values were then substituted into equation (2) to give a 
plot of ft, as a function of time and so check against the arbitrary curve 
drawn. 

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

Effect of benzene concentration 
Results obtained at 8"40 ° and 3000°C are given in Figure 1 and show a 

significant shift o~er this temperature range by about two orders of magni- 
tude in time. Results at 8"40°C for 38"0 per cent benzene for example 

20 

o l  

"?~1.0 

0 
2 

. - 4 .  \ 

" ' -  

I I r I ] r r ! I I I T I 
3 4 5 

Figure /--The time-dependence of ~Tsp/c for solutions of 
polyacrylonitrile in dimcthylforrnamide with added benzene: 

8.40°C; - - - - - -  30.0°C; O, 35"0 per cent; (~, 36-0 per cent; 
e, 37"0 per cent; I) 38"0 per cent benzene 

almost coincide with data at 30.00°C for 35"0 per cent benzene. Increase 
in temperature causes a lowering of the initial viscosity number as would 
be expected. At constant benzene concentration the total change in ~q,~/c 
decreases with increase in temperature. For  example, at 35"0 per cent 
benzene, 8.40°C, rl~p/c decreases from 2"17 to 0-52 dl g-,~ (not shown) 
whereas at 30.00°C comparable values are 1"83 and 0-50 dl g-l, a reduction 
of about 25 per cent. Thus the extent of association decreases with increase 
in temperature. This is normally to be expected since the solvent power of 
the liquid mixture will improve with increase in temperature. Frisch and 
Simha (see ref. 9), however, point out that the temperature coefficient of 
the state of aggregation could be positive or negative depending upon the 
nature of the aggregates and the state of the solvation shell around the 
particles. 
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Figure 2--Showing effect 
of temperature on time- 
dependent viscosity 
changes in solutions of 
polyacrylonitrile in di- 
methylformamide with 
35.0 per cent benzene. 
Temperature (°(2) is in- 
dicated against each 

c u r v e  

Temperature dependence of  rate of  association at 35"0 per cent benzene 
At a constant benzene composition of 35-0 per cent the nature of the 

time-dependent changes observed in In ( ~ / c )  are given in Figure 2 for 
temperatures between 8.40 ° and 27.50°C. Data at 30"00°C given in Figure 1 
have not been included on account of the slight changes in benzene com- 
position which were noticed. A shift has been made along the ordinate for 
greater clarity the unmarked index being at 0"700 dl g-1. For  t > 104 see 
the plots are linear except at 25"00 ° and 27.50°C where the curvature is 
more pronounced. 

Measurements were invariably continued for 8 x 1@ sec so that values 
chosen for t~ and ts were on the linear section of the graph. Analysis of the 
curves was carried out as described using equations (4) to (6) to yield the 
values for ks, kb and B given in Table 1. Lines drawn in Figure 2 have 
been calculated from the parameters derived. Analysis of the errors involved 
shows that values o3 k, are pa,~iculady unreliable. Error in fl is about 
+0.005 which yields an error in the various parameters of k~, +1.1 x 104 
sec-1; kb, +0"14x 10-~ sec-~; B, +0.02. 

Table I. Values of k a, k b and B at various temperatures determined from measure- 
ments on solutions of polyacrylonitrile in dimethylformamide with 35 per cent benzene 

T, B k~ x 10 4 k b × 10 5 T, B k~ × 10 ~ k b × 10 5 
° C sec_ 1 sec_ 1 o C see-1 sec-1 

8"40 0"94 4"3 0"50 20"00 0"89 3"2 1"41 
11"70 0"96 6-0 0"63 22"50 0"82 2"2 2"10 

*15.00 0'88 2"7 1"11 25-00 0"82 2'5 2"52 
17"50 0"88 2"6 1-56 27.50 0"72 2"8 3"65 
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The temperature dependence of kb is well defined in Table 1 whereas ka 
shows no significant dependence. With the exception of values at 8"40 ° and 
11.70°C, k, has a mean value of (2-7+0"3)x I0-* sec -1 and is well within 
the error limits calculated. 

Temperature dependence ol kv 
Values of kb are shown plotted as log (l&kb) against 1 O00/T, where T 

is the absolute temperature, in Figure 3. Vertical lines indicate the error 
associated with k~ as determined above. The straight line, determined by 
least squares analysis, fits the data satisfactorily. Assuming an Arrhenius 
expression for the temperature dependence of kb 

kb =.4 exp ( -E /RT)  (7) 

where A is a constant and R the gas constant, gives for the: activation 
energy E =  17 + 2 kcal mole -1. 

Evidence has already been give#, based on osmometric and sedimenta- 
tion studies of these solutions, to show that large aggregates of polymer 
molecules form on association. On average each molecule must form two 
intermolecular bonds, either of the CN dipole-pair or hydrogen bond type. 

Figure 3--An Arrhenius plot 
of log (106 k b) as a function 
of 1 O00/T in OK -I for solu- 
tions of polyacrylonitrile in 
dimethylformamide contain- 
ing 35"0 per cent benzene 
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It would then follow that the energy per bond is half that found or 8'5 _+ 1"0 
kcal mole -1. This is a value close to that calculated by Saum 6 and strongly 
indicates that association in these solutions is predominantly brought about 
by formation of ON-dipolar bonds. As shown by Frisch and Simha 9 the 
temperature dependence of the association process is undoubtedly complex. 
There must be contributions to kb arising from the temperature dependence 
of the dimethylformamide-CN dipole dissociation coefficient and of the 
relative diffusion coefficient of benzene and dimethylformamide which 
remain unknown. 

Kobayashi 1° has also detected the association of polyacrylonitrile mole- 
cules on addition of nonsolvent. He found the aggregates to be thermally 
stable and carry a negative charge. His interpretation of the process of 
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association was in terms of hydrogen bond formation between polymer 

and dimethylformamide ( >  C - - O  . . . .  H - - C C N  or > C - - H  . . . .  NCCH) 

and subsequently between polymer molecules. This has since been con- 
sidered by Suzuki n to be invalid as a result of infra-red and Raman 
spectroscopic measurements. These indicate that dimethylformamide is 
strongly polarized in the liquid state. The observed dipole moment is much 
higher than that calculated from group assignments and is attributed to 

+ 
the strongly polar character of the amide group ( >  N = C - O ) .  Solution 
is therefore more likely to be brought about by dipole interaction than by 
hydrogen bond formation and subsequently association will occur through 
these interactions. 

A note concerning ka 
The experimental error in the measurement of k, is such that few con- 

clusions can be drawn concerning its temperature dependence or the origin 
of this rate process. If, for purposes of discussion, this is considered to 
originate in hydrogen bond formation, two comments may be made. 

(1) Hydrogen bond formation usually involves an energy of activation Iz 
of from 1 to 2 kcal mole -1. To  make significant measurements the error 
in k, needs t obe  much less than +0-1 x 10 -4 sec -1. 

(2) It is almost impossible to, determine the properties of weak inter- 
molecular bonds viscometrically. Viscosity results obtained by Gordon 
et al. 13, in a study of the polymerization of water in benzene through hydro- 
gen bond formation, were of little value on account of the disruptive effect 
of the shear gradient in the viscometer capillary even for shear rates as low 
as 1.5 sec -I. In the suspended level viscometers used here 1 the shear rate 
was much higher at about 1 500 sec -1. 

University oJ BradJord, 
BradJord, 7 
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Oligomers and Polymers of 
Thio formaldehyde 

L. CREDALI and M. Russo  

In this paper the results o[ investigations on thiomethylenic oligomers and 
polymers are reported and correlated with literature data in this field. 

RESEARCH in the field of oligomers, co-oligomers, polymers and copolymers 
of thioformaldehyde has been developed only recently, though the reaction 
between hydrogen sulphide and aqueous formaldehyde was carried out in 
1868 by Hofmann 1. 

Research by Hofmann and other workers in this field had been ex- 
clusively developed on the CH20--H,,O--H~S system ~7 and up to 1959 the 
following results had been achieved. 

(a) Strongly acidic conditions give rise to formation of the cyclic trimer 
of thioformaldehyde, 1,3,5-trithiane 1, ~, 6. 

(b) In basic media unidentified products with variable sulphur contents 
(depending on the reaction conditions) are obtained. 

(c) In weakly acidic or alkaline media a product is obtained which 
after crystallization shows a melting point of 80°C and a sulphur 
content of 51.5 per cent '. 

(d) By working under a pressure of 30 atm it is possible to prepare 
methanedithiol 7. 

Since 1959 study in the field of polymers of thioformaldehyde has been 
intensely developed. These researches have made clear many reactions 
which take place between formaldehyde and hydrogen sulphide; moreover, 
they have led to many interesting methods of preparing polymers, oligo- 
mers, copolymers and co-oligomers. The crystalline structures of some 
oligome~ s and polymers have been elucidated. 

The present state of knowledge leads us to classify in the following two 
ways the reactions which lead to thiomethylenic polymers and oligomers : 

(1) Polymerization by condensation: (a) from aqueous formaldehyde 
and hydrogen sulphide; (b) from different monomers. 

(2) Polymerization by addition of cyclic oligomers: (q) by cationic 
initiators; (b) by radiation. 

In this paper the results obtained by research in this field are reported and 
correlated with literature data. 

P O L Y M E R I Z A T I O N  BY C O N D E N S A T I O N  

(a) Polycondensation o[ aqueous [ormaldehyde and hydrogen sulphide 
Since thioformaldehyde is unknown in the free state, Bauman 5 proposed 
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that the absorption of hydrogen sulphide by aqueous formaldehyde occurs 
by formation of mercaptomethanol; this intermediate by self-condensation 
(in the presence of a strong acid) gives trithiane. Because of this the nature 
of the product obtained (the yield in trithiane is almost quantitative 6) and 
which occurs in strongly acidic media is well known. It is not known what 
occurs at a higher pH, particularly in relation to the products yielded by 
the system. 

We have carded out research in this field s and have studied the 
behaviour of hydrogen sulphide uptake by aqueous formaldehyde solutions 
at their normal pH. By this method it was ascertained that the solution 
absorbs hydrogen sulphide in an amount proportional to the formaldehyde 
present, up to a maximum value of the ratio CH~O/H~S=2 (by mole). In 
connection with this ratio a separation takes place of a solid product 
already described in literature (melting point 800C, S = 51.5 per cent). 

Physical and chemical investigations showed that the first solid product 
of the system is 1-hydroxy-2-oxa-4,6-dithioheptane-7-thiol (I), 

HO---CHr--O--CH~---S---CHr-6---CHr--SH 
(I) 

linear formatdehyde-thioformaldehyde co-oligomer. 
On the basis of the CH~O/H~S ratio in solution when (I) separates, it is 

proposed that the absorption of hydrogen sulphide in the liquid phase (in 
which formaldehyde is usually in the form of gem-diol) goes with formation 
of 1-hydroxy-2-oxapropan-3-thiol* (II), 

H~S + 2CH~(OH)~ ~ ~ HO----CH2--O CHz---SH + 2H~O 
(II) 

When all the formaldehyde has been consumed in the formation of (II), the 
further absorption of hydrogen sulphide gives rise to mercaptomethanol 
(III). This intermediate reacts immediately by a very fast reaction with 
(II), elongating the chain and giving (I), which is insoluble and precipitates 
from the solution. 

HO----CHz--O----CH~--SH + H ~ S .  ~ 2HE CHz--OH 
(II) ( l id  

HO CHz--O-- -CHr-SH+HO C H r - S H  .. " 

HO CHr--O--CHz---S----CHr--SH + H~O 
HO--CHr--O--CHz--S--CH~--SH + HO---CHz--SH 

HO--CHr-O---CHr--S---CHz--S--CHr--SH + H20 
fl) 

Having ascertained what occurs in neutral or weakly acidic systems, the 
authors investigated the behaviour of the reaction in the presence of a 

*It is thought that hydrogen suipl~ide may react directly with the hydrated dimer of formaldehyde, 
H O - - - - C H - - O - - - C ~ - - O H ,  present in the aqueous solution in equilibrium with the homologous series of 
polyoxymethylene glycols', f rom which it may be continually reformed. 
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catalytic amount of sulphuric acid I°,11. It was discovered that in these 
conditions there is separation of (I) as first solid product, which in the 
presence of hydrogen sulphide, changes in products (IV) with a higher 
sulphur content (56"5 to 60 per cent) and higher melting temperatures 
(220 ° to 250°C). The progressive rearrangement of (I) in these last pro- 
ducts is shown in Figure 1, where powder patterns of (I) (a), of an inter- 
mediate product (b) and of a final product (IV) (c) are reported. 

Figure /--Powder patterns obtained by 
high-angle spectrometer with Cu Ka radia- 
tion: (a) first solid product (I) of the sys- 
tem; (b) intermediate product; (c) final 

product 0V) s 

(a) 

30 25 20 

3O 25 20 

30 25 20 

2~ - 

(c) 

The final product (IV) shows a pattern (c) with diffraction peaks corre- 
sponding to interplanar spacings reported in 1961 by Lal 1~ for polythio- 
methylene. The polythiomethylenic nature of (c) is proved because by an 
annealing process the product undergoes a limited weight loss, its melting 
range narrows to 240 ° to 255°C and its sulphur content rises to values of 
more than 66 per cent, very near the theoretical value for polythiometh- 
ylene (69'56 per cent). 

Polythiomethylene is a white solid, highly crystalline, insoluble even at 
high temperatures in the usual organic solvents. The crystalline structure 
of polythiomethylene has been resolved l''la and appeared to be a hexagonal 
unit cell like one of the two crystalline forms of isologous polyoxy- 
methylenelt The crystalline data for polythiomethylene are reported in 
Table  113 . 
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Table 1. Structural parameters of hexagonal polythiomethylene 

Unit cell hexagonal 
a (A) 5"07 
c (A) 36"52 
Observed density (g/cm s) 1"52 
Calculated density (g/cm 3) 1"60 

No. of monomer units in 
unit cell 17 

Turns of the helix in the 
period of 36"52 A 9 

Radius of helix, A 0'99 
Internal rotation angle 65 ° 59' 
Bond length for C--S bond, A 1'815 

As shown, in sulphuric acid media (I) changes substantially to polythio- 
methylene: this reaction was considered by the present authors to be a 
topochemical reaction of addition of mercaptomethanol present in solution 
to the chain of (1) 1° 

HO--CH2---O--CH2--S--CH2--S--42H2--SH ÷ nHO--CH~--SH , > 
nH20 + HO--CH2--O(CH~S)~+3H 

(IV) 

It is known that sulphuric acid is also a catalyst in the formation of 
1,3,5-trithiane, yet it has been shown by kinetic data that this reaction is 
increased by high acid concentration and low formaldehyde concentration xS. 
In fact it was ascertained 1° that the formation of trithiane may be avoided 
by working at a high ratio of CH~O/H2SO4. 

The topochemical growing of the thiomethylenic chain by mercapto- 
methanol over (I) and over the successive terms, is analogous to the grow- 
ing of the oxymethylenic chain by methyleneglycol during the polymeriza- 
tion of formaldehyde in aqueous solution in the presence of solid 
polymer16,17. 

The 1-hydrox-2-oxa-4,6-dithioheptane-7-thiol (I) may be directly con- 
verted into polythiomethylene by melting under vacuum; by this process 
the degradation of the oxymethylenic groups takes place with a contem- 
poraneous condensation of the oligothiomethylenic residues 1°: 

h e ~ t  

nHS(CH~S)2 (CH~O)zH > 2nCH20 + ( n -  1)H2S + HS(CH2S)2,H 

For example, by heating (I) at 210°C for 6 h polythiomethylene is obtained 
with a melting temperature of 227 ° ~to 237°C and a sulphur content of 
67 "7 per cent 1°. 

To complete the study of CH20-H20--H2S system the authors have taken 
into consideration the reaction in alkaline media, and have carried out a 
reaction between formaldehyde and sodium sulphide. In a first group of 
experiments the work was carried out below the 'solubility limit' of the 
aqueous solution of formaldehyde 16, to avoid the homopolymerization of 
formaldehyde to. polyoxymethylene, and with different Na~S/CH,.,O ratios. 
Results and characteristics of the products obtained are reported in Table 2. 

X-ray powder spectra of the products of Table 2 showed that they 
approach a polythiomethylenic structure when. the ratio of sulphide/alde- 
hyde increases. 

From all the data it may be postulated that these compounds are for- 
maldehyde-thioformaldehyde copolymers; moreover, by working at a 
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Table 2. Characteristics of experiments and of the products obtained from the 
CHeO-HeO-Na2S system below the 'solubility limit', 

T=35°C, starting formaldehyde concentration in the system= 12 wt % 

Starting Characteristics of the product 
ratio Starting 

Na2S. 9H20 / CH20 pH S Melting range, 
by weight wt % °C 

0.03 10.5 50.9 124-129 
0.09 11.5 51.3 122-127 
0.44 11.5 55.5 123-132 
1-00 11.5 55.7 125-132 
1.66 11.5 58.9 145-152 
2-93 12-5 66.5 170-180 

very low ratio of Na2S/CH20 (in this case three to four days are needed 
for the separation of a solid product) the content of sulphur in the copoly- 
mer is always more than 50 per cent. By increasing this ratio, the sulphur 
content rises to values near the theoretical value for polythiomethylene. 

As happens for polymers obtained in acidic media, copolymers of Table 
2 approach polythiomethylene by heating at melting temperature. 

A second group of experiments was carried out over the 'solubility limit' 
of the system, that is, in the field in which formaldehyde undergoes poly- 
merization in alkaline media 16,'. The experiments were carried out at 
different Na2S/CH20 ratios : results are reported in Table 3, 

Table 3. Characteristics of experiments and of the products obtained from 
CH20-H~O-Na2S system over the 'solubility limit': 

T = 35 °C, starting formaldehyde concentration in the system= 36 wt % 

Starting CH20 conc. 
ratio in solution at 

Na2S. 9H~O/ Starting Time o/ the product Product 
CH20 pH reaction, h drawing, obtained* 

by weight wto% 

0'083 11-5 23 27 

0'167 11.5 23 25 

0"250 I 1 "5 8 26 

Hexagonal POMt + 
orthorhombic POM 
+ copolymer S 
content 50 wt % 

Hexagonal POM + 
orthorhombic POM 
(few) + copolymer S 
content 50 wt % 

Hexagonal POM 4- 
copolymer S content 
50 wt % 

*Determined by x-ray powder spectra. 
~Po/yoxymethylene, POM. 

The results reported in Table 3 confirm that it is impossible to obtain, 
from this system, CH~O----12H~S copolymers with a sulphur content below 
50 per cent. In fact, the homopolymerization of formaldehyde takes place 
preferentially in addition to formation of the copolymer described. 
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(b) Polycondensation from different monomers 
The first synthesis of polythiomethylene in 1959 by Schmidt TM by con- 

densation between alkaline sulphides or hydrosulphides and methylene 
chloride was reported in the literature. However, no characteristics of the 
polymer are given. 

We TM have examined again in detail the reaction between sodium 
hydrosulphide and methylene chloride as follows 

2nNaSH + nCH~21~ ~ (CH~S)n + 2nNaCl + nH~S 

The yield of the process was found to be more than 90 per cent. The 
melting temperature of the polymer ranges from 160" to 205"C, that is 
below that of polythiomethylene from aqueous solution. The lower melting 
temperature is a consequence of a low molecular weight; this is confirmed 
because this polymer presents a soluble fraction in hot benzene: also the 
insoluble residue does not show a melting temperature above 230°C. 

It is very interesting that this polythiomethylene shows a new crystalline 
structure (not resolved) rather than the known hexagonal form. This new 
crystalline structure is metastable and at 153°C irreversibly turns into the 
normal hexagonal form. In Figure 2 the X-ray powder pattern of the new 

Figure 2--Powder patterns obtained by 
high-angle spectrometer with Cu Ka radia- 
tion: (a) polythiomethylene, new crystalline 
form; (b) hexagonal polythiomethylene 19 

30 25 20 

(a) 

~ / ~  J , - -  (b) 

30 25 20 
2@ " 

crystalline form of polythiomethylene (a) and of hexagonal polythiomethy- 
lene (b) are reported. The new polymer was acetylated at its end groups; 
after this treatment the polymer is stable at a temperature of 250* to 
260°C, while it is known that polythiomethylene is unstable at the melting 
temperature (240 ° to 260°C) owing to thermal degradation of its end 
groups. 
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If the condensation reaction is carried out between methylene chloride 
and alkaline sulphide (in water-alcohol media) cyclic oligomers together 
with hexagonal polythiomethylene are obtained. 

Schmidt separates from the reaction mixture the cyclic trimer (1,3,5- 
trithiane), tetramer (1,3,5,7-tetrathiocane) and the polymer. Under the same 
conditions we have isolated the cylic pentamer, 1,3,5,7,9,-penta- 
thiacyclodecane ~°. 

Therefore, while trithiane was obtained in different ways (in water solu- 
tion, by heating the polymer following Lal TM , by reaction between hydrogen 
sulphide and trioxan following Maura and Tulli~a), this method is the only 
one described in .the literature for the preparation of tetrathiocane and 
pentathiacyclodecane. 

In Table 4 some characteristics of the cyclic sym-thioformals are 
reported. 

Table 4. Characteristics of cyclic sym-thioformals 

i (CH2S),~ 1 n=3 n=4 n=5 

Melting point, °C 215-218 49-50 120-121 
Crystalline system Orthorhombie  M o n o e l i n i c  Monoclinic 
Solubility at room 

temperature in C6I-I 6 Low High High 

A different method of preparing hexagonal polythiomethylene is described 
by Lal TM, by condensation of bis(chloromethyl) sulphide and sodium sul- 
phide. The polymer shows a high melting point (220 ° to 245°C) and an 
intrinsic viscosity value of about 0"05 dl/g at 230°C in mixed tetrachloro- 
biphenyl. However, this value is not very significant because at this 
temperature the polymer end groups are not protected against thermal 
degradation. 

Polythiomethylene was also obtained by polyeondensation of methane- 
dithiol or mercaptomethylsulphide (with elimination of hydrogen sulphide) 
in the presence of a basic catalyst ~. The polymer melts above 240°C and 
the reported X-ray analysis data correspond to those of hexagonal polythio- 
methylene. 

sym-Cyclic oligomers of thioformaldehyde containing one oxymethylene 
group (co-oligomers CH~O---CH2S) ~ogether with linear copolymers (with a 
unit CH2S/CH~O ratio between one and four) were obtained by us ~, 
by reaction of bis(chloromethyl)ether and sodium sulphide in water- 
alcohol media. In this way, 1,3,5,7,9-oxatetrathiacyclodecane (V) and 
1,3,5,7,9,11-oxapentathiacyclododecane (VI), 

. O---CH2, 

l - -  (CH2S)4 , 
(V) (VI) 

were isolated and characterized, melting respectively at 106 ° to 108°C and 
163 ° to 165°C, soluble in benzene and insoluble in water. 
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(2) Polymerization by addition o[ cyclic oligomers 
(a) By cationic initiators 

Kern and Jaaks ~ report the mechanism bY'which trioxan is polymerized 
in bulk with cationic initiators such as boron trifluoride. The same mech- 
anism is reported by Gipstein et al. ~ for the bulk polymerization of trithiane 
to polythiomethylene. The polymerization of trithiane is also claimed in 
some patents 26,27. 

We have polymerized in bulk and in solution with boron tri- 
fluoride, both tetrathiocane ~ and pentathiacyclodecane ~°. So far, these 
are the only reported examples of a solution polymerization with cationic 
initiators of cyclic oligomers of thioformaldehyde. Gipstein et al.'s attempt 25 
to polymerize trithiane in solution was unsuccessful. 

Polythiomethylene obtained by bulk polymerization of cyclic oligomers is 
presumably of high molecular weight: however, owing to the well known 
insolubility of the polymer below 190°C, significant viscosity measurements 
have never been made. 

All these polymers show upon X-ray analysis a crystalline structure with 
a hexagonal unit cell. 

Random copolymers with CH20 and CH~S units are also obtained by 
Celanese in .the copolymerization of a trioxan-trithiane mixture with a 
cationic catalyst in bulk, in suspension and in solution ~. 

(b) Polyaddition by irradiation 
The successful topotactic polymerization of trioxan single crystals induced 

Lando and Stannet to attempt polymerization of trithiane by the same 
method 3°. These authors discovered that if trithiane crystals are exposed to 
gamma radiation, (6°Co), a dose of 9'8 Mrads at room temperature and 
annealed at 195°C for 18.5 h, highly oriented polythiomethylene is obtained. 
By chloroform extraction the polymer is recovered with a yield of 20 per 
cent. The polymer presents the usual physical and chemical characteristics 
of polythiomethylene. 

The crystalline structure (which was not hitherto resolved according to 
the literature) was indicated by the authors as orthorhombic. 

However, Carazzolo and Mammi also showed that polythiomethylene 
obtained by irradiation of trithiane presents the usual hexagonal crystalline 
structure 31. Moreover, these authors have indicated in a later paper the 
possible topotactic polymerization direction of trithiane 3~. 

It is interesting to note that the monotropic dimorphic system (orthor- 
homb:ic-hexagonal) described for poly~xymethylene~ a~,3~ and fo.r 
polyselenomethylene 35-37, has not been found so far in isologous polythio- 
methylene. 

CONCLUSION 

Literature on polythiomethylene has been growing from 1959 till the present 
time. The polymer .has been prepared by different methods, its structure 
has been resolved and a new crystalline structure (not yet resolved) has 
been synthesized. Besides trithiane, which has been known for a century, 
sym-cyclic thioforraals, tetrathiocane and pentathiacyclodecane have been 
prepared and charactbrized. 
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Phenomena  taking place in the CHgO-H~O-H~S system at room tempera- 
ture have been studied and the different reaction products  investigated. In  
detail it was determined that :  (a) at strongly acidic pH  trithiane is the 
only product;  (b) at normal  p H  of the formaldehyde solution, o r i n  neutral 
or  alkaline conditions, linear co-oligomers and copolymers CH20/CH2S are 
obtained. The sulphur content of these products is never less than 50 per 
cent. With basic or acidic catalysts and with sufficient availability of  sul- 
phide, the reaction gives rise to polythiomethylene. 

Polythiomethylene,  particularly the low molecular weight variety, shows 
a degree of toxicity which is manifested by skin allergy; fortunately this 
effect is limited by the low vapour  pressure of this compound  3s. The indi- 
vidual sensibility to these manifestations is variable, as was observed in the 
authors '  laboratory. 

Besides copolymers tr i thiane-trioxan, copolymers th ioformaldehyde-  
formaldehyde with ratios ranging between one and  four have been 
synthesized. Moreover,  sym-cyclic co-oligomers with one oxymethylenic and 
either four or  five thiomethylenic groups have been isolated. 

The authors are indebted to Dr L. Mortillaro ]or his interest and valu- 
able assistance in this work. 

Montecatini-Edison Co., 
Donegani Research Institute, 

Novara, Italy 
(Received December 1966) 
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Book Reviews 
Analysis and Fractionation of Polymers 

Journal of  Polymer Science, Part C, Polymer Symposia No. 8 edited by 
J. MITCHELL Jr and F. W. BILLMEYER Jr. Interscience: New York, 1965. 

v i+314pp .  6in.  × 10in. 96s 
THIS addition .to .the series of  collected conference proceedings, Polymer Symposia, 
contains papers presemed at two symposia, 'Analysis of High Polymers' and 'Charac- 
terization and Fractionation of  Polymers', which formed part of the American 
Chemical Society meeting held in Chicago in September 1964. Individual papers 
cover a wide range of topics, and while many articles deal with ,the results of detailed 
investigations and developments i.n technique, some papers constituee reviews of 
various aspects of the general field, demonstrating the nature of  information obtain- 
able by the use of  certain techniques. 

In .the first section papers describe the use of  pyrolytic techniques, infra-red and 
high-resolu.tion nuclear magnetic resonance spectroscopy, broad-line n.m.r, and di- 
electric relaxation, X-ray diffraction a,nd the use of  radio-tracers. Included in this 
series are three papers on different aspects of  the characterization of  polyacrolein. 
The second series of  papers deals almost exclusively with ehe fraotionation of high 
polymers and the characterization of  .their molecular weig~ distributions, including 
reviews by BiUmeyer and Schneider on the characterization of  distxibutions and 
fractionation respeotively. Other articles include investigations on elution fractiona- 
tion and gel permeation ohromatography. The remaining papers deal w~th fractiona- 
tion on crystallization, sedimentation velocity, ultracentrifugation and light scattering. 

Most people who are concerned wi,th ehe characterization of polymers will find at 
least one paper of  interest in this volume, which is undoubtedly a useful addition to 
the Polymer Symposia series. 

G. C. EASTMOND 

Macromolecular Chemistry--2 
Special Lectures presented at the Ir~temational Symposium on Macromolecular 

Chemistry, Prague, 1965. Butterworths: London, 1966. vi+642 pp. 6½ in. x 10 in. 
135s 

THE contents of this volume, whioh have already been published in Pure and Applied 
Chemistry, Vol. 12, Nos. 1-4 (1966), form a useful collecIion of what are for the most 
part well-documemed progress .summaries of many of the present growth areas in 
polymer research, contributed by leading authorities. 

The first 100 pages of the book are devoted .to ,the six Symposium Lectures: The 
future pattern of polymer science (Melville); Symhesis of high t#mpera.ture resistant 
materials (Mark); Light scattering as a tool (Debye); Structural phenomena in ,the 
formation of  polymer properties (Kargin); Physicoehemical properties of biological 
macromoleeules (Sadron); Synthesis of  monodisperse polymers in the laboratory and 
in Nature (Schulz). 

There follow a further 29 invi.ted lectures in which the high standard of presenta- 
tion is maintained. Although the emphasis is rather more on chemistry than on 
physics a wide variety of topics is covered. In addition ~o contributions on kinetics, 
mechanism, structure and properties of .the more familiar systems there are a number 
of lectures devoted to relatively novel subjects which have not been reviewed pre- 
viously. Included among the latter are, for example, non-equilibrium polycondensa- 
tion (Korshak), oriented chain growth .by polymerizwtion in .the crystalline state 
(Morawetz), analogous polymer reactions (Smets), effects of  macromolecular com- 
pounds in disperse systems (Heller), place interchange theory (Holzmfiller), radical 
induced cationic polymerization (Okamura) and sheet polymers (Huggins). 

There is no doubt that polymer chemists with interests ranging beyond .their own 
immedia,te speciality will wish to acquire this book, if for no other purpose ,than to 
use as a source of stimulating ideas for future research. 

P. F. ONYON 
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BOOK REVIEWS 

The Kinetics o] Free Radical Polymerization 
A. M. NORTH. Pergamon:  Oxford, 1966. 42s 

ANY polymer chemist working in the .early fifties would have been astonished had he 
been favoured with a preview of  Dr North 's  new book:  in a work of little over 100 
pages a substantial fraction of 'the space is devoted to topics which would, a t  that  
time, have been Worth a paragraph e a c h - - o r  perhaps nothing. Consider:  Diffusion- 
controlled reactions, Primary radical .termination, Heterogeneous polymerization, 
Reversible polymerization and Solid state polymerization. Virtually all the mathe- 
matical derivations are concerned with .these aspects of radical polymerization, there 
being very little formal discussion of basic 'simple' solution reactions but  any charge 
of imbalance on .these grounds is neutralized by .the author 's  statement that  the later 
chapters deal with matters of special topical resea,rch interest, except insofar as the 
earlier chapters also are pervaded rather  extensively by the same influence. 

Any reader using this book as an  introduction ,to radical polymerization can skip 
the details of these special topics and .thereby acquire a useful knowledge of the 
essentials of the subject as a resul,t of ,applying himself to perhaps 70-80 pages of 
material. This is a high commenda.tion of a book which also merits praise for its 
useful discussion of  modern developments. For  both  these reasons its place in the 
li terature would seem 'to be as a complement to more detailed .textbooks on the same 
subject which are now a few years old. 

The writing is clear, the attitude critical, perhaps rather more so than is necessary 
in an introductory book. One wonders how author and publisher came to accept the 
appearance of identically the same equation twice on page 47 only 'two inches apart!  

A. D. JENKINS 

Heavy Organic Chemicals 
A. J. G^1T. Pergamon:  Oxford, 1967. xv i i+249  pp. 5 in. × 7½ in. 35s 

ThE chemical industry is an essential part  of .the na.tional economy and .this up-to-date 
and readable account  of the manufacture of heavy organic chemicals is welcome. This 
monograph is one of a series ,on .the chemical industry designed as teaching manuals 
for senior studer~ts. I t  is not, however, only of interest to students, and most indus- 
trial chemists will find it provides Useful and enjoyable reading. 

Industrial  chemistry receives little prominence in many university curricula, and 
graduates are often unaware of ,the fascination of  our  complex chemical industry. 
The  reviewer hopes that  this vo lun~  will find widespread use in teaching as it pro- 
vides a sound introduction to the field in which many university graduates will find 
employment.  

The  book concentrates inevitably on ,the petrockemical industry, and is divided 
into chapters covering chemicals based on  different raw materials--syn, thesis gas, 
acetylene, ethylene, pI'opylene, C, hydrocarbons,  higher hydrocarbons and aromatic 
hydrocarbons.  The  entries on  the individual chemicals cover historical aspects, a des- 
cription of the most widely practised industrial processes, an accourit of U.K. produc- 
¢ion with names of  manufacturers  and  annual  output,  and a brief account of the 
main industrial applications. Amongst  the interesting aspects of  iudustrial history 
which are commented upon, is the adverse effect of 'the hydrocarbon oil duties on the 
development of the petrochemical i,ndustry in the United Kingdom. 

The chemical industry is still developing rapidly and no  book of this type can be 
completely up-to-date when it  appears :  .this volume does, nevertheless, give a remark- 
ably accurate picture of ¢~be U.K. chemical industry in October 1965. In order to 
cover such a wide field in a brief monograph  some selection is inevitable and any 
industrial chemist will th ink of  products which could have been included and would 
have provided interesting material. 

To remain  of value, a work of *his .type requires frequent revision and the reviewer 
feels that  the work should enjoy sufficient success to justify this. 

F. J. WEYMOUTH 

Berichte der Bunsen Gesellschaft /iir Physikalische Chemie, 70, Pt 3 (1966) 
THIS volume contains papers (with discussions) which were presented a,t a meeting on 
the Preparation,  Structure and Properties of  Copolymers held in October 1965. 
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The con,tents list is enough to convince any polymer scientist wi,th an interest in 
copolymers that this volume is an esser~tial addition to his library. Copolymerization 
is discussed with reference .to the formation of random copolymers by all ,types of 
mechanism (Mayo) and to the formation of  block and graft eopolymers (Smets). The 
following properties of copolymers are discussed in separate articles: Struoture deter- 
mination (Cantow); Fractionation (Fuchs); Ultracer~trifugation (Hermans); Light sca,t- 
tering (Benoit); Infra-red (Schnell); N.M.R. (Johnsen); Structural ordering (Mfiller); 
Glass temperature and related phenomena (Illers) and Mechanical properties (Oberst). 

EacL" chapter presen:~s a critical account of the present state of  information and 
specu!ation on one particular aspect of copolymers but many readers may be glad to 
be warned tha,t apart from the contributions of Mayo and Smets (English) and Benoit 
(French) all the articles are in German. 

A. D. JENKINS 
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Notes and Communications 

Melting Point Relationships ]or Binary Mixtures of Crystalline Polymers 

THE purpose 6f this communication is to point out some features of phase 
diagrams for a binary mixture of crystalline substances, in which either of 
two components or both of them are crystalline polymers. The ,two com- 
ponents shall be designated as 1 and 2. For the sake of simplicity, we first 
consider the relation of the melting point depression of species 2 caused by 
the addition of species 1. A schematic diagram is shown in Figure 1. 

\ c  

V 

Figure /--Effect of melting poin~t 
depression of species 2 caused by 

addition of species 1 

• i w '  

. . . . . . . . . .  . . . . . . . . . . . .  

When species 1 is liquid over a given range of composition, the melting 
point of species 2 decreases along the curve AEB in Figure 1. The relation- 
ship for this curve can be derived by applying the treatment of phase 
equilibria. If the thermodynamic properties of a solution surrounding crys- 
tals of species 2 are expressed in terms of the Flory-Huggins theory, we 
have 1 

1 / T , .  c2, - 1 / T ° (~, = - ( R  / A H ~ )  { In (1 - ~,1) + (1 - 112/111) v l + x~2 (ti2 / 111) .v21 } 
(1) 

where T,~c~, is the melting point of .species 2, T,° c2~ is the value of T,~c~ 
in the absence of species 1, R is the gas constant, aH~ is ,the heat of fusion 
of species 2, v~ is the volume fraction of species 1, V1 and V, are the molar 
volumes of the respective species and X12 is the Flory-Huggirts interaction 
parameter. 

Since we are concerned with polymeric materials, it is convenient to 
employ the following formulae which can be deduced from equation (1) for 
each case. Here, H denotes a high polymer and L a low molecular weight 
substance. 
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(a) species I - - L ,  species 2 - - H  

1/T,~,~I - 1/TO (21 = ( R / A H .  (2)) (V .  (~,1/ V1) (vl - X12V21) (2) 

(b) species I - - H ,  species 2 - - L  

l /T , , ,  <21 - 1 /T°,,, (,,., = . -  (R I AH2) { l n  (1 - v , )  + v~ + X,~ (V : l x~V .  <11)V21 } 

= -- (R/AH2)  {In (1 -vO+v,+X21V2~} 

= ( R  / AH~) {(½ - X,>O v~ + (:0 v~ + ...... } (3) 

(c) species I - - H ,  species 2 - - H  

1 / T m  (51 - 1 / T°~ I~l = - ( R  I A H .  (".1) X12 (Vu (2)/x1Vu (11) 2]81 
= - ( R / A H ,  (2>) X2~ (1 Ix2) v~ (4) 

where the subscript u is used to denote a quantity per repeating structural 
unit, xl and x~ are the numbers of units (not segments) in a polymer mole- 
cule of the respective species, and Xl~ and X2~ are the familiar solute-solvent 
interaction parametersL 

Next we consider the relation when the diluent of species 1 is a crystal- 
line polymer. In this case, the amount of diluent which is effective for the 
melting point depression of species 2 will decrease due to the appearance of 
crystalline phase of species 1. The effective concentration of the diluent v~ 
may be defined as 

V~=VlXl/(1--Vi+V,Xl) 

where At is the amorphous fraction of .species 1. The degree of crystallinity 
(percentage) is represented by (1 - hi) × 100. 

The substitution of vl by v~ in equation (3) or (4) yields 

(b'): l lTm(2>- l lT°ml2) 

1 0 (c'): IlT,,,¢,,)- ITm¢21 

= - (R IAH~).{ In [ (1 - v , ) / ( 1  - 73, + 'v,) tO] 

+ vial/(1 - ~'1 + v,Xl) 
+ X~, [ v i a , / ( 1  -~.,, + '~,,,t,)] ~} 

- ( R  IAH,, (..>) X~, (1 Ix. . )  

x [ v~X, / (1  - ~,, + v~X,)] ~ 

(3') 

(4') 

The relationship for the curve EC in Figure 1 can be expressed by equa- 
tion (3') or (4'). When h i=  1, equation (3') or (4') can be reduced to 
equation (3) or (4) respectively. In another limiting case as hi---+ 0, the 
curve EC approaches the line EE'. This behaviour that the melting tem- 
perature of species 2 is invariant with composition is a consequence of the 
phase rule of Gibbs, provided the crystalline state of species 1 is perfect. 

The relationships for the melting point depression of species 1 caused by 
the addition of species 2 can be obtained in the same way as mentioned 
above, by interchanging the suffixes 1 and 2. We therefore come to the 
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conclusion that there are three types of phase diagram for binary mixtures 
as shown in Figure 2, although the problem of liquid-liquid phase separa- 
tion is not considered in the present treatment. In the field of simple mole- 
cules, .there are numerous examples giving the diagram of type (i). On the 
other hand, so far as the author knows, no systematic investigation has as 
yet been reported to examine the features of phase diagrams of types (ii) 
and (iii). 

(iii) 

L L L H H H 

Figure 2--Three types of phrase diagram for binary crystalline 
mixtures 

Although the experimental data for the melting behaviour of crystalline 
polymers accumulated in this decade were largely due to dilatometric 
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Methyl  sulphinyl  carbanion  (CH~SOCH~) has been given the trivial name  

Dimsyl  ion 5 and  is involved in the majori ty  of anionic  reactions in  DMSO, 
in spite of the fact that  the equi l ibr ium lies far to the lefP ( K = l ' 5  x 10-7). 
The most striking feature of D M S O  as solvent is the high solvating power 
for cations and low solvating power for anions 2' 6. 

An ion ic  polymerizat ion of unsatura ted esters and epoxides is a well 
established synthetic route to macromolecules  and consequently it was 
decided to investigate anionic  polymerizat ions in DMSO. 

Monomers  chosen for exploratory studies were ethylene oxide, propylene 
oxide and methyl  methacrylate.  These were dried and  purified in con- 
vent ional  ways before disti l lation in vacuo.  DMSO was dried over ba r ium 
oxide and fractionated before final disti l lation in vacuo.  Polymerizat ions 
were carried out and followed by the usual  dilatometric technique and 
typical results are shown in  Tab le  1. 

Table 1. Polymeriza,tion in DMSO catalysed by potassium t-butoxide at 25"0°C 

Monomer 

',thylene 
oxide 

'ropylene 
oxide 

¢Iethyl 
methacry- 
late 

Concentration 
(mole / litre) 

lOaX 
~tonomer] [Initiator] 

3-22 11"6 
4'25 12-2 
4"31 2-19 
5-50 12'2 

1'81 6"83 

1"30 5'30 
1-28 0'26 
1-32 1'18 
1"30 2'73 
1"58 7'70 
2"21 7'70 
1'28 7"64 

103 x Rate 
(mole 1. -I 

sec -1) 

2"32 
8"35 
1 '22 
8"35 

0"25 

3'40 
0'04 
0"52 
2"78 
7"60 
9"60 
6"00 

102 X kv* 
(1. mole -1 

sec -1) 

6"2 
12-4 
12'8 
12"4 

1 "92 

49 
13 
33 
78 
63 
56 
61 

Degree o / p o l m n t  

Calc. Found 

198 139 
174 193 
985 750 
226 261 

Oily 
liquid 

123 281 
2 430 1 862 

550 355 
250 260 
100 140 
150 132 
90 135 

*Calculated from the expression: Rate=kp [Monomer] [Initiator]. 
"i'For ethylene oxide, polymerization was taken to completion and yields of polymer recovered were 
in excess of 80 per cent. 
For methyl methacrylate, polymerization was stopped at 50 per cent conversion. 
Estimation of DP was from measurements of intrinsic viscosity using the following relationships : 

Polyethylene oxide [nl =1'25 x 10 -4 M*"" in water at 30"C. 
Polymethylmethacrylate [~l= 0'75X 10-4M "*''* in benzene at 25°C. 

It  was found that ethylene oxide and methyl methacrylate polymerized~ 
rapidly and completely at 25-0°C. Molecular  weights, at high conversion, 
were in reasonable agreement  with those calculated o n  the basis of one 
polymer chain per catalyst molecule. For  low molecular  weight polymers,  
e lemental  analysis established the presence of one sulphur  atom per chain. 
The reaction kinetics were b imolecular  in the early stages of the reaction 
and  obeyed the simple expression 

Rate of  polymerizat ion = kp [Base] [Monomer]  
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Beyond a certain chain length (DP ~ 80), however, the polymers were no 
longer truly soluble in DMSO and the kinetic behaviour became much 
more complex. 

Since the initiation was apparently rapid and complete, and a termina- 
tion reaction is most unlikely, the measured rates of polymerization repre- 
sent the propagation reaction and hence values for kp were estimated and 
are shown in Table 1. The presence of sulphur in the polymers indicates 
that initiation occurs via reaction of dimsyl ion with monomer, e.g. 

CH3SOCH~- + C H ~ H 2  > CH~SOCH2CH2CH20- 

O / ~" n(CH2CH2)~O / 

CH3SOCH2(CH2CH20),--CH2CH20- 

The close agreement b.etween experimental and calculated molecular 
weights for ethylene oxide indicates that transfer to DMSO occurs at a rate 
which is many hundreds of times slower than the rate of propagation. 
Propylene oxide, however, formed only low molecular weight polymers 
with unsaturated end groups, indicating excessive transfer to solvent or 
monomer. 

Attempts to polymerize styrene with this catalyst system failed unless 
the ratio styrene/DMSO was greater than unity. Lower values of the 
styrene/DMSO ratio yielded only a complex mixture of unsaturated mole- 
cules formed by rapid reactions of the initial dimsyl ion-styrene adduct, 
similar to those described by Walling and Bollyky r. 

Since this work was completed 8 there have been several preliminary 
reports of related polymerizations in DMSO 9'1° but few kinetic data are 
available for comparison. However, the value o~ k, for propylene oxide in 
DMSO at 30 °, reported by Price and Carmelite 1°, is approximately 100 
times smaller than that found in the present work. It is clear also that 
these workers observed very much slower rates of polymerization of 
ethylene oxide 1°'11 than presently reported. Reasons for these discrepancies, 
together with experimental details, will be published in a full paper. 

It may be concluded that DMSO is a very convenient medium for base- 
catalysed polymerization of epoxides and olefins with strongly electron- 
withdrawing substituents. 

C. E. H. BAWN 
A. LEDWITH 

N. R. MCFARLANE* 
Donnan Laboratories, 

University of Liverpool 
(Received March 1967) 
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Prediction of Gel Permeation Chromatographic Elution Volumes 
o[ Silica Gel* 

ONE of the earliest reports using gel permeation chromatography (GPC) to 
separate polymers was presented by Vaughan 1. He used a silica aerogel, 
Santocel A, to fractionate polystyrenes in the molecular weight range from 
22 000 to 1.2 million. KohlschiJtter et aU employed silica gel preparations 
with systematically changed space structure to chromatograph a mixture 
of two polystyrenes with viscosity average molecular weights 250 000 and 
38 000. They found that separation improved with increasing specific pore 
volume of the gel. Le Page and de Vries 3 used various silica gels with 
known pore size distributions--as determined by mercury porosimetry--to 
separate mixtures of polystyrene fractions with weight average molecular 
weights of 260 000, 125 000, 35 000 and 11 000. The method was extended 
by MacCallum ~ to fractionate polyvinylchloride, polychloroprene and 
polyethylene. 

The present experiments were carried out with Davison Silica Gel 70, 
mesh sizes 45-80. A 4 ft stainless steel column with ~]- in. outer diameter 
was filled with the dry material, closed off with end plugs described in the 

10 5 
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o 

°•o Exper imentat  points 
P°tlstyrene 

o ~  
o 

30 35 40 45 
Elution volume, cm 3 

Figure /---Calcula,ted GPC calibration curve for 
Silica Gel 70 in toluene at 23°C 

*Part XIV of a s e r i e s  o n  c o l u m n  fractionation of polymers. 
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literature s, and filled with toluene. The elution volumes of polystyrene 
fractions with molecular weights of 51 000, 19 800, 10 300, 4 800 and 3 600 
at initial concentrations of 0.1 wt% are indicated by the open circles in 
Figure 1. I t  was then attempted to calculate an expected calibration curve, 
as suggested in the literature s . For  this purpose, the pore size distribution 
of the silica gel was measured by mercury porosimetry 7. The average coil 
sizes of the polystyrene molecules under experimental conditions were 
calculated by a theory by Ptitsyn and Eizner s and a viscosity/molecular 
weight relation by Outer et al. 9. Both quantities were then matched under 
the assumption that the cumulative pore volume of the column up to any 
given pore size is completely accessible to all molecules with end-to-end 
distances up to one-half of that pore size. The result is indicated by the 
solid line in Figure 1. It  is seen that this simple model describes the 
experimental data to a good approximation. 

Chevron Research Compariy, 
Richmond, Calif., U.S.A. 

M. J. R. CANTOW 
J. F. JOHNSON 

(Received April 1967) 

R E F E R E N C E S  
1 VAUGHAN, M. F. Nature, Lond. 1962, 195, 801 

KOHLSCH/0TrER, H. W., UNGER, K. and VOGEL, K. Makromol. Chem. 1966, 93, 1 
LE PAGE, M. and DE VRIES, A. J. Presented at Third International Seminar on 
GPC, Geneva, May 1966 

4 MACCALLUM, D. Makromol. Chem. 1967, 100, 117 
5 MALEY, L. E../. Polym. Sci. C, 1965, 8~ 253 
6 t)E VRmS, A. J. IUPAC International Symposium on Macromolecular Chemistry, 

Prague 1965, Preprint 139 
7 DRAKE, L. C. and RITTER, M. L. lndustr. Engng Chem. (Anal. Ed.) 1945, 17, 786 
8 PaqTSYN, O. B. and EIZNER, Y. E. Tech. Phys. soviet Phys. 1960, 4, 1020 
9 OUTER, P., CARR, C. I. and ZtMM, B. H. I. chem. Phys. 1950, 18, 830 

Morphology of Annealed Polyethylene Extended Chain Crystals 

IN A recent note 1 it was shown that on annealing the fracture surface of 
polyethylene extended chain crystals at a temperature well below the melt- 
ing point, the normally sharp ridge-like morphology transformed into 
ripples aligned transverse to the original fracture striations. I t  was further 
suggested that this partial melting and recrystallization of portions of the 
extended chain crystals could be related to the structure of fibrils pulled 
out of folded chain single crystals during this deformation and subsequent 
annealing 2,3. Similar structures are also seen on the surface and the 
interior of deformed spherulites 4 and bulk material 5' ~ both before and after 
annealing.  Since the impression may have unintentionally been given that 
folded chain crystals primarily deform into extended chain structures 1, it 
seems pertinent to report in this note on the morphology of extended chain 
crystals subjected to identical annealing treatments before and after frac- 
ture, and comment briefly on some of the considerable evidence 7'8 in favour 
of deformation into folded chain structures. 
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Figure 1--Fraoture surface of extended chain crystals of polyethylene as-crystal- 
lized. Scale bar represents 0"5 micron in this and subsequen,t micrographs 

Figure 1 shows an electron micrograph of the fracture surface of Marlex 
50 polyethylene crystallized at 5 000 atm pressure and between 235 ° and 
250°C followed by .slow cooling to room temperature. Figure 2 is a replica 
of the fracture surface of the same sample annealed at 120°C for one hour 
before fracturing. It can be seen to be essentially indentical to the as-grown 
crystal (the slightly pitted appearance is due to" the shadow material and 
carbon substrate). However, if a fracture surlace of the same sample is 
annealed under identical conditions a totally different morphology results 
as illustrated in Figure 3 (cf. re(. 1). The ripples or shish-kebabs yield 
a long period of about 300 A. Sometimes a larger periodicity than that 
of these transverse lamellae can be found of the order of 1 000 A, which 
has been frequently recorded by workers on drawn (folded chain) bulk 
polymers 6 and single crystals 1°. 

Wunderlich and Mellilo 1 compare similar results to the present work on 
annealing only the fracture surface, to the deformation of ,single crystals 
into fibrils. However, together with this, the appearance of the interior of 
the extended chain crystal must also be compared to the morphology of 
deformed bulk crystallized polyethylene. It seems very reasonable that the 
deformation process should be related to that of the single (folded chain) 
crystals themselves, the main components of the bulk material being folded 
chain lamellae interconnected by a great many tie molecules n. Although 
the morphology of the surface of drawn bulk material appears to consist 
of a smooth fibrillar structure before annealing, a clear shish-kebab effect 
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Figure 2---Same as in Figure 1 but annealed at 120°C for one hour before fracturing 

Figure 3--Same as in Figure 1 but annealed a~t 120°C for one hour after fracturing 
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can readily be made manifest by both selective oxidation with fuming nitric 
acid ~'6, ion etching 9, and by examination of detached replicas or very thin 
films by dark field (diffraction contrast) electron microscopy 8,9,14. After 
annealing, much more pronounced and regular shish-kebabs appear in the 
interior of the drawn material 6, similar to stress-crystallized material 1~. 

Dark field electron microscopy has also been successfully applied to the 
thin fibrils pulled out of single crystals 7. Once again clear discontinuities in 
structure are seen before annealing. This must be contrasted to the experi- 
ments reported here on extended chain crystals. 

Also no periodicity transverse to the chain axis can be observed (in 
dark field) from extended chain crystals as grown, or after etching with 
fuming nitric acid, but is a common feature of drawn bulk polyethylene. 
Furthermore small angle X-ray long periods are observed even at ex- 
tremely high elongations ( >  2 700 per cent) 12 although the intensity of 
the scattering is markedly reduced. (This may be due to the different local 
draw ratios within the sample4.) It seems that in these cases as well the 
fundamental folded chain structure is not appreciab!y changed. In other 
words it has to be concluded that although it is very likely that extended 
chain crystals can serve as nuclei for further folded chain crystallization, 
for example during flow 13 or on tie molecules ~, the basic internal structure 
of highly oriented, deformed bulk material at least is largely different from 
that of extended chain crystals. 
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Thermal Degradation of Styrene Polysulphone 

Ix IS well known 1 that many olefins copolymerize with sulphur dioxide in 
a strictly alternating manner to give olefin polysulphones of the general 
structure -(CH2---CHR--SO~)-,. Styrene, however, has been reported to 
give copolymers with sulphur dioxide in which the styrene to sulphur 
dioxide ratio varies from 1 : 15 to 2 : 13 according to the method and condi- 
tions of polymerization, and copolymers having intermediate values have 
also been reported 3'4. One of the major defects of conventional olefin poly- 
sulphones preventing commercial utilization has been their thermal in- 
stability. At temperatures above approximately 110 ° to 120°C many olefin 
polysulphones begin to depolymerize to the monomers 1, and considerable 
effort has been devoted industrially in attempts to limit this process 5. 
Styrene polysulphones having styrene to sulphur dioxide ratios greater than 
one show greater thermal stability than do some olefin polysulphones 
having a 1:1 olefin to sulphur dioxide ratio, and some work has been 
carried out to investigate the products of their thermal degradation. Typic- 
ally, it has been found that styrene polysulphones lose less than one per cent 
by weight when heated in air at 163°C for 3 h, in contrast to weight losses 
of 10 to 20 per cent usually observed for butene-1 polysulphone under the 
same conditions. 

Styrene polysulphone was prepared by emulsion polymerization of styrene 
(35 ml) and sulphur dioxide (33 ml) at 37°C for 4 h using ammonium 
nitrate (0'25g) as catalyst in water (90 ml) containing sodium lauryl sul- 
phate (05g) as emulsifying agent. ' The polymer isolated (31g) after coagu- 
lation of the emulsion latex with aqueous magnesium sulphate solution, 
washing with water and drying, had a styrene to sulphur dioxide ratio of 
approximately 1"85 to 1 (Found: C,69"0; H,5'5; S,12.3 per cent; theory 
for this composition requires C,69.2; H,5-8; S,12.45 per cent), and an in- 
herent viscosity of 1.7 (0"5 per cent solution in chloroform at 25"0°C). When 
this material was heated at 200°C under reduced pressure (ca. 20 mm Hg) 
for 24 to 36 h extensive degradation occurred and oily crystals (approxi- 
mately 40 per cent yield from a 2-5g polymer sample) collected on a cold 
finger above the polymer sample. Lower yields were observed when using 
larger samples. The sublimate (l'0g) was washed with cold petroleum 
ether (b.pt 80 ° to 100°C), again sublimed at 120 °/0"07 mm Hg, and finally 
recrystallized from petroleum ether (b.pt 80 ° to 100°C) to give 0.263g 
almost colourless plates, m.pt 120 ° to 120"5°C. (Found: C,81"0; H,5.2; 
S,13'4. Calc. for C16H~S: C,81"4; H,5.1; S,13.6 per cent.) Mass spectro- 
metry indicated a molecular weight of 236 and the mass spectrum, n.m.r. 
and i.r. spectra were identical in all respects with those of an authentic 
sample of 2,4-diphenylthiophene (I). The cold petroleum ether washings 
from the crude sublimate yielded a yellow oil, from which further quantities 
of 2,4-diphenylthiophene could be isolated. The residual fraction of this 
oil contained at least eleven other components, which have been partially 
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separated by gas chromatography. The structures of these other degrada- 
tion products have not yet been established. 

1C6H5 

"-ICHz--CHC6Hs'-CHz--CHC6Hs--SO2 ~ .200,c~ ~ ~ 
~ ' , s -  

I 

The formation of 2,4-diphenylthiophene from styrene polysulphone can 
take place formally by the loss of two molecules of water from one repeat 
unit of the polymer chain. This process, however, is most unlikely since 
sulphone groups are characteristically resistant to removal of their oxygen 
atoms; the diphenyl thiophene probably represents the final product in a 
sequence of polymer degradation steps. Hummel and Schiiddemage 6 have 
recently investigated the pyrolysis of styrene polysulphones in a mass spec- 
trometer. At 350°C samples of styrene polysulphone (styrene : sulphur 
dioxide r a t io=2  : 1) gave mass spectra which indicated the presence of 
styrene, styrene dimer and an unidentified material of mass 236. This 
material, which could be the diphenyl thiophene (mol. wt 236) described 
above, was not a primary chain decomposition product. The mechanism 
by which 2,4-diphenyl thiophene is formed in the pyrolysis of styrene poly- 
sulphone is not yet understood, but the primary formation of sulphinic 
acids of the type ---CH2"CHCsHs'CH=.CHC~Hs-SO2H is possible. 

The author is grateful to Mr W. G. Healey for assistance with the experi- 
mental work, and to the Laboratory Director for permission to publish this 
work. 
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Catalysis oJ the Thermal Decomposition of Azo-Bis-lsobutyronitrile by 
Silver Perchlorate 

THE rate of thermal decomposition of azo-bis-isobutyronitrile (AZO) shows 
little dependence on the nature of the solvent, and observations made in the 
presence of some copper 1, lithium ~ and zinc salts 3 indicate that the rate is 
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not significantly changed by the presence of these compounds. We now 
report that the rate of thermal decomposition may be greatly enhanced by 
silver perchlorate. 

Figure 1 shows the initial rates of free-radical polymerization of methyl 
methacrylate initiated by AZO at 70°C as a function of the concentration 
of silver perchlorate. These measurements were made b y  the dilatometric 
technique. The rate of polymerization first rises with increasing salt con- 
centration but eventually reaches a plateau value rather more than twice 
the value obtained in the absence of salt. Silver perchlorate alone initiates 
the polymerization of methyl methacrylate', but at the concentrations em- 
ployed in the experiments in Figure 1 the rates are very low and need not be 
taken into consideration for present purposes. 

20 
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q_ 15 
e 
0 
E 
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I 

o 
I I I I 
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lO3[AgClOt.], mole 1-1 

Figure / - -Ra te s  of poly- 
o-  merization of bulk methyl 

methacrylate (M) at 70°C 
initiated by azo-bis-isobuty- 
ronitrile in the presence of 
silver perchlorate. [AZO]= 
1"15×10-' mole 1-1. • Ex- 
perimental values. Curve 1 : 
calculated for complex of 
composition AgCIO~: AZO = 
1:1 with K=I  350mole -11.; 
Curve 2 : calculated for 
complex of composi.~ion 

I AgC104 : AZO=2:I with 
25 K=2"13 X i0~ m°le-~ 12 

The observations suggest that silver perchlorate either brings about an 
increase in the rate of initiation, or changes the kinetic parameters so that 
kpk-,~ is increased (kp, kt being the rate constants for chain propagation 
and termination, respectively). To explore these possibilities the rate of 
evolution of nitrogen was measured. The apparatus allowed AZO and 
silver perchlorate to be added to methyl methacrylate preheated to 70°C; 
after a further period at 70°C the mixture was cooled in liquid nitrogen 
and the non-condensable gas removed by a Toepler pump. Complete 
degassing was effected by thawing, freezing and evacuation cycles. The 
polymer formed was precipitated into methanol and collected, dried and 
weighed. The number-average molecular weight was then determined 
viscometrically, with the aid of the relation between intrinsic viscosity and 
molecular weight given by Fox, Kinsinger, Mason and Schuele s. The results 
set out in Table 1 indicate that the rate of nitrogen evolution is greatly in- 
creased by the presence of silver perchlorate. On the other hand, the para- 
meter k~k-~L calculated from,corresponding rates and degrees of polymeriza- 
tion, is not significantly affected, so that the observed increases in the rate 
of polymerization apparent from Figure 1 and Table 1 arise from increases 
in the rate of initiation. Mr S. Brumby of this department has confirmed 
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that at 25°C normal values of k~kT~ are also obtained in the presence of 
silver perchlorate. Values of the first-order velocity constant for decom- 
position kd calculated from the nitrogen evolution are given in Table 1. 
The increase in the rate of formation of nitrogen (approximately fourfold) is 
consistent with the maximum enhancement in the rate of polymerization 
(approximately twofold). 

Table 1. Rates of decomposi,tion and polymerization at 70°C 

10 ~ |N21  P o l y m e r  k~kt~/2 
React ion 104 IAZO] 10 [AgCIO4] evolved,  /ormed ,  10-5 M n  mole-~,:~ 1~/2 105kd 
t ime,  rain m o l e  l - t  m o l e  1-1 mo le  I - t  Kl - t  s_t/2 5-~ 

15 9'45 0 2'48 17'6 8"67 0"15 3"0"~ 
15 9"1 0 2'63 19'1 9"23 0"16 3"2 j 3"1 
15 10'1 0"89 10'6 36"5 4"01 0"15 12"4 
15 9"1 0"895 10"1 35'9 3"70 0"15 13"1 [ 
20 9'2 0"915 13'1 48"6 4"10 0'15 12"8 f 12"7 
25 9"3 0'91~5 15"9 57"1 3"80 0'14 12"5 J 

The catalytic effect of silver perchlorate depends upon the nature of the 
solvent. Thus we have shown that in ethyl acetate solution, catalysis is 
much less marked than in methyl methacrylate, the increase in the rate of 
nitrogen evolution amounting to about 50 per cent for [AgC1Od =2.3 x 10 -2 
and [AZO] = 9"5 x 10 -~ mole 1-1. 

Magnesium perchlorate has only a very small effect on the rate of poly- 
merization initiated by AZO, hence the species responsible for the catalysis 
by silver perchlorate is the silver ion. 

The nature of the dependence of the rate of polymerization on [AgCIO4] 
suggests that a complex is formed between the salt and AZO which decom- 
poses more rapidly than free AZO. The plateau value (Figure 1) then 
corresponds to complete complexing of the AZO. Two types of complex, 
in which the AgC104:AZO ratios are 1:1 and 2:1, respectively, can be 
envisaged. Calculated rate versus [AgC104] curves are shown in Figure 1 
for the two types. If the limiting rate is taken to eclual the observed plateau 
value the equilibrium constant for complex formation K is the only remain- 
ing adjustable parameter. Curve 1, corresponding to the 1 : 1 complex with 
K =  1350 mole -1 1, is a reasonably good fit with experiment. It does not 
seem possible to obtain such satisfactory agreement on the basis of the 2 : 1 
complex; curve 2, with K=2.13  x 106 mole -~ 1. 5, illustrates the type of dis- 
crepancy. Thus, although not conclusive, the present evidence favours the 
1 : 1 complex with an equilibrium constant approximately equal to the value 
quoted. 

The mechanism of decomposition of the complex is not revealed by these 
experiments; one general type of explanation of the relatively high rate could 
be that coordination with Ag ÷ increases the importance of polar contribu- 
tions to the transition state. The specificity of the catalysis raises interest- 
ing problems which are under investigation at present. 

Since this work was completed Hirano, Miki and Tsuruta G have reported 
the accelerated decomposition of AZO brought about by organoaluminium 
compounds. These authors also interpret their findings in terms of com- 
plex-formation. 
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Pho todegradation 
of Polyphenylvinylketone 

C. DAVID, W. DEMARTEAU and G. GEUSKENS 

Irradiation of polyphenylvinylketone with 3650 .4 ultra-violet light in the solid 
state or in benzene solution brings about a decrease of the molecular weight. 
In the presence of isopropanol no photoreduction is observed and naphtha- 
lene is not an inhibitor of the photodegradation. These results and the analysis 
by vapottr phase chromatography of volatile products formed suggest that 
the principal mechanism is the abstraction of a hydrogen in position y to 
the carbonyl group followed by breaking of the main polymer chain 

(Norrish type lI mechanism). 

ALTHOUGH the photochemistry of simple ketones has been extensively 
studied in recent years, little is known about the behaviour of polymeric 
ketone derivatives. 

Common organic ketones undergo four principal photochemical reactions1: 
(1) Norrish type I process or cleavage of one bond adjacent to the car- 

bonyl group, which occurs mainly with saturated ketones. 
(2) Norrish type II process or y-hydrogen abstraction followed by 

elimination of an olefin (fl-cleavage). This process takes place' through the 
n-'rr* triplet state in arylalkylketones while triplet and singlet n--'rr* states 
participate in the photocycloelimination of di-alkylketones. 

(3) Intramolecular cyclic alcohol formation. This process also concerns 
ketones having a y-hydrogen and often proceeds through the n--Tr* triplet 
state. 

(4) Photoreduction in the presence of hydrogen donors, leading to 
pinacols through the n-Tr* triplet state. It concerns arylalkyl- or di- 
aryl-ketones. 

Quenching of the reactive excited state by energy transfer to substances 
having a lower triplet level demonstrates the occurrence of a triplet state 
reaction. 

Among polymeric ketone derivatives, polymethylvinylketone has been 
shown to undergo simultaneously Norrish type I and type II processes in 
solution S and in the solid state 3. The photolysis of polymethylisopropenyl- 
ketone leads to main chain cleavage ~ followed by depolymerization between 
130°C and 180°C'3; the mechanism of the reaction has not been determined. 

This paper is concerned with the photolysis of polyphenylvinylketone. 
Butyrophenone, which may be considered a model compound for this 
polymer, has been studied recently: the quantum yield for photocyclo- 
elimination is 0"43 at 25°C in benzene solution while the sum of the quantum 
yields for processes other than the Norrish type II is less than 0.01 ~. It was 
of interest to see if the same reaction would take place with polyphenyl- 
vinylketone. 

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

Benzene (Carlo Erba pro analysi) was used without further purification. 
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Isopropanol (U.C.B. pro analysi) was dried on sodium carbonate and then 
on magnesium isopropoxide before distillation. 

Naphthalene (U.C.B. technical) was recrystallized twice from alcohol and 
resublimed twice under vacuum before use. 

Phenylvinylketone was prepared according to the method of Mannich and 
Heilnert 

Polyphenylvinylketone was obtained by polymerization in bulk at 60°C 
of the carefully outgassed monomer in the presence of 0' 1 weight per cent 
AIBN, conversion being kept lower than 30 per cent. After dilution with 
benzene, the polymer was precipitated in heptane, filtered, dissolved in 
benzene and freeze-dried. The infra-red (i.r.) spectrum of the polymer was 
identical to that published by other authors'. Its ultra-violet (u.v.) spectrum 
is reproduced in Figure 1. The limiting viscosity number of the sample used 
in the photolysis experiments was 0"55 dl g-1 in benzene solution at 25°C. 

o 

2500 
I I ,  i _ 

3000 3500 4000 
A 

3 

Figure /--Ultra-violet spectrum of 
polyphenylvinylketone in daloro- 

form 

Spectra 
The u.v. spectra were recorded on a Hitachi-Perkin-Elmer model 139 

spectrophotometer and the i.r. spectra on a Perkin-Elmer model 237 
spectrophotometer. 

Photolysis 
Solutions--The light source was a Philips HPW 125 lamp. A parallel 

beam of light was obtained by a system of lenses. Irradiations were per- 
formed in a Pyrex viscometer reproduced in Figure 2. It consists of a cylin- 
drical cell, A, (diameter 3 cm, thickness 2 cm) with two parallel windows, 
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( 

I 

. /  

Figure 2--I r radia t ion  apparatus 

fitted with a capillary tube, B, and a receiver, C, used to outgas the solu- 
tion before sealing the viscometer under high vacuum. Lamp intensity was 
measured using benzophenone-benzhydrol actinometer 8 in a cell identical 
to the polymer irradiation one, except for the capillary tube. The incident 
intensity was 5 x 10 -7 E min -1 on the cell window. 

Films--Polymer films 0-01 mm thick were cast from benzene solution in 
flat Pyrex dishes. They were irradiated under vacuum in a cyfindricM Pyrex 
tube fitted with a trap, kept at liquid nitrogen temperature, for volatile 
condensable photolysis products and an adaptor to a Toepler pump. The 
apparatus was surrounded by four lamps and rotated continuously to ensure 
homogeneous irradiation. 

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

Polyphenylvinylketone was irradiated in benzene solution. The efflux 
time of the solution t was measured as a function of the irradiation time. 
The influence of naphthalene, which is known to inhibit the photoreduction 
of benzophenone 9 and of isopropanol, a good hydrogen donor in photo- 
reduction reactions, has been investigated. In Figure 3 (t-to)/to (to is the 
efflux time for benzene) was plotted against the irradiation time. It  appears 
that there is no influence either of naphthalene or of isopropanol on the flow 
behaviour of u.v. irradiated polyphenylvinylketone solutions. A fifty-fold 
increase in naphthalene concentration does not yield any inhibiting effect 
on degradation after 30 minutes irradiation. Neither monomer nor acetone 
could be detected by vapour phase chromatography after irradiation in the 
presence of isopropanol. 

Spectrophotometry at 3 650 A and gravimetric analysis of the irradiated 
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Figure 3--Photod~;gradation of polyphenylviny]ketone: II, PPVE 
(0'035 M in monomeric units) in benzene; x, PPVK (0.035 M) in 
benzene + isopropanol (0.1 M); +, PPVK (0"029 M) in benzene + 
n&phrhalene (0"001 M); /x PPVK (0"035 M) in benzene + isopropanol 

(0" 1 M) + ,naphthalene (0.001 M) 

solution were performed after centrifugation to separate eventually formed 
gel: the initial polymer was recovered complete showing that no insoluble 
crosslinked network was formed. 

These results show that photoreduction does not occur appreciably. On 
the other hand, the Norrish type I mechanism must be excluded since no 
benzaldehyde is formed. 

Most probably, the decrease of (t-tO/to for polyphenylvinylketone 
solutions as a function of irradiation time is due to main chain scissions by 
a Norrish type II mechanism: 

h~  
--CH-CHz'-CH--CH21 I ~-- --~ Hz + CHp~ -CHZ- 

C=O C=O C=O C=O 

Lack of inhibition by naphthalene cannot be taken as an argument against 
a triplet mechanism because the type II  process is less sensitive to this than 
photoreduction as shown by the results obtained respectively for butyro- 
phenone 5 and benzophenone ~. 

Furthermore~ polymers are less sensitive to quenching of metastable states 
than small molecules. This protecting effect occurs by the rearrangement of 
the polymer residue in the environment of the excited chromophore 1°. 

The u.v. spectra of initial and degraded polymer samples are identical. 
The i.r. spectra are, however, different for polymers irradiated in the absence 
and in the presence of isopropanol (Figure 4). The former is identical to that 
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Figure 4 - - A ,  infra-red spectrum of polyphenylvinylketone; B, infra-red spectrum of 
polyphenylvinylketone irradiated for 6 h in benzene-isopropanol (0"1 M) solution 

of the initial polymer whereas the latter shows intense new absorption bands 
at 800, 1 025, 1 100 and 1 270 cm -x. The band at 800 cm -1 is characteristic 
of disubstituted benzene rings but the others cannot be interpreted easily 
(ethers, alcohols or esters). 

For a linear polymer having a number-average molecular weight M.0 
initially and M.  after a random cleavage process, the average number of 
scissions taking place in a polymer chain is given by ( M . o / M ~ ) - 1 .  If a 
most probable molecular weight distribution is assumed before and after 
degradation, the corresponding limiting viscosity numbers can be used to 
give the number of scissions as (['O0]/['q]) l /a -  1, where a is the exponent in 
the Mark-Houwink relationship [~/] = K M~. Although no accurate relation- 
ship has been established f~r polyphenylvinylketone, the initial number- 
average molecular weight may be estimated to be about 100 000 assuming 
K = 10 -4 and a = 0"7 in the Mark-Houwink relationship and M, = M~ = M./2.  
[7/] is extrapolated from the viscosity number at one concentration using 
the Huggins equation ~Tsp/c=[~/] +k[~/]2c with k=0.4+0.04.  The quantum 
yield for scissions can then be evaluated from the equation 

(Ds = [(['~o] / [~])l/a _ 1]/ (1  t M . o )  

where I is the rate of absorption of radiation in einstein per gramme of 
polymer and t is the exposure time. A plot of the number of scissions per 
molecule against the exposure time is reproduced on F i g u r e  5. The quantum 
yield for chain scissions is estimated to be about 0.3. Quantum yield of the 
same order of magnitude (0.43) was observed for Norrish type II split in 
butyrophenone 5. 
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Figure 5 - - N u m b e r  of scissions per molecule of poly- 
phenylvinylketone versus irradiation lime 

Film experiments 
Decrease in molecular weight without formation of insoluble gel occurs 

for solid films. No inhibiting effect of naphthalene was observed with films 
saturated with naphthalene vapours for 24 hours at room temperature. The 
i.r. and u.v. spectra were unchanged after irradiation. Quantum yield of 
carbon monoxide resulting from a Norrish type I radical split is less than 
10 -3 as determined by gas chromatography. No monomer could be detected. 
The reaction seems to proceed by the same mechanism as the photo- 
degradation in solution. 

Our results show that the photochemical behaviour of polyphenylvinyl- 
ketone in benzene solution and in., the solid state is quite similar to that of 
butyr0phenone. 

We are very grateful to Prolessor L. de Brouckbre for her interest in this 
work. 
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A Comparison of Lower Critical Solution 
Temperatures of Some Polymer So&tions 

D .  PATTERSON*, G. DELMAS* and T. SOMCYNSKY 

The Lower Critical Solution Temperature (LCST) in polymer solutions is 
discussed in terms of the Prigogine solution theory which predicts an LCST 
below the vapour-liquid critical temperature of the solvent (To). The interval 
between these two temperatures depends on differences in chain length and 
'flexibility' o/ the polymer and solvent molecules. Predictions are tested for 
the following series o/sys tems (with some omissions): polyisobutylene with the 
n-alkanes from C 5 to C1~; polydimethylsiloxane--o[igomers of dimethylsiloxane 
from the "dimer" to the 'pentamef ; polyethylene-C 6 to C s. The ratio o/ the 
LCST  to Te, increases with increasing length of the solvent molecule chain; 
systems with polydimethylsiloxane have their LCST  near T c due to the high 
flexibility o/ this polymer. A correlation of the LCST  values can be made 

in terms o / t he  theory. 

A NUMBER of experimental investigations 1 have been made of the Lower 
Critical Solution Temperature (LCST) occurring in a polymer solution 
under its own vapour pressure as the solvent critical temperature is 
approached. In their studies of phase relations in systems under pressure, 
Ehrlich and Kurpen ~ have discussed the LC'~T and the general critical locus 
in P, T space. The existence of the [X2ST can be predicted 3 using a corre- 
sponding states theory of polymer solution thermodynamicP, 5 due essentially 
to Prigogine e t  al.  and which we use here to correlate LCST values found 
for a number of systems. This theory predicts the LCST through a new 
temperature dependence of the polymer-solvent interaction parameter X1. 
The pressure dependence of X~ can also be obtained and hence phase rela- 
tions in systems under pressure can be interpreted; here, however, the dis- 
cussion is limited to the LC~T at small, usually negligible, pressures. 

The X~ parameter is given by s 

x , =  -(UIRT) ~+ ( C d 2 R )  r ~ (1) 

~-= 1 - To.,/To,2 (2) 

In equation (1), the first term is due to the interchange energy for forming 
contacts between polymer and solvent segments and to any difference in 
the sizes of these segments. This term is the analogue of the usual 
expression X l = z w r l / k T  where rl is the number of segments in the 
solvent molecule. The second term gives the new 'structural" contribu- 
tion arising from changes of free volume on mixing the dense polymer 
liquid with the expanded solvent. The To are temperature reduction para- 
meters of the solvent, component 1, and the polymer, component 2; v and 
~- are temperature-independent molecular parameters. The quantities U 
and C~ are the configurational energy and its temperature derivative, the 

*Present address: Chemistry Department, McGill University, Montreal. Canada. 
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configurational heat capacity of the solvent. In what follows, all the thermo- 
dynamic quantities are configurational; no special indication of this is made 
in the nomenclature. The first term of equation (1) involving - U / T  is a 
positive decreasing function of T, while the structural term in C~ is positive 
and increasing, going to infinity at the solvent vapour-liquid critical point. 
Thus, X1 first decreases with T, then passes through a minimum and increases 
toward the LCST. This behaviour of Xl is consistent with the variation of 
polymer dimensions and second virial coefficient which has been observed 8 
for two systems. 

Two types of phase behaviour can be distinguished. First, if the minimum 
value of Xl is less than the critical value for phase separation, i.e. 
½ [l+(rl/r~)~] ,2 using the Flory-Huggins combinatorial entropy approxi- 
mation, both an Upper Critical Solution Temperature (UCST) and an LCST 
exist, separated by a temperature range of complete miscibility. The struc- 
tural term of equation (1) is associated with the LCST which occurs at 
high temperatures, while the usual first term gives the UCST at low temper- 
atures. The LCST, like the UCST, should be associated with a 0-point at 
which ×1=½ and A2=0, and where the polymer again attains unperturbed 
dimensions. This seems to hold for the polyisobutylene (P.B)-n-pentane 
system s . 

The second case occurs if the minimum value of Xt is greater than the 
critical value, as for poor solvents. Then there is no region of complete 
miscibility, the low and high temperature regions of immiscibility having 
coalesced. Examples of this behaviour are easily found, e.g. high molecu- 
lar weight polyproylene oxide-isobutane 1°. For many systems with a solvent 
of intermediate quality, e.g. PIB-diethyl ether according to our preliminary 
measurements, a low molecular weight polymer gives the first type of 
behaviour and a high molecular weight one the second type. 

At the LCST both the heat and entropy of dilution are negative. As 
emphasized by Rice r at a Faraday Society Discussion, the peculiarity of the 
negative AS1 condition is such as to limit the occurrence of LCSTs in 
'monomer' solutions to certain systems containing hydrogen bonds. This 
remark immediately followed one 8 calling attention to the present type of 
LCST, which is due to a negative volume of mixing, and which seems to 
occur quite generally for polymer solutions as the solvent approaches its 
vapour-liquid critical temperature. The unexpected negative heats and 
entropies of dilution have been found in, polymer solutions at temperatures 
even well below the LCST, as for PIB-n-pentane tb at 32°C. It is evident 
from the variation of Xt in equation (1)that the structural term can give 
a negative value of K1 (AH1) and ~01 (AS1) if dC~/dT is sufficiently positive, 
i.e. the temperature is sufficiently near the vapour-liquid critical point of the 
solvent. 

COMPARISON OF LCST IN A S E R I E S  OF S O L V E N T S  
A comparison between the LCSTs for different systems can be made using 
:L~ law of corresponding states. This gives relations between thermodynamic 
quantities of all liquids which obey certain assumptions. One of the liquids 
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may be chosen as a reference liquid; in our case it is heptane, for which 
there exists a large: body of thermodynamic data. Any quantity may also 
be related to a dimensionless reduced quantity through division by an appro- 
priate reduction parameter. Thus for the molar C, of the solvent, 

where 
Cv = Rc~C* (T*) (3) 

T*=T/To.1 (4) 

and a similar relation exists for - U / T  which has the same dimension. 
(Here the asterisk denotes a reduced quantity, this being the original nomen- 
clature of Prigogine et al.; it is also used by Hijmans 9 and in our previous 
work. Refs. 4 and 10, however, use the asterisk to denote reduction para- 
meters and a tilde for the reduced quantities.) R is the Gas Constant and 
and 3cl the number of external degrees of freedom ~b of the solvent molecule; 
c~ increases linearly with i"1, and for different solvents of the same chain 
length, increases with the 'flexibility' of the molecule. As shown later, to 
a rather good approximation, T* may be taken proportional to T/Tc where 
T, is the vapour-liquid critical temperature. Equation (1) may be rewritten, 
using the reduced quantities, 

[ U*(T*) C*(T*) ] 
Xl = c~ T* v~ + r2 (5) 

2 

or, in terms of the reference liquid, 

Here ( - U / T ) R  and (C~)R for the reference liquid must be determined at 
the same reduced temperature as the solvent, i.e. at a temperature chosen 
so that T/T~ is the same for the reference liquid as for the solvent, as 
explained below. 

Dependence of parameters on solvent chain length 
The parameter v reflects differences in cohesive energy and size between 

segments of a chain-molecule solvent and of the polymer. Thus, a single 
value of v characterizes a series of systems composed of a polymer and a 
series of homologous solvents which are chains of identical segments. Since 
cl and clv ~ increase linearly with solvent chain length, the first terms of 
equations (5) and (6) at constant T should also increase with rl. 

In the second or structural term, the parameter r, reflecting the difference 
in reduced temperature between polymer and solvent, del~nds to, some 
extent on the flexibilities and cohesive energies of polymer and solvent 
chains; this will be seen later to have an effect on the LCST of systems con- 
taining polydimethylsiloxane (PDS), However, r is mainly a function of 
the difference in chain lengths between the two component molecules. Thus 
this parameter rapidly decreases with increasing chain length of the solvent 
tending to a small value. The product clr 2 should therefore decrease with 
increasing solvent chain length, but for very long solvent molecules reach 
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a minimum and then increase. At constant T*, the structural terms in 
equations (5) and (6) should show the same behaviour. 

Dependence of the critical solution temperatures on solvent chain length 
This dependence follows from X1 having a constant critical value. Thus, 

setting a constant value for equation (5), 

dT* - (OXz/Orl) T. 
dr---T = (OX1/OT.)~ 1 (7) 

The denominator of this expression is necessarily negative at the UCST 
and positive at the LCST. At the UCST, at low reduced temperatures, X1 is 
dominated by the first term, and hence from the  above discussion, the 
numerator should be negative at the UCST. However, at the LCST, at high 
temperatures, the structural term is more important, and the numerator 
should be positive (except possibly for solvents whose molecules are very 
long chains). Thus, at both of the critical solution temperatures dT*/dr~ 
should be positive, or the ratio ol the critical solut?on temperature to the 
vapour-liquid critical temperature of the solvent should increase with in- 
creasing solvent chain length. At the UCST this corresponds to the increas- 
ing incompatibility of a polymer with an increasingly polymeric solvent. In 
the Flory-Huggins theory this is expressed by the proportionality of X~ 
with r~. At the LC_ST as the solvent chain length is increased, the structural 
term is decreased. Therefore C* and T* must be increased for XI to reach 
the critical value. Hence with increasing r~ the LCST should approach the 
vapour-liquid critical temperature, and this behaviour is found for the 
systems studied here. I t  is conceivable that for very long solvent molecules 
the I_/2ST would again draw away from To but the high temperatures 
involved would probably make observations impracticable. 

P R E D I C T I O N S  A C C O R D I N G  TO A S I M P L E  M O D E L  
LCSTs for a series of systems have been discussed 3 in terms of a simple 
particular form of the equation for ×z 

Arl BT (8) 
RX1= 7 + r---~- 

and an application was made to the values of the LCST for the series of 
systems PIB-n-pentane to PIB-n-octane. In equation (8), ,4 and B are 
molecular parameters characterizing the whole series of systems. This 
equation may be derived from equation (5) as follows. According to the 
smoothed potential cell model for liquids, U* is a parabolic function of T* 
at values of the reducec~ temperature not too near the critical point. Thus, 
C* is a linear function of T*, given by this model to be 

C* =21T* (9) 

The parameters To for solvent and ,polymer are given by 

To =re/kc (10) 
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where ~ is an energy characteristic of interactions between segments in the 
solvent or polymer homologous series. We put 

3 c = r + 3  (11) 

This value 4b of the number of external degrees of freedom assumes free 
rotation between the segments, and the choice of a segment must be made 
in consequence. Here a segment is chosen to contain two carbons of the 
principal chain, i.e. r = ( n +  1)/2. This assumption will be shown below to 
be remarkably good for the series PIB-n-alkanes. Using equations (2), (10) 
and (11) and putting r2---~ ~x) for the polymer, 

, = 1/cl  (12) 

The structural term in equation (8) is obtained by substituting equations (9) 
and (12) into equation (5), then converting T* to T using equation (10). The 
first term of equation (8) is found assuming - U *  to be approximately 
independent of T*, but proportional to the number of segments in the 
solvent molecule. 

Using equation (8) it is predicted that both the UCST and LCST are 
proportional to the number of segments in the solvent molecule. This held 3 
fairly well for the LCSTs 1~ of the series PIB-n-pentane to -n-octane which 
are much lower than the solvent critical temperatures. However, there 
appeared to be a trend for the LCST to drop below linearity with rl as the 
length of the alkane increased. The linear dependence of the LCST on r~ 
is a consequence of the assumption of C* linear in T*. In fact, the cell 
models do predict that at higher T*, C* curves upward to infinity at a value 
of T* corresponding to the solvent critical temperature. This increasingly 
rapid rise of C* with T* means that the increase of the LCST with r: 
should be less fast than the linear increase predicted by equation (8). This 
explanation, and the prediction that with increasing rl the LCST must 
approach T,,  seemed to warrant further experimental investigation. 

E X P E R I M E N T A L  A N D  R E S U L T S  

The following series of SYstems were studied : 
(1) PIB-n-alkanes from C5 to (78. Ci0. C12; 
(2) Polydimethylsiloxane (PDS)-same alkanes, plus C1~; 
(3) PDS-oligomers of dimethylsiloxane from hexamethyldisiloxane (dimer) 

to dodecamethylpentasiloxane (pentamer); and 
(4) Polyethylene-n-alkanes from G to G.  

Mater ia ls  
Two fractions of Enjay PIB obtained from a double fractionation were 

donated by Dr H. Daoust. The Mo were 7.7 × 10 ~ and 1 "9 x 106. Later a 
third fraction of Mw = 9 × 10 ~ was obtained. Three fractions of Dow Coming 
200 PDS of Mw = 1.6, 2.4 and 3"9 × 105 were obtained following Crescenzi 
and Flory 11. A series of fractions of high density polyethylene, GREX-60-  
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002E, were prepared by Dr R. H. Horowitz and furnished by W. R. Grace 
and Co. through the courtesy of Dr  G. E. Ashby; three fractions of 
M ~ = 4 x  103, 1.2× 105 and 4 4 x  105 were used here. 

The n-alkane solvents were either dried Phillips 'pure'  grade (99 per cent 
pure) or Fluka materials of comparable purity. The silicone oligomers 
were given to us by Dr O. K. Johannson of Dow Coming Chemical Co., 
Midland and vcere fractionally distilled. 

The first series of measurements concerned PIB with the n-alkanes from 
C~ to C10. A cell consisting of a ring of Teflon clamped between two glass 
windows contained about 1 ml of solution. The temperature was controlled 
using an oil bath for C_, to Cs and a small air thermostat for C10. The 
temperature of phase separation, accompanied by a sharp onset of turbidity, 
was determined visually for four to six concentrations between 0.5 and 5 per 
cent for the fractions of M~=7-7 x 10 ~ and 1.9 x 106. The precision of the 
results was +0"2 deg. C; the coexistence curve for all these systems was 
very fiat varying by only about 2 deg. C throughout the range of concentra- 
tions. The LCSTs were takdn to be the minima of the curves; they are given 
in T a b l e  1, and are estimated to have an accuracy of + 1 deg. C. Critical 
solution temperatures, however, may be sensitive to the molecular weight 
distribution of the polymer sample, and therefore we place importance only 

Table 1. LCST and ~-~ parameters for the systems 
PlB-alkanes PDS-alkanes 

No. LCST T / T e ~ LCST T~ T e r e 
(°C) (oc) 

C5 
c~ 
Cr 
c~ 

Ct2 
C16 

73 0"736 0"250 
129 0"791 0"216 
174 0"828 0"189 
212 0'851 0"166 
267 0"878 0"135 
312 0"895 0"111 

(+2) 

180 0"96 0"085 
220 0"97 0"059 
255 0"97 0"040 
280 0"98 0"026 
330 0'98 0"011 
370 0"98 0'003 
435 0"98 0'00 

(+5 ° ) 
No. Polyethylene-alkanes PDS-oligomers 

C~ Si 2 221 0-95 0"059 
C 6 133 0"79 0"187 Sia 265 0"96 0-040 
C r 190 0"85 0"161 Si~ 308 0"97 0"028 
C a 209 0"85 0"138 Si 5 340 0"99 0"021 
C10 (+3 ° ) (_+5 ° ) 

on the relative values of the LCST. An extrapolation to infinite molecular 
weight may be made using the familiar plot of the reciprocal of the CST 
against M-½. This is of course based upon a linear dependence of ×1 upon 
T -1 and hence should not be valid if X1 is given by equation (1). In fact, 
assuming that it is the structural term in equation (5) which is important at 
high temperatures, one might suggest Plotting the CST itself against M-~. 
However, the CST for M--->-oo is independent, within one or two degrees, 
of the procedure used. 

It  was apparent that the flatness of the coexistence curves permitted a 
determination of the critical temperatures using a restricted number of 
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concentrations. Only two, 1 per cent and 3 per cent, were used for the 
remaining systems, and the temperatures of phase separation were deter- 
mined in the following way. The  solution, sealed in a glass tube of inner 
diameter 4 mm, was placed in a small oven whose temperature was read by 
a chromel--constantan thermocouple and recorded on the X axis of an X~ Y 
potentiometric recorder. The calibration of the thermocouple was checked 
by determining the melting points of standard substances. The Y axis 
recorded the intensity of a beam of light traversing the oven and the cell, 
and whose sudden fall revealed the occurrence of phase separation. The 
rate of temperature rise in this region was about 0.2 deg. C/min. The tube 
could also be observed visually. The temperatures of phase separation 
could be reproduced without a trend toward higher temperature as would 
be caused by a degradation of the polymer. Degradation of the polyiso- 
butylene and polyethylene was encountered above 320°C and 220°C res- 
pectively. Reproducibility with different tubes made up to the same 
concentration was + 2 deg. C for the system containing PDS where the 
LCSTs are close to the solvent critical temperatures, and rather better for 
the other systems. The LCSTs for the different fractions were extrapolated 
to infinite molecular weight and the results are presented in Table l 
together with the estimated accuracies which mainly reflect the difficulty 
of extrapolating to infinite molecular weight. The critical temperatures of 
the silicone oligomers were determined by observing the disappearance 
of the meniscus. 

D I S C U S S I O N  
The results of Table 1 confirm the speculation of the introduction. Thus, 
contrary to the prediction of equation (5), the LCSTs in each series of 
systems do not increase quite linearly with increase of solvent chain length. 
This undoubtedly reflects the upward curvature of C* with T* rather than 
the purely linear dependence assumed by equation (5). Furthermore, as 
expected, the ratio of the LCST to Tc increases with increase of solvent 
chain length. 

We now interpret the results more quantitatively using equations (1) to (4) 
but keeping only the structural term. This should be an excellent approxi- 
mation for all but the PDS-alkanes systems, and even there the LCST are 
so high as to greatly reduce the importance of the first term in equations (1) 
to (4). The most direct method would be to calculate ~ far each system, 
and use equation (1) to predict the LCST by setting XI=½, whence 

Cp (LCST)/R = 1/~ (13) 

In such a procedure, however, the value of the LCST is very sensitive to 
errors in the calculation, and poor results are obtained. Instead, we first 
test the corresponding states principle by using equation (6), keeping only 
the structural term, and writing 

R/(Cp)n =~cl/cn (14) 

[The inversion is made since (C,)n tends to infmity.] The RHS may be 
calculated for each system whence values of R/(Cp)R are found at the 
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various LCSTs. These LCSTs correspond to reduced temperatures which 
to a good approximation are proportional to T/T ,  as found in Table 1. If 
the corresponding states principle is valid, R/(C~)~ calculated from equa- 
tion (14) should give a single curve when plotted against T/T,.  

Determination of To and ~" 
Solvents--We wish to ,tabulate To/(To)n for solvents and polymers whence 

T may be obtained through equation (2),. 
(1) Simha and Havlik TM have shown that V (T) data for the n-alkanes 

from methane to polyethylene and polymethylene and for the silicones from 
the trimer to hexamer all obey the corresponding states law. They obtain 
absolute values of To by using various models of the polymeric liquid state. 
These values therefore depend on the validity of the model chosen; how- 
ever, the ratio To/(To)n is purely empirical and independent of the model. 
Equations (9) and (13) of ref. 12 may be used to obtain values of this ratio 
for the alkane and silicone solvents, the reference liquid being heptane. 

(2) Hijmans ~ has performed a similar analysis for the alkanes leading 
to values of To/(To)R. 

(3) To/(To)n may be obtained as described ~ from a knowledge of aT 
of polymers and solvents at any temperature and aT of the reference 
heptane over a wide temperature range. (or is the thermal expansion coeffi- 
cient='v-ld~/dt, with -o the specific volume.) For aT of heptane, we 
differentiated a curve of V* (T*) established using TM American Petroleum 
Institute data for heptane and also V (T) data for other alkanes; some 200 
data were reduced to fall on the same curve. For ot of the n-alkanes Ca to 
Ca1, C~3 and ~ we used new measurements by McGlashan eta/. 14 at 20°C; 
for the silicone trimer, tetramer and pentamer V (T)data  ~ at 20°C were 
used. The corresponding datum for the dimer, stated to be inaccurate, gives 
an a value which is obviously too low compared with those of the other 
oligomers, while another value TM of tx at 20°C appears too high. 

(4) McGlashan has analysed his a and isothermal compressibility (/3) 
data for the above-mentioned alkanes in terms of the corresponding states 
law obtaining values of To/(To)R. 

All of these four sources give To/(To)~ to within at most two per cent and 
in Table 2 we give the results following source (1), i.e. ref. 12. If equations 
(10) and (11) are used, one again obtains excellent values of To/(To)n which 
are only one to two per cent different from the others. The choice of an 
effective segment to contain two principal chain carbons seems to have been 
very good for the alkanes. 

For the silicone trimer to pentamer, sources (1) and (3) were used and 
give essentially identical results; those given in Table 2 are from ref. 12 
which we also used for the value of the dimer. 

Another possible method suggests itself. If the corresponding states 
theory were to hold rigorously, the vapour-liquid critical temperatures 
should correspond to the same reduced temperature for all the solvents, 
and T/T~ of any solvent would thus be proportional to its reduced tempera- 
ture, or To/(To)R=Tc/(T,)R. Table 2 also shows the ratios obtained by this 
method. It is clear that as the solvent chain length increases, the values 
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obtained at high T, and therefore at low density of the liquid, deviate from 
those found at lower T and higher density found through the use of V (T). 
The following argument may explain the discrepancy. The number of 
external degrees of freedom of any molecule, no matter how long, is 3 for 
the perfect gas state, as compared with 3c for the liquid. The same principle 
of corresponding states cannot therefore hold for both liquid and gas states; 
we might expect that at the critical point e will have fallen below its value 
for a high density liquid and hence To, inversely proportional to c, will be 

Table 2. Reduction parameters for polymers and solvents 

TO, 11 (To)~ To, 1 / (To)s [rom T e CJCR 

C s 0.89 0.87 0.86 
c 6 0.95 0.94 0.92 
c z 1.00 1.00 1.00 
C a 1.05 1.05 1.08 
C10 1.12 1.15 1.26 
Clz 1.18 1.22 1.44 
C16 1 "27 1 "34 1 "85 
Si 2 0"95 0"97 1 "09 
Si s 1 "00 1 "04 1 "54 
Si, 1 "04 1"11 1 "90 
Si s 1 '07 1"15 2'14 
P D S  1 "23 
Polyethylene 1 "67 
PIB 1 "77 
Polystyrene 1 "98 

larger. The increase must be relatively greater the longer the alkane and 
hence the larger the c in the liquid state. Nevertheless to a rather good 
approximation T/T ,  is a measure of the reduced temperature of the solvent. 

Polymers 
PDS---Ref. 16 gives o t=9-0x  10-'/deg. at 20°C for a molecular weight 

of 15 000. Applying the procedure (3 )above  we obtain To/(To)R=l'25, 
whereas using equation (13) of ref. 12, putting n ~ oo, gives To/(To)R = 1.23. 

Polyethylene A number of dilatometric studies of polyethylene agree 
that 17 d v / d T = 9 " 0 ×  10 -4 ml /g  deg. C in the temperature range 115 ° to 
175°C. Taking this value to be valid at 145°C gives T/(To)R = 1.67. Equa- 
tion (9) of ref. 12 with n > oo gives a value of 1.66 for polymethylene. 

Polystyrene--Here TM, dv/dT=5"5 x 10 -4 ml /g  deg. or ot=5.6 x 10-'/deg. 
above the glass transition in a region centred around 130°C. Using pro- 
cedure (3)above  we obtain To/(To)R= 1"91. Using equation (13) of ref. 2 
we find To/(To)R = 1 "98. 

Polyisobutylene--Ref. 18 gives values of d~/dT for a number of low 
molecular weight homologues of PIB at 3t)°C. The data extrapolated for 
an infinite molecular weight give dv/dT=6"OxlO-' ml/g deg. and 
v =  1.131 ml/g, giving To/(To)~= 1.77. On the other hand a value of 2'0 
is found using a~ d v / d T = 6 - 8  × 10 -4 ml /g  deg. at 217°C. We have discarded 
this latter value which indicated that PIB is more cohesive and /o r  less 
flexible than polystyrene. 
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Equations (10) and (11) give a value of To/(To)R= 1.75, which corresponds 
very closely to the value of 1"77 found above for PIB, but less so to the 
value for polyethylene with which it might have been expected to agree. 

It is of interest that the series of polymers in order of increasing To/(To)~ 
values is PDS, polyethylene, PIB and polystyrene. The same series is 
obtained from a consideration of the polymer chain dimensions placing the 
polymers in order of increasing values 2° of o'=(L~o/L~o,~oo)~ as follows: PDS, 
1.47; polyethylene, 1"63; PIB, 1'80; polystyrene, 2.22. This seems reason- 
able since both To and o- should increase with increasing polymer rigidity. 

The values of To/(To)~ of the polymers appear to give a qualitative inter- 
pretation of the relative solubilities encountered here. Due to its high 
flexibility and low cohesive energy, PDS has a value of To close to those 
of the solvents. Hence the structural terms of systems containing PDS will 
be relatively small, as indicated by the values of ~ shown in Table 1. The 
PDS is therefore soluble in the solvents used here up to a temperature very 
close to the critical point. 

Determination of cl/ cR 
Values of cl/e~ have been found by McGlashan ~' for C~ to C~1, Q3 and C16, 

by applying the corresponding states principle to thermal expansion coeffi- 
cient and compressibility data obtained from 10 ° to 50°C. The values are 
used for Table 2 together with interpolated values for Ca2 and Ca~. Hijmans 9 
has also determined these quantities using configurational energy data to 
obtain energy reduction parameters which, coupled with To data, give the 
required c~/cR. These values gradually diverge from those of ref. 14, but 
even at C1~ are only 15 per cent below, c~/e~ may also be determined by a 
method similar to that used for To/(To)R. One must have a knowledge of 
a quantity of dimensions of entropy over a wide temperature range for the 
reference heptane and at a single temperature for the solvent. A convenient 
quantity is C~-C~=a2VT/fl. Figure 1 (curve a) shows a plot of Rfl/a~VT 
for heptane as a function of T/T,  using data reworked and compiled by 
Rowlinson TM. For the n-alkanes C5 to Ctx, C~3 and C16, a and fi values at 
50°C of McGlashan 14 were used. The ratio of (Rfl/a~VT)R/(Rfl/a2VT), 
obtained at equal values of T/T,  for the two liquids is equal to cl/cR. 
Values obtained in this way were almost identical to those given by 
McGlashan using the corresponding states principle and the data at all the 
other temperatures. This method was used to obtain cl/cR for the silicones. 
Compressibility data ~ at 30°C were used, together with data for ot from 
ref. 15 for the trimer to pentamer and for the dimer a value of a calculated 
from the corresponding states relation of V (T) given by ref, 12. 

Correspondence of LCST values 
Following equation (14) values of ~cl/cR were calculated from the tabu- 

lated data, and are shown in Figure 1 plotted against the ratio of the LCST 
to the vapour-liquid critical temperature of the solvent. It seems that the 
corresponding states principle is obeyed fairly well and that a single curve 
is found for R/(C~)n which goes to zero as T/T,-  ~. 1, as required. 
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Values of C, for heptane have been calculated from the heat capacities 
of the gas and liquid phases. They are used here to plot curve b in Figure 1. 
Although the values are limited to lower temperatures, a fair idea of the 
form of the curve can be obtained since R/(C~)~ > 0 as T/T~ > 1. It 
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Figure 1--Correla.tion of LCST 
values: T2Cl/Cn against T/T  c for 

PIB-alkanes, v PDS-alkanes, 
[] polyethylene-alka~es, © PDS-  
oligomers. R~/ct2VT for heptane 
versus T/T~, curve a; R/(%) n for 
heptane using respectively, experi- 
mental hea.t capacities, curve b; 
equation (9), curve c; and equa- 

,tion (17), curve d 

seems that although ~cllcR has the correct form, the magnitude would 
have to be decreased by a factor of ~ 1-5 to obtain coincidence with the 
function R/(C~)n calculated from the heptane data. This difference could 
be explained if the critical value of X1 were to lie above ½, as indicated by 
the Huggins-Miller-Guggenheim approximation for the combinatorial free 
energy. In that approximation 3 

xl~= ~-y = y (15) 

Making this change, r~q/cR (1-2 /z)  would now correspond to R/(C~)R. 
By putting z= 6, instead of letting z > co with the Flory approximation, 
the discrepancy would be explained. 

On the other hand, a very similar discrepancy was found in calculating 
excess quantities for mixtures of n-alkanes TM. A positive 'experimental' 
value for the non-combinatorial part of the excess free energy was obtained 
from the experimental values of G ~ using the Huggins-Miller-Guggenheim 
approximation for the combinatorial part of G E. The theore,tical value of 
the non-combinatorial G E calculated using C~ and the corresponding states 
principle is positive but too large by a factor of about two, much as in the 
present case. However, for the alkane mixtures, if the value of z is lowered 
the calculated combinatorial G ~ which is negative, approaches zero, so that 
the non-combinatorial part of G ~, obtained by subtraction from the experi- 
mental G E, is even further reduced, increasing the discrepancy. We are 
inclined to believe that in the present case, as well as for the alkanes, the 
error does not lie in the combinatorial approximation used, but in the 
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corresponding states calculation of the non-combinatorial free energy or 
the parameter ×1. 

We should note in this connection that the assumption of a single average 
reduced temperature for the mixture corresponds to a completely random 
mixture. For mixtures of quasi-spherical molecules of different sizes, values 
of G ~ calculated on this basis are usually considerably too large, as dis- 
cussed by Prigogine, Brown and Scott, who have developed refinements to 
allow for ordering in the mixturC TM. We shall return to the question of the 
discrepancy after discussing the use of models in interpreting the LCST 
data. 

Use of models [or the liquid state 
The introduction has mentioned the use of a model to obtain equation 

(8) for Xl. There, the equations (10) and (11) gave r and c, and the last 
section shows that this assumption is justified by the remarkably good 
values of To/(To)R and c/cs obtained. A value of the parameter 
B=8 '2  x 10 -~ cal/deg 2 was found 3 to fit the I_CST values for PIB-C~ to C8. 
Using this value of B and equation (9) for C~ we have drawn R/(C~)n for 
heptano as curve c in Figure 1. Since the value of B was chosen for a fit 
we find good.agreement between the curve and ~cl/cR for the above systems. 
The slight difference is due to ref. 3 taking into account a small value of the 
parameter A in equation (8); one sees that the parameter A, if small, makes 
little difference to the LC_ST results. However, for the longer alkane 
solvents it is evident that R/(C~)n deviates from ~cl/cn, as indicated in 
the introduction, due to the inadequacy of the linear dependence of C~ on 
T assumed in equation (8). 

In our present treatment, we required values of aT, a~VT/fl and C~ for 
the reference liquid over a wide temperature range. A reliable model of 
the polymeric liquid could be used to calculate the required thermodynamic 
properties and thus render the reference liquid unnecessary. Prigogine 
et al. have discussed cell models in the smoothed potential and harmonic 
potential approximations. They have given particular attention to the 
simpler smoothed potential model using the well known cell partition func- 
tion, equal to the free volume, .as introduced by Eyring and Hirschfelder ~. 
The configurational energy of the liquid is assumed to depend on the volume 
in a way which is appropriate to the 6--12 intermolecutar potential, rather 
than taking the van der Waals type of dependence of energy on volume as 
originally used by Eyring and Hirschfelder, i.e. 

U* = - (V*) -1 (16) 

Fiery et al. 1° have recently developed the Prigogine theory using equation 
(16) which they suggest compensates for the over-estimation of molecular 
order inherent in the cell model. They derive an expression (contained in 
their equation 26), which may be found from the present general equation 
(3) by putting 

, c , * . =  
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This is the reduced heat capacity at constant zero pressure in the Eyring- 
Hirschfelder model. 

In the smoothed potential models, the cell partition function depends only 
on volume and the co~figurational energy is independent of T at constant 
volume. Thus, the configurational C~ is zero, so that 

Cp=e~2VT//3 (18) 
and 

XI - ~2VTT~ / 2fiR (19) 

if only the structural term is kept. 
Thus, (Cp)n calculated using such a model should yield the curve a rather 

than b in Figure 1. In Figure 1 we show R/(Cp)R calculated from equation 
(17) with reduction parameters determined at 20°C from values of a ,  /3 
and V at this temperature, by using the procedure given in ref. 10. Values 
of R/(Cp)n at higher temperatures were not calculated since equation (17) 
requires some modification because of the finite pressure. The model gives 
quite good agreement with the curve a established from literature values. 
.Ref. 10 allows reduction parameters which vary with the temperature and 
which are to be calculated from experimental a, /3 and V data at each 
temperature. In this case of course R/(C~)R would follow curve b exactly 
and X1 would be given by equation (19). 

The nearness of r 2 cl/cR to /3R/a2VT suggests that equation (19) for 
X1 may be more accurate than using Cp itself. The corresponding states 
treatment relates changes of thermodynamic functions occurring during 
the mixing process to changes of reduced temperature and finally to changes 
with T of thermodynamic quantities of the reference liquid. If the changes 
of thermodynamic quantities on mixing are only due to changes in reduced 
volume, then a change of the quantitie.s with T when the volume is constant 
should possibly be ignored. The better agreement with experiment found 
by leaving Cv out of Cp and the expression for X~ might be justified in this 
way. 
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Limiting. Viscosity Number versus 
Molecular Weight Relations for 

Polydecamethylene Oxide 
KAZUHIKO YAMAMOTO and HIROSHI FUJITA 

Relations between [~] and M~ for the tenth member of the series of poly- 
ethers [--O---(CH2)m--],v i.e. polydecamethylene oxide, were determined in 
benzene at 35°C and in chloroform at 30°C. Here [7/] is the limiting viscosity 
number and ~I w is the weight-average molecular weight of the polymer. 
Analysis of the data in terms of the Stockmayer-Fixman plot, with the value 
of 2"5× 10 zl being assumed for the Flory constant ~P, yielded a value of 1"72 
/or the con/ormational parameter or of this polyether. It was found that this 
value of tr is well consistent with the linear relation between [~7] and 
(m--1)/(m+l)  which had been proposed in our previous paper on poly- 

hexamethylene oxide. 

THE present study is concerned with the evaluation of the conformational 
parameter o- for the tenth member of the series of polyethers having the 
general structure [---O---(CH~)~,---],. It mainly purports to supplement the 
relation between o- and m that has been derived in our previous pape rt from 
the o- values then available for the lower members of this series ~ and for 
polyethylene 7. 

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

The monomer n-decamethylene glycol was extracted by repeated re- 
crystallization from a commercial product dissolved in a 90:10 (by weight) 
mixture of ethylene dichloride and ethanol, b.l~t 72"5°C. Its elemental 
analysis gave 68"85 per cent for carbon and 12.72 per cent for hydrogen 
(theoretical, 68"91 per cent for carbon and 12"73 per cent for hydrogen). 
Absence of isomers other than the normal form was checked by its i.r. 
sp~2trum. 

Polymerization was carded out in a reaction tube designed by LaP. About 
10 g of the purified monomer, 0-2 to 0"3 g of concentrated sulphuric acid, 
and 0" 1 g of boron-trifluoride ether complex were mixed in the reaction tube 
and heated for three hours at the boiling point of ethylene glycol under 
a constant stream of dry nitrogen. The mixture was further heated at the 
same temperature and for a similar period, this time with the tube being 
evacuated to a pressure lower than 1 mm of mercury. The product was 
dissolved in hot ethanol, and precipitated by allowing the solution to stand 
at room temperature. The dark-brown precipitate was dissolved in hot 
n-butanol, filtered with active charcoal, and the filtrate was cooled to about 
20°C. The precipitate formed, now white in colour, was freeze-dried from 
a benzene solution. The sample of polydecamethylene oxide thus obtained 
was separated into a number of fractions by successive precipitation with 
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benzene as solvent and methanol as non-solvent. Eight fractions, numbered 
1002, 1003 . . . . .  1009 irt Table 1, were chosel~ for the present study. No 
success was achieved in obtaining a polymer sample of ~t higher molecular 
weight than those of the fractions indicated in Table  1. T h e  trimer tri- 
decane-l-10 dio!, which is numbered 1001 in Table 1, was synthesized by 
the method of Hobin 9. Its purity was checked by i.r. analysis and by ele- 
mental analysis ,[74"1 per cent for carbon and 12-7 per cent for hydrogen 
(theoretical, 74"0 per cent for carbon and 12.9 per cent for hydrogen)]. 

Table 1. Summary of numerica,1 results obtained 

A 2' X 10 a A 9 X 10 ~ 
Sample (mole ml / g 2) (mole ml / g 2) 

No. M~ x 10 -2 (chlorolorm, 25 °C) M-~ x 10 -3 (chloroform, 37 °C) 

1001 (trimer) 0"488 
1002 1"5 r 1.55 2"7 
1003 2"09 1 '83 3.2 
1004 2.5~ 2.14 4.5 
1005 2"86 2.39 5.0 
1006 3"36 2.78 3'9 
1007 3.91 4'1 3'31 4'7 
1008 6"4 9 

1009 8.26 4'4 3"70 3"6 

Sample [7] (dUg) k'  [n] (dUg) k" ~ (mUg) 
No. (chloroform, 30°C) (benzene, 35°C) (chloroform, 25°C) 

1001 0.0519 0"78 
1002 0' 11 s 0"49 0.0996 0"34 1'082 
1003 0.13 s 0.41 
1004 0"145 0"37 0"117 0"42 1"085 
1005 0'15 t 0"36 0"13 s 0"56 1'084 
1006 0"171 0"34 0'140 0"44 1 "082 
1007 0'196 0"38 0"150 0"38 1'082 
1008 0"234 0"33 0"197 0"32 1"078 
1009 0"29 r 0"36 0"250 0'35 1"078 

Solvent 
Benzene and chloroform were used as the solvents for viscosity measure- 

merits, while the molecular weight determinations were made with chloro- 
form as solvent. These were fractionally distilled before use. 

Molecular  weight determinations 
The number-average molecular weight M---'~ of each sample (including the 

trimer) was determined osmotically at 37°C by using a Mechrolab 301A 
vapour  pressure osmometer,  with chloroform as solvent. The measurements 
were made on all fractions except fraction 1008. For  each sample, the plot 
of ~ r / R T c  versus c was linear and had a positive slope over the range of 
c examined. Here  ~" is the osmotic pressure, R is the gas constant, T is the 
absolute temperature, and c is the solute concentration (in g/dl) in a given 
solution. 
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The weight-average molecular weights /~tw for all samples except the 
trimer were determined by the sedimentation equilibrium method. The 
measurements were made at 25°C with chloroform as solvent. In this 
solvent, the polydecamethylene oxide samples studied all floated toward the 
meniscus of the solution when the cell was rotated in the centrifuge. Thus 
we actually concerned ourselves with a flotation, rather than sedimentation, 
equilibrium. The technique and apparatus used for obtaining the necessary 
data were the same as used in our previous study on polyhexamethylene 
oxide ~. The experiments were made at four initial concentrations co for 
fraction 1009, at two co for fraction 1007, and at one co (0"3 to 0"4 g/dl) for 
all other fractions. The plots of 1 /M~,  versus ~ obtained with fractions 
1007 and 1009 are illustrated in Figure 1. Here M~pp denotes the apparent 

Figure /--Sedimentation equilibrium 
d~ta on polydecamethylene oxide 
samples 1009, O, and 1007, o, in 
chloroform at 25°C; M~pv is the 
apparent weight-average molecular 
weight and ~ is the arithmetic mean 
of the equilibrium solute concentra- 
tions at the ends of the solution 

column in the cell 

~3 J I I 

0'5 2 1 1'2 
~xlO ,g /mr  

weight-average molecular weight calculated in the usual way ~° from the con- 
centration distribution at sedimentation equilibrium, and ~ is the arithmetic 
mean of the equilibrium concentrations at the ends of the solution column. 
When analysed in terms of the well-known equation 1° 

1/M~pp = 1/~tw + 2 A ~ +  O (-~) (1) 

where A2' is the light-scattering second virial coefficient, these plots yield 
4"1 x 10 -3 (ml mole/g 2) for A2' of fraction 1007 and 4-4 x 10 -3 (ml mole/g ~) 
for A~' of fraction 1009. These values are in fair agreement with the values 
of A~ (osmotic second virial coefficient) obtained from the osmotic pressure 
measurements (see Table 1). We therefore assumed a constant value 
4-1 x 10 -3 for A2' of all other fractions in chloroform at 25°C, and calculated 
their Mw by substituting the measured values of Ma~p and ~ into equa- 
tion (1). 

The partial specific volumes U of these samples in choloroform at 25°C 
decreased slightly with increasing Mw (see Table 1), but the variation was 
hardly more than the experimental uncertainty, so that a value of 1.082 
(ml/g) was chosen as a suitable mean value of the observed data and used 
for all calculations of M~pp. The specific refractive index increment, 
measured on fraction 100.7 in chloroform at 25°C, was 0"0357 ml/g,  and 
this value was used for the calculation of M~z,p for all other fractions. 
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Figure 2--Double logarithmic plots of 
limiting viscosity number [~] against weight- 
average molecular weight M~ for polydeea- 
methylene oxide in chloroform at 30°C, (3, 

and in benzene at 35°C, • 

Viscosity measurement 
The viscosity data were obtained in chloroform at 30°C and in benzene at 

35°C, using a capillary viscometer of the Ubbelohde type which had a flow 
time of 380"0 see for benzene at 35°C. The limiting viscosity number In] 
was determined as a common intercept of the following three plots: n,~/c 
versus c, ~sp/c versus ~p, and (ln ~lr~)/c versus c, where 7/,p is the specific 
viscosity, ~ro~ is the relative viscosity, and c is the polymer concentration 
in g/dl. The Huggins slope parameter k' was evaluated from the slope 
of the plot for ~sp/c as a function of 7/~. 

R E S U L T S  AND D I S C U S S I O N  
Table 1 summarizes all the experimental data obtained. It  can be noticed 
that, except for the highest molecular weight fraction, each fraction was 
fairly homogeneous with respect to molecular weight when viewed in terms 
of the ratio of Mw to M,. 

The conventional double logarithmic plot of [~] versus M~ constructed 
from the data given in Table 1 is shown in Figure 2. The solid lines drawn 
in the figure yield the following Mark-Houwink--Sakumda equations: 

--3 0'56 [7] = 1"7~ x 10 M~ (in chloroform at 30°C) (2) 

--a 0"58 [~1] = 1.9, x 10 M~ (in benzene at 35 °C) (3) 

Z 
31 o o o 

Figure 3--Stockmayer-Fixman plots for "~ 
polydecamethylene oxide in chloroform at-~r._~ 

30°C, O, and in benzene at 35°C, • ... 
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Figure 4--Linear relation between con- 
formational parameter o- and (m--l)/ 
(m+ 1) for polyethers having the general 

struoture [--O---(CH2)m--],~ 

2"5'iTt: 1 

2"0 
/'/3 =(X) 

Z 1"5 - r n y  °rn=6 

0 0.5 IO 
(m-D l (m.1 )  

I f  the data of Table 1 are treated in terms of the Stockmayer-Fixman 
method 11, the results shown in Figure 3 are obtained. Each set of the plotted 
points may be fitted by a straight line as indicated, and a value of 2"40 × 10 -~ 
(dl mole /g  2/s) is deduced for the so-called K value 1 from the common 
ordinate intercept of the indicated two lines. Assuming as before a value 
of 2"5 x ltY 1 for Flory's ~ constant, this K value yields 1 "72 for the confor- 
mational parameter  cr of polydecamethylene oxide (at room temperature). 

The  previously proposed linear relation 1 between tr and ( m - 1 ) / ( m +  1) 
for polyethers ![---O---(CH2),.--]. now can be supplemented by this result 
for m = 1 0 ,  and we obtain Figure 4. I t  is seen that the new datum 

if rn =1 

4 
/T /=  OO 

% 3 ~ . .  re:to 

2 - rn=3~,~.~orn:2 

11 I I I I 

0 0"I 0"2 0"3 0'4 
l / ( rn,  1) 

0"5 

Figure 5---Correlation between o -2 and 
1/(m+l) for polyethers having the general 

structure [--O--(CH2),~--]~ 
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strengthens the validity of the linear variation of tr with the relative 
population of CH~-CH~ bonds in the polyether chain. 

According to the current statistical theory of polymer chains, the quantity 
that is most directly derived from the theoretical calculation is the statistical 
average of the square of the end-to-end distance of a polyme~ chain and 
hence the square of its cortformational parameter tr. This fact implies, in 
the present case, that a plot of ~ ,  not of o- itself, as a function of a suitable 
structure parfia'neter for the polyether, such as m, is more readily amenable 
to the theoretical interpretation. Figure 5 shows one of such plots, where 
the values of o a are plotted against the relative population of the oxygen 
atoms in each polyether chain, 1/(m+ 1). We have prepared this plot with 
the anticipation that the introduction of the ether linkages (at a regular 
interval) into the polyethylene chair~ would cause a change in ~ proportional 
to the number density of such linkages in the chain, at least in the region of 
small values of this density. It is expected that the factor for this propor- 
tionaiity, i.e. the slope of the dashed initial tangent to the solid line shown 
in Figure 5, provides quantitative information on how the internal rotation 
of the CHr--CH2 bond is affected by the presence of the CHr--O bond in 
the same chain. Theoretical work concerning this problem is being carded 
out in this laboratory. 

We wish to thank Dr A. Teramoto of this laboratory for his interest in 
this study. 

Department of Polymer Science, 
Osaka University, Toyonaka, lapan 

(Received December 1966) 
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Direct Examination of Polymer 
Degradation by Gas Chromatography 
II Development of the Technique for 

Quantitative Kinetic Studies 
A .  BARLOW*,  R. S. LEHRLE,  J. C. ROBB and D. SUNDERLAND'~ 

The Jollowtng di~culties may be encountered when direct-pyrolysis gas 
chromatography is aplied to obtain quantitative kinetic measurements: (a) 
poor reproducibility oJ the measurements, arising ]rom the method o[ mounting 
the sample, (b) time and temperature errors, arising principally ]rom the pre- 
effect o[ the temperature/time profile of the filament, and (c) dependence oJ 
the observed degradation rate on sample thickness, even for samples in the 
microgramme range. 

The first two problems have been surmounted by depositing the sample 
within a limited region oJ a ribbon filament, and supplying an initial current 
boost to bring the filament to the desired degradation temperature within one 
second. IJ in addition the degradation is effected in the carrier-gas stream o[ 
a capillary column GLC apparatus incorporating a detector sensitive to better 
than 10-1°g, the pyrolysis may be studied under conditions where the rate 
becomes independent oJ sample thickness; i.e. 5x10-Sg samples, 200 .4 thick. 

The requirements of the technique and the choice of operating conditions 
are described. The principal advantages of the method are that only sub- 
micro samples are required, and that quantitative kinetic measurements over 

a wide temperature range may be performed rapidly. 

GAs chromatography was first applied to the study of polymer degradation 
by Davison et a/. 1, who condensed the volatile degradation products, and 
then subjected a sarnple of the products to gas chromatographic analysis. 
A single-stage technique, in which the degradation is effected in the gas 
chromatography flow stream, was developed "in these laboratories ~, and 
initially applied to polymer/copolymer characterization and analysis 3. In 
this paper the extension of this technique to quantitative studies of degrada- 
tion kinetics is discussed. First the special problems of kinetic work 
and their solution arereviewed, and in the following sections the apparatus, 
choice of operating conditions, and general technique are described. 

D I R E C T - P Y R O L Y S I S  G A S  C H R O M A T O G R A P H Y - - T H E  

P R O B L E M S  I N  K I N E T I C  W O R K  

The general technique 
The general technique of direct-pyrolysis gas chromatography has been 

discussed elsewhere 3. The apparatus described in ref. 3 employed a spiral 
pyrolysis filament, on which ca. 1 mg samples were mounted; the GLC 
detector was a katharometer sensitive to 1/zg. Such apparatus is adequate 
for characterization and analytical work. 

*Present address: U.S. Industrial Chemical Co., Cincinnati Ohio, U.S.A. 
tPresent address: I.C.I. Ltd., Dyestuffs Division, Huddersfield, England. 
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Reproducibility of kinetic measurements; sample mounting 
In principle the above apparatus can be used to study degradation 

kinetics by measuring the yields of volatiles from pyrolyses of chosen dura- 
tions at a specified temperature. However, it is found that a specific rate 
determined from such results shows considerable scatter4; this arises prin- 
cipally because it is impossible to mount samples reproducibly on a spiral 
filament. The situation is aggravated by the temperature gradient from the 
ends to the middle of the filament, so that reproducible mounting is all 
the more desirable. 

This problem ha~ been surmounted by constructing ribbon filaments of 
the type shown in Figure 1, and depositing the samples from a solution 

Carr ier  ~ 1 1 1 ~  
gas / 

3mm 'Fi tament 

' \1' Capittary 
Tungsten rods cotumn 

Figure /--Ribbon-filament degradation unit. The sample is deposited from a solu- 
tion evenly spread between the engraved marks ram" 

evenly spread over the area within two marks (m, m') engraved on the 
surface. A comparison o~ Figures 4 and 8 in ref. 4 indicates the improve- 
ment in reproducibility achieved in this way. 

The temperature gradients along such a filament have been measured 
by observing with a travelling microscope the melting of a standard com- 
pound along the length of the ribbon; For example, measurements were 
made of the filament currents required to just melt potassium dichromate 
(m.pt 398°C) at different points on a 0"4 ohm Nichrome filament. The 
results are shown in Figure 2. Using a current/temperature calibration 

1"68 

*6 
P 1.66 k. 
U 

1.64 

:m t 

I I I I I , 

2 0 2 4 6 
Distance from centre of fitament, mm 

Figure 2--Current required to melt potassium 
dichromate at various positions along the ribbon 

filament 
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similar to that shown later (Figure 4), it was calculated that the temperature 
variation over m, m' is less than 4 deg. C when the pyrolysis temperature 
is as high as 400°C. 

Time and temperature errors; the filament temperature~time profile 
If gas-chromatographic resolution is not to be impaired, the maximum 

degradation time must not exceed 15 to 20 seconds. The problem is thus 
to ensure that the sample acquires the specified temperature for the desired 
time; these conditions are not satisfied by merely switching a filament on 
and off, since time is required for the filament to attain its equilibrium 
(i.e. calibrated) temperature. Two temperature/time profiles are shown 
schematically in Figure 3. (These are based on experimental curves deter- 

T2 . . . . . . . . . .  

i. 

 r.e 
Figure 3--Filament temperature/time profiles 
shown schema.tic, ally. (The ordinates cover several 

hundred degrees, and the abscissae ca. 10 sec) 

mined with a bridge circuit; some such curves are illustrated in ref. 4.) In 
both cases the filament is switched on for a nominal duration t, and in both 
cases the temperature decay is sufficiently rapid to define the end of the 
degradation. However, the nominal temperatures T1 and T2 are attained 
after a considerable portion of the total degradation time has elapsed, and 
during this portion the sample has passed through the whole range of 
intermediate temperatures. This 'pre-effect' can be made insignificant by 
supplying the current corresponding to curve b for a period t" before 
supplying current a; this boosts the temperature to T1 in a relatively short 
period (0-5 or 1.0 see has been used in the present work). For each specified 
filament temperature, corresponding boost currents have been initially 
chosen on the above basis. Sinc~ current b is switched off when the fila- 
ment temperature is rising steeply, it is desirable to demonstrate that the 
boost is no more than sufficient under experimental conditions. For this 
purpose an a.c. bridge with oscilloscope detector has been used 5, and fine 
adjustments to the boost currents made when necessary. The (1 sec) boost 
currents (b) required for a range of filament temperatures (a) are shown on 
the filament calibration plot, Figure 4. Filament calibration plots are 
obtained by the method previously described 3'~, but additional requirements 
are discussed in a following section. 
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An alternative technique for obtaining a 'square-wave' temperature/time 
profile has recently been describe&. This involves raising the filament to its 
Curie temperature by induction heating, and the choice of filament tempera- 
ture is dominated by the availability of filament metals or alloys with 
suitable Curie temperatures. Since each temperature requires a different 
metal, it is essential to obtain evidence that none of the metals has any 
catalytic effect on the reaction, otherwise a spurious temperature-dependence 
will be observed. With this method of heating, it is difficult to demonstrate 
the absence of such catalytic effects, since modifications to the surface 
influence the temperature attained. For these reasons the technique has not 
been utilized in the present apparatus, though the method clearly has 
potential since pro-effects as short as 20 msec are claimed. 

Nichrome ribbon filaments have been used exclusively in the present 
work; degradation experiments using such filaments which have been 
sputtered with a thin layer of gold indicate that the filament surface has 
no specific influence upon the observed ratO. 

In this section only the heat-up of the filament itself has been considered. 
The additional time required for sample heat-up is considered in a later 
section. 

Dependence of observed degradation rate on sample thickness 
Using the apparatus 3 referred to above, the rate of degradation can be 

studied as a functior~ of sample thickness, over a thickness range down to 
ca. 0.1 mm. Results for polymethylmethacrylate degradations at different 
temperatures show that the rate is strongly dependent on sample thickness 
in this range 7. 

Unless it can be shown that the rate is independent of sample size, the 
observed rate cannot correspond to the rate of the chemical process at the 
specified temperature. If the rate of evolution of volatiles depends err thick- 

526 



DEGRADATION KINETICS BY GLC 

ness, it is probable that one or more of the following is occurring: (a) there 
is some restriction on the diffusion of volatiles into the gas phase; (b) there is 
variation in the time taken to raise the sample temperature to the desired 
value; or (c) there is a pronounced temperature gradient in the sample, so 
that the temperature of the reaction cannot be accurately specified. More- 
over these effects will depend upon thickness to different extents at different 
temperatures, hence observed activation energies will be in error even if a 
standard thickness is chosen. The situation is so complex that any experi- 
mental solution to the problem becomes attractive; in the present work the 
sensitivity of the apparatus has been increased by several orders of magni- 
tude and sample sizes chosen in a range where the rate is no longer 
thickness-dependent. 

Thus using a capillary column and an argon triode detector (see next 
section), the degradation of samples as small as 10-Sg can be studied, since 
ca. 10-1~g of product can be detected. With this apparatus it has been 
shown that for sample thicknesses less than 200 A the specific rates of degra- 
dation of polymethylmethacrylate 7 and polystyrene 4 are independent of 
thickness. In the course of this work, samples as thin as 75 A were 
examined 7. A flame ionization detector of comparable sensitivity has been 
successfully applied in more recent work 8. 

APPARATUS 

GLC equipment 
Because of the necessity of using small samples in kinetic studies, capillary 

columns and detectors sensitive to better than 10-1°g are essential. How- 
ever, the actual choices of column, stationary liquid phase, type of detector, 
and other experimental variables, depend on the system being studied. The 
apparatus used in these laboratories for two specific problems is briefly listed 
below for illustrative purposes. 

Polymethyfmethacrylate degradations~'~--50 St stainless steel capillary 
column, 0.03 in. bore, coated with squalane, and operated at room tempera- 
ture. Detector of the argon triode type (constructed to Lovelock's designg), 
containing a 50 millicurie tritium source; anode maintained at + 1 200V. 
The argon carrier gas passes through a BDH type 5A molecular sieve before 
reaching the apparatus. Carrier gas (argon) flow rate: 4 to 5 cm3/min, 
detector scavenger gas flow rate: 3"5 1/h. The detector output current 
passes through a 109 ohm resistor; the potential developed across the latter 
is amplified by a vibrating reed electrometer, the output from which is 
displayed on a potentiometric recorder. Output currents from 10 -9 to 
10 -13 A can be measured. 

PolyaerylonitriIe degradationsg--50 ft stainless steel capillary column, 
0.015 in. bore, coated with tricresyl phosphate, and operated at 0°C. The 
flame ionization detector is a modification of that described by Destyl°; the 
jet has a platinum tip 0-5 cm long and an orifice of 0.014 in. The jet (anode) 
is maintained at 90V positive with respect to the cathode, which is a brass 
cylinder placed 1.0 cm above the jet. The nitrogen cartier gas flows at 
0.2 cm3/min, the hydrogen bleed enters the carrier gas between column and 
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detector at a rate of 40 cm~/min. The gases are passed through beds of 
activated charcoal to remove impurities. Air enters the detector at a rate 
of 800 crn~/min through a porous steel disc fitted around the jet. The ion 
current is passed through a 101° ohm resistor, and the resulting potential 
measured with an electrometer as above. 

To obtain, optimum resolution, capillary columns must be coated with 
care; the procedure described by Dijkstra and Goey u has been followed in 
the present work. 

GLC peaks have been characterized by trapping the peak from the column 
effluent and examining the condensate by mass spectrometry. (Preparative 
GLC apparatus may be used for such characterization experiments; the 
results are not then kinetically analysed.) Confirmation of the peak assign- 
ments is obtained by injecting the corresponding pure compounds directly 
into the GLC apparatus through ~t serum cap, and comparing the retention 
volumes. A variant of this latter approach is to absorb the compound in 
the deposited polymer sample on the filament, perform the pyrolysis, and 
check that the relative arra of the peak in question has increased. This 
method eliminates changes in retention times arising when the 'abnormal' 
technique of sample introduction (serum cap) is used. 

The degradation unit 
The degradation unit (Figure 2) is inserted into the carrier gas at the 

head of the column. 
The Nichrome ribbon filament is 2.2 x 0"08 x 0-008 (cm), and of nominal 

resistance 0-4 ohm; it is spot-welded (via nickel intermediate) to the 1 mm 
diameter tungsten rods. These rods pass through two of the three holes in 
a glass disc sealed to the end of the B 10 cone. 

The degradation chamber, of internal diameter ca. 6 ram, tapers down 
to take a push-fit PTFE adapter which accepts the capillary colunm. For 
optimum resolution the degradation chamber should have the minimum con- 
venient size (see below) and the effluent must flow smoothly out of it. 

Filaments rarely burn out, but under certain conditions may become 
bowed after extensive use. This invalidates the temperature calibration 
since the central part of the filament is now closer to the chamber walls; 
a new filament must then be fitted and calibrated. 

The filament control unit 
This unit automatically controls two functions: (13 the selected boost 

current is supplied to the filament for a fixed time (usually 1 sec), and (iO 
the selected main current is then immediately supplied for the chosen time. 
Fully automatic control is desirable to remove human errors in timing, 
and thus to improve reproducibility. 

Two types of control unit have beer~ used in the present work. The first 
of these is essentially the single-cam system (described in ref. 3) modified 
to include a third microswitch which controls the switching of the boost cur- 
rent. The second type 8 utilizes two synchronous motors, one rotating at 
12 rev/min driving cams which operate the boost microswitches, the other 
rotating at 1 rev/min and controlling the main current. It was initially 
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considered that the second design would be necessary in order to achieve the 
required reproducibility of the boost period, but it is now known that ade- 
quate boost reproducibility is achieved with the first design. Both types 
are in current use. 

Choice of filament current is effected by switching into the filament cir- 
cuit one of nine series resistors. These may each be present to provide 
any sequence of nine temperatures within the range 50 ° to 1 300°C. The 
filament is driven with 12V a.c. from a constant voltage transformer. No 
improvement in reproducibility was observed when this supply was replaced 
by a 12V 72 A h battery. 

T E C H N I Q U E ;  O P T I M U M  C O N D I T I O N S  A N D  
U N C E R T A I N T Y  L I M I T S  

Mounting of samples and measurement o[ fractional conversion 
A known weight of polymer sample may be deposited between the marks 

on the filament by using a micropipette containing a solution of known con- 
centration. Sample size is chosen so that the limiting rate, independent of 
thickness, is measured. (For a film thickness of ca. 200 A, about 5 × 10-Sg 
of polymer is required; pipettes of capacity 10 -4 cm 3 and polymer concen- 
trations in the region of 5 × 10 -4 g/cm ~ have been used.) 

The filament is first cleared of organic material by heating to 900°C in 
air for approximately 30 sec. If an inert carbonaceous residue, such as that 
which may remain after polyacrylonitrile degradation, is present on the 
filament, some prior mechanical cleaning (lightly scraping the filament) may 
be desirable. The required volume of solution is then evenly deposited from 
a Pye micropipette or a Hamilton microsyringe. The bulk of the solvent 
evaporates away from the filament in a few seconds; any occluded solvent 
is removed by subjecting the sample to a temperature of e.g. 50°C when 
the filament is re-mounted in the degradation unit. The absence of any 
solvent peak in the subsequent degradation chromatogram demonstrates the 
efficiency of this technique. 

The fractional conversion is measured by a method which eliminates 
pipette reproducibility. The sample is heated for the required time at the 
desired temperature, and the peak area al of the product of interest is 
measured. The total available yield of this product from the original sample 
is then determined as (al + a0, where a~ is the peak area obtained when the 
remainder of this product has been evolved from the residue. For samples 
such as polymethylmethacrylate a~ can be determined by totally degrading 
the residue at 520°C (a period of 15 sec has been shown to be more than 
adequate) to obtain quantitative yield of monomer; for samples in which 
the relative yields of degradation products vary with temperature, a2 must 
be determined from pyrolyses at the same temperature as that chosen for 
al. Since the sample sizes used are within the linear dynamic range of the 
detector, which implies a linear dependence of peak area on weight of pro- 
duct, the fractional conversion is given by x=al/(al+ a2). The validity of 
the result may be checked by subjecting the filament to a final temperature 
pulse; no further yield of the product of interest should be obtained. 

For samples which depolymerize quantitatively to give monomer as the 
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sole product, the fractional conversion is clearly based on the total weight 
of sample. For samples which, decompose to give a number of products, 
x as defined above refers to the ratio (quantity of a product evolved during 
the chosen degradation period)./(total quantity of this product available from 
the sample at the chosen temperature). Polyacrylonitrile degradation 
kinetics have been assessed on this basis 8. 

Choice of opt?mum experimental conditions 
(a) Flow-rate of carrier gas--The fractional conversion observed for 

standard conditions with a particular sample has been demonstrated to be 
independent of carrier gas flow-rate provided that the latter is in the region 
of 0'5 cm3/min. In certain cases a dependence of conversion on flow-rate 
has been observed for higher flow,rates, e.g. the conversion decreased by 
33 per cent for a polymethylmethacrylate degradation when the flow-rate 
was changed from 2.6 crnS/min to 4"8 cmS/min. It is considered that this 
is caused by the influenc~ of high flow-rates upon the filament temperature. 
When studying any new system it is therefore desirable to check that the 
results are independent of carrier gas flow-rate. If for any reason it is 
necessary to work in a region where a dependence is observed, the filament 
temperature must be calibrated under the flow conditions used. 

(b) DiaTneter of the degradation chamber--The filament must be cali- 
brated for a particular degradation chamber, and this calibration does not 
apply for degradation chambers of different diameter. Two factors may be 
responsible for this situation: (1) if the carrier gas flow-rate is the same for 
the two different chambers, the linear gas velocity over the filament will be 
different in each case, and (it) the proximity of the filament to the walls of 
a narrow chamber may influence the rate of heat loss. Both these factors 
will be minimized if the chamber has large diameter; on the other hand large 
chambers have greater dead volume and consequently reduce chromato- 
graplu:'c resolution. Chambers of 6 mm diameter have proved to be an 
acceptable compromise, and this has been chosen as a standard dimension 
in the present work. 

It is interesting to note that when the above situation was neglected and 
the calibration for a 6 mm chamber was assumed to apply for a 10.5 mm 
chamber, an apparent increase in the fractional conversion from 15.2 per 
cent to 20'5 per cent was observed for a particular polymethylmethacrylate 
degradation. 

(c) Temperature of the degradation chamber walls--When studying a 
pyrolysis in which relatively involatile products are evolved, it may be desir- 
able to operate the capillary column at elevated temperature, and moreover 
to heat the walls of the degradation chamber to discourage condensation of 
these products (see below). Under these circumstances recalibration of the 
filament under heated-chamber conditions is essential. To illustrate the 
importance of this, the following example may be quoted. A polymethyl- 
methacrylate sample, which under standard degradation conditions gave a 
fractional conversion of 27 per cent when the chamber walls were main- 
tained at 20"C, gave an observed conversion of 88 per cent when the chain- 
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her walls were maintained at 80°C. Since measurements of rate of reaction 
as a function of sample size illustrated that ,the temperature gradient through 
the sample was negligible for the sample sizes used in these experiments, 
the ob,,~erved change in fractional conversion may be attributed to a 
change in the temperature attained by the filament. 

Since continuous running of the filament itself causes a gradual rise in 
temperature of the chamber walls, and a consequent change in filament tem- 
perature as above, this factor must be taken into acount when calibrating 
the filament. This rise in temperature of the walls becomes important only 
when current is passing through the filament for long periods; for calibra- 
tion it must therefore be specified that the standard compound must melt 
within a period comparable with the degradation periods to be examined. 
Since the duration of a degradation experiment does not normally exceed 
20 see, the calibration requirement imposed has been that the standard 
compound should melt in this period. (The calibration is not sensitive to 
the value chosen provided it lies in the range of a few tens of seconds; the 
effect is mentioned here because it is tempting to, observe the behaviour of the 
calibration substance over long periods if incipient melting seems probable.) 
The boosting arrangements, described earlier, ensure a rapid rise to the 
chosen temperature, and the constancy of temperature during the degrada- 
tion period may he demonstrated by the oscilloscope technique mentioned 
previously. 

(d) Optimization of GLC detector response--The desirability of using 
small samples in kinetic work requires that the GLC detector should oper- 
ate at maximum sensitivity and maximum signal/noise ratio. The follow- 
ing factors may be varied in any attempt to improve sensitivity and reduce 
noise: (t') Purity and flow-stability of the carrier and other gases supplied to 
the detector. Series columns of molecular sieve or active charcoal, and 
ballast tanks in the gas lines, may be incorporated. (i0 Flow rates of 
carder gas, scavenger gas (argon triode detector), and of hydrogen and 
oxygen bleeds (flame ionization detector). (iii) Geometrical factors, such as 
anode-cathode separation, and siting of the ring electrode (argon triode 
detector). (iv) Electrical factors, such as choice of anode-cathode potential, 
and minimizing induced currents in the measuring circuit. With respect to 
the latter, the cable connecting the detector to the impedance converter must 
be as short as possible, and must be rigidly mounted. 

The values of these parameters quoted earlier are optimum values deter- 
mined as above for the apparatus in use; they can be taken only as indicat- 
ing orders of magnitude for apparatus of different design. 

(e) Sample size effects--The importance of demonstrating that kinetic 
results are independent of sample size has already been discussed. At this 
stage it must be stressed that it is not sufficient merely to show that the 
fractional conversion obtained for a chosen degradation period and temper- 
ature is independent of sample size. Studies of polyaerylonitrile degrada- 
tion s have shown that this condition is satisfied over a wide range of sample 
thicknesses (at least up to 3 000A), but when fractional conversion is 
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studied as a function of time, sigmoid plots are obtained for the thicker 
samples. Only if sample thickness is less than 750 A does the fractional 
conversion rise logarithmically with time, i.e. in a manner corresponding to 
a first-order process. 

For insoluble samples it is difficult to determine the effect of sample size 
on degradation rate, because the grinding or milling of polymer samples 
may itself cause degradation. In such cases the only safe procedure is to 
prepare a series of thin samples in situ on the filament. 

(f) Solvent effects---Since traces of solvent may remain in a sample which 
has been deposited from solution, it is desirable to demonstrate that this 
solvent is not influencing the rate of degradation in any way. Evidence of 
this kind may be obtained by two methods: (0 by allowing increasing con- 
centrations of the solvent to remain in the sample, and observing no change 
in rate of degradation for specified conditions, and (it)by employing a series 
of different solvents and observing an identical rate for all acceptable 
solvents. Thus benzene, toluene, chloroform and acetone have been used 
as solvents for polymethylmethacrylate degradation studies; the trace 
amounts of these solvents remaining in the films during the pyrolyses had 
no detectable influence on the rate. Whenever possible, it is dearly desir- 
able to avoid solvents which are known to be good chain transfer agents, 
especially when the reactivity of the depropagating radical is expected to be 
high. 

Reproducibility and uncertainty 
(a) Reproducibility ol the time and temperature of reaction--By the oscil- 

loscope technique it was shown that the reproducibility of the reaction 
timing was better than 0"03 sec (i.e. within the error of estimation by this 
technique). Since the shortest reaction times were never less than 5 see, 
the timing errors are insignificant. By contrast, the variations in boost and 
main current have a larger effect. The maximum variations in boost and 
main current were +0.01 and + 0-005 A respectively, corresponding to an 
uncertainty in temperature of + 2 deg. C. With temperature reproducibility 
of this order, the overall observed uncertainty in polymethylmethacrylate 
degradations ranged from!+ 3 per cent (standard deviation of five measure- 
ments) at conversions of about 0.89 (5 see reaction at 460°C), to + 10 per 
cent at conversions of about 0"08 (20 see reaction at 340°C). Other possible 
contributions to this uncertainty are considered in paragraphs (b) and (c) 
below. 

(b) Product losses--Since the walls of the degradation chamber are at a 
lower temperature than that of the filament, the possibility of product con- 
densation or adsorption on these walls must be taken into account. Two 
kinds of experiment have been performed to assess the importance of such 
product losses: (0 for a sequence of pyrolyses performed in a degradation 
chamber which is initially cleaned but not cleaned between pyrolyses, the 
losses in the first pyrolysis are expected to be greater since the walls are not 
'conditioned', (it) a series of pyrolyses at different chamber temperatures 
(the filament being re-calibrated for each wall temperature--see above) 
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may be performed; if product condensation is occurring the apparent yields 
should be higher for higher wall temperatures. For polymethylmethacrylate 
degradations, the fractional conversion was found to be independent of 
chamber temperature over the range 24 ° to l l0°C; it was therefore con- 
eluded that the effects of adsorption were insignificant. 

(c) Measurement of GLC peaks---The principal uncertainty in measure- 
ment of peak area usually lies in the choice of baseline. It is therefore 
desirable to choose GLC operating conditions (especially carrier gas flow 
rate, column temperature and stationary liquid phase) so that sharp sym- 
metrical peaks are obtained, and baseline recovery is good. The areas them- 
selves are usually measured with an optical planimeter (Filotechnia Sal- 
moirghi S.P.A. model 236), though alternative methods such as weighing the 
paper, or triangulation, are acceptable. Comparative measurements on 
polymethylmethacrylate degradations have shown that the triangulation 
formula Area = (Heigh0 x (Width at half-height) gives results of a precision 
similar to those obtained by paper-weighing, the total uncertainty in any one 
estimation being less than two per cent. 

(d) Confidence limits--For specified degradation conditions, the determin- 
ation of fractional conversion takes approximately 10 to 20 min; it is there- 
fore feasible to perform a number of replicate runs. Five such determina- 
tions have usually been made for each point in the present work, and the 
mean value of fractional conversion calculated. A vertical line through 
the point represents the 75 per cent confidence limits for each mean frac- 
tiona/ conversion; the 75 per cent confidence limits for specific rates are 
calculated from the corresponding limits for the fractional conversion. Ex- 
amples will be shown in subsequent publications (see for example the paper 
following), though Figure 5 in this paper indicates the orders of magnitude. 

Verification of recartion order. Sample heat-up period 
Unless complicating factors are present, the evolution of volatiles from 

a bulk-pyrolysed polymer is expected to follow a first-order rate equation, 
i.e. dm/dt=ko~ (mo-m), where rn~ is the initial mass of sample, m is the 
mass of volatile evolved after time t, and kob, is the observed specific rate. 
The integrated form of this equation is - ln (1 -x )=ko~ ,  t, where x is the 
fractional conversion m/rn~. Thus a plot of - l n ( 1 - x )  against time will 
be linear over the range for which first-order conditions apply. (Deviations 
from linearity do not necessarily mean that first-order kinetics do not apply; 
variation of kobB with conversion is expected for some first-order mechanisms. 
Examples of this will be discussed in the next paper.) 

A first-order plot for the pyrolysis of polymethylmethacrylate (fraction- 
ated sample, Ms= 580 000) at 370°C is shown in Figure 5. The graph is 
linear up to ca. 30 per cent conversion, and kobB can be calculated from this 
initial gradient. There is a positive intercept of 2"0+0.3 see on the time 
axis which corresponds to the sum of the filament boosting time (1 sec) and 
the time required for the sample itself to attain the temperature of the 
filament. This illustrates the importance of studying the conversion as a 
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Figure 5--First-order plot for the pyro- 
lysis of a polymethylmethaerylate frac- 
tion (M,=580 000) at 370"C. The broken 
lino through the origin illustrates the 
erroneous spoeitie rate obtained for a 
single-point (10 see) determination (i.e. 

zero-error neglected) 
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function of time and plotting as above; a single point determination of 
conversion at e.g. 10 see would provide an erroneously low value of kob. 
(broken line, Figure 5) when inserted into the integrated rate equation. 

C O N C L U S I O N S  
The pyrolysis-gas-chromatography technique may be applied to study 
degradation kinetics, and quantitative results are obtained if the experi- 
mental variables are controlled more precisely than is required for polymer 
characterization and analysis. In particular, the effects of sample size, 
sample mounting, and time and temperature control become important in 
kinetic work. Modem GLC detectors are, however, sufficiently sensitive to 
permit measurements to be made on samples in a thickness range where 
the rate is independent of sample size (ca. 200 A, ca. 10 -8 g), and a range of 
pyrolysis temperatures in excess of that available with conventional tech- 
niques may be rapidly explored. 
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Polymethylmethacrylate Degradation 
Kinetics and Mechanisms in the 

Temperature Range 340 ° to 460°C * 

A. BARLOWt, R. S. LEHRLE, J. C. ROBB and D. SUNDERLAND~ 

Fractionated samples o] polymethylmethacrylate have been degraded at 
temperatures within the range 340* to 460°C, using the micropyrolysis--GLC 
technique. The conversion at which deviation from first-order kinetics occurs 
has been found to vary with the temperature o/ the degradation. Rate con- 
stants for the ]ractions, calculated ]rom the linear regions of the first-order 
plots, have been plotted as a ]unction of the initial molecular weight of the 
fractions. The trends o/ these plots at different temperatures, and the devia- 
tions from first-order kinetics, are consistent with the ]ollowing changes in 
mechanism throughout the temperature range. At  the lowest temperatures, 
the depropagation reaction is principally initiated at the ends of the molecules, 
and termination occurs by bimolecular interaction. At  intermediate tempera- 
tures, chain scission becomes sufficiently important to account for most o] the 
initiation steps, though bimolecular interaction is still the important termination 
mechanism. At the highest temperatures, initiation by scission is the pre- 
dominant initiation process, but the majority o] the chains are effectively 
terminated by the diffusion out o] the system of the ultimate radical remaining 
when a chain has completely depropagated. Temperature coefficients measured 
over this range cannot there]ore be regarded as overall activation energies, but 
must be interpreted in terms o/ the change o/ mechanism with temperature. 

THE micropyrolysis-GLC technique involves the degradation of samples on 
the surface of a filament in the carrier gas stream of a capillary column 
apparatus. Sample sizes of the order 5 × 10 -8 g (thickness 200 A) must be 
used, in order to ensure that the specific rate is independent of sample 
thickness. Experimental details of the method have been presented in the 
previous paper1; this communication considers the results obtained when 
the technique is applied to study the degradation of fractionated polymethyl- 
methacrylate (PMMA)samples over the temperature range 340 ° to 460°C. 

MATERIALS 
Un/ractionated sample  

Prepared by a high-vacuum technique at 60°C by bulk polymerization 
to ten per cent conversion, using azobisisobutyronitrile as initiator, 
M~ =2-78 × 105. 

Frc~ctionated samples (a) to  (e) 
Samples of molecular weight (a) 64 850, (b) 167 600, (c) 291 700, (a9 

416 900 and (e) 579 500, were fractionated from the unfractionated sample 

*This paper was briefly presented at the I . U . P . A . C .  Symposium on Macromoleeular Chemistry, Prague, 
1965. 

tPresent address: U.S. Industrial ChemJeal Co., Cincinnati, U.S.A. 
~Present address : I.C.I. Dyestuffs Division, Huddersfield, England. 
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using a Baker-Williams column (benzene/methanol, 5 deg. C temperature 
differential, 25 cm 3/h flow rate). 

All molecular weights were determined viscometrically in methylethyl 
ketone, using the K and a values for this polymer-solvent system deter- 
mined by Chinai et al?. 

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

It has been known for some time~ that simple depropagation is the basic 
low-temperature degradation mechanism for PMMA. Direct gas chromato- 
graphic analysis of pyrolyses in the temperature range 300 ° to 550*0 ,5 
shows monomer to be the sole degradation product, and this result is of 
course consistent with a depropagation mechanism. At temperatures above 
600 ° the results ~ indicate that more drastic degradation occurs, but this 
temperature is outside the scope of the present study. The work described 
here in fact attempts to elucidate the principai initiation and termination 
processes of the depropagation chain reaction, and assesses changes in these 
processes with molecular weight and temperature. 

Various possible basic processes are listed below, together with the 
assumptions made in the present work: 

(i) chain-endinitiation: P--->-R.+X. k~(sec -1) 
R. is the chain radical which will depropagate; X. is a small radical 
which distils out of the system; 

(ii) random scission initiation: P---->- 2R. k'~ (see-l); 
(iii) depropagation : R. > R.+ M ke (sec -1) 

M is a monomer molecule which distils out of the system; 
(iv) termination by bimolecular interaction: 

R. + R. > P [ + P] ks (1. mole -1 sue -1); 
(v) 'termination' by depropagation to the end of the polymer molecule, 

leaving a small radical which distils out of the system. The kinetic 
chain length will then be equal to the degree of polymerization D, 
if initiation is by process (i); if initiation is by process (ii) the mean 
kinetic chain length will be equal to D/2. 

Equations for the instantaneous rate of monomer evolution at any time t 
(din~dr, g/system see) can be derived by the usual stationary state assump- 
tions, bearing in mind that the system is not at constant volume and the 
change in volume must be corrected for. The results for various limiting 
cases are as follows. 

(a) Chain-end initiation; depropagation to the end (i, iii, v) 

dm/ dt = ks (m0 - m) (1) 

where m0 is the initial weight of polymer (g)and m is the weight of 
monomer evolved after time t. 

(to) Chain-end initiation; bimolecular termination (i, iii, iv) 

drn / dt = (k,u / 2ktD p)~ ka (too - m) (2) 

where u is the molecular weight of a monomer unit, and p is the 
density of polymer in g/1. at the temperature of the experiment. 
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(c) Scission initiation; depropagation to the end (ii, iii, v) 

dm / dt = U~D (too - m) (3) 

(d) Scission initiation; bimolecular termination (ii, iii, iv) 

d m/  dt = ( k~u /ktp) ½ kd (rn~ - m) (4) 

These equations may be integrated to obtain relationships between the 
fractional conversion, (x=m/mo)  and time t for each of the cases. Despite 
the fact that any change: in D with conversion affects the situation in cases 
(b) and (c), for the present, D will be assumed constant and equal to its 
initial value. This question will be taken up later; at this stage we merely 
note that the approximation is acceptable provided the fractional conversion 
is small The integrated forms are: 

case (a) : - In (1 - x) = k~t (5) 

case (b): - In (1 - x) = (kiu/2ktDp)½ kdt (6) 

case (c): - In (1 - x) = k~Dt (7) 

case (d): - In (1 - x) = (k'~u / ktp)~ kdt (8) 

It will be noted that these equations imply first-order kinetics, and 
furthermore that in two of the cases the observed first-order specific reaction 
rate depends on the molecular weight of the sample. 

Determination of specific reaction rates 
The observed specific reaction rate (kobs) at a chosen temperature for a 

particular sample is calculated from the mean fractional conversion corres- 
ponding to the selected reaction time, assuming a general first-order 
equation, 

- In (1 - x) = kobJ (9) 

based on equations (5) to (8). The selection of reaction time is restricted 
by the fact that it must not be too large, otherwise chromatographic peaks 
of poor shape are obtained, and it must not be too small, for then the 
temperature 'end-effects' (rise and fall of temperature) give rise to excessive 
uncertainty. In practice the preferred range is 5 to 20 seconds. Because of 
the lower limit of 5 seconds it can be appreciated that at high temperatures, 
where the rate becomes large, degradation to, high conversion will occur. 
For PMMA, reaction times of 20 seconds at 340°C will correspond to 
approximately seven per cent conversion, but when the temperature is 
increased to, 460°C a reaction time of 5 seconds corresponds to about 
80 per cent conversion. 

In view of these high conversions, it is desirable to cheek that the first- 
order expression applies throughout the conversion range at each tempera- 
ture. This has been possible for temperatures up to 416°C (see Table 1) by 
varying the reaction time t for each sample and plotting - I n  (1 - x )  against 
t. In all cases it was possible to, define a conversion range (or maximum 
reaction time) over which no deviation from linearity could be detected, 
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Table 1. Data for first-order tests 

Temp. Conversion range Intercept on 
Expt Sample °C studied, % time axis (sec) 

1 (a) 340 17 + 0"7 + 0"7 
2 (a) 416 80 + 2"8 + 0'4 
3 (e) 340 15 + 1"6 + 0"6 
4 (e) 355 84 + 2"4 + 0"7 
5 (e) 370 38 +2-0 + 0"3 

6 Unfractionated 330 67 Zero 
7 Unfractionated 380 90 Zero 
8 (a) 380 90 Zero 
9 (e) 330 67 Zero 

10 (e) 380 90 Zero 

and results within this region were used to calculate kobs. Representative 
plots covering the temperature range are shown in Figure I ,  from which it 
is deduced that linearity is acceptable up to 14 per cent (expt 1, 340°), 
30 per cent (expt 5, 370 °) and 80 per cent (expt 2, 416°), whereas the 
approximate conversions used in determinations of kob, at these temperatures 
were 8 per cent, 28 per cent, and 55 per cent respectively. At  the highest 
temperatures (432 ° to 463°C) it was not possible to explore a conversion 
range, and it has been assumed that  equation (9) holds for the measured 
conversions (65 per cent and 80 per  cent respectively). The  validity of this 
assumption is considered later. 

Reference to Table 1 shows that experiments 1 to 5 displayed a positive 
intercept on the t ime axis, the average value being 1"9 seconds. In  these 
experiments the time values correspond to the sum of the boosting time 
(i.e. 1 second, see ref. 1) and the time for which the true filament heating 
current is applied. I t  is therefore assumed that the filament and sample 

0"5 L 12 l 

5 

0"4 
Figure l--First-o~er plots for 
experiments at 340°C (1), 
370°C (5), and 416°C (2). The 

0 - 3  ordinate axis for expedmeat (2) 
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0 10 20 30 40 
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factor of four. The key-num- 
bers refer to the expvrimeats 
listed in Table I. The vertical 
lines through the points repre- 
seat 75 per cent confidence 
limits for each mean fractional 

conversion (see ref. I) 
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require a 1"9 second period in order to attain the desired temperature, and 
values of kob~ have been calculated from reaction times corrected on this 
basis. This assumption is justified by the fact that no intercepts were 
observed in experiments 6 to 10, where excessive boosting ensured an 
initial very rapid rise in temperature. (Absolute rate measurements were 
not made in this way because of the possibility that the sample temperature 
would initially exceed the desired value.) 

Dependence o 1 specific reaction rate on molecular weight and temperature 
It has been shown that the proposed kinetic schemes differ in their inter- 

pretation of kob~; in particular kob~ is independent of D in cases (a) and (d), 
whereas kob, O: D-½ for case (b), and kobs O:: D for case (c). The specific 
reaction rate for the given PMMA fractions (a) to (e) is therefore plotted as 
a funetior~ of reciprocal square root degree of polymerization in Figure 2, 

0"58 

0"43 
0'15 

0"12 

Figure 2 - - P M M A  degradation "7 0"055 
over the  temperature range 
338  ° to  4 6 3 ° C :  dependence of 
specific rate on molecular .8 0'040 
weight; 75 per cent confidence 

limits are shown 

O" 010 
0.007 

0.003 I 

1 2 3 4 
io210"~ 

which includes results for five temperatures in the range 338 ° to 463 ° . It  
appears that at the lowest temperatures, 338 ° and 366 °, the specific rate 
decreases as D increases, whereas at the highest temperature, 463 °, this 
trend is reversed. At  the intermediate temperatures, 400 ° and 432 ° , the 
specific rate is independent of the degree of polymerization, 'or very nearly 
SO. 

These results are consistent with the following interpretation of the 
thermal degradation behaviour of PMMA. 

At  low temperature the principal mechanism is represented by a rate 
expression similar to equation (6), which implies that chains are initiated at 
a terminal link and are terminated principally by bimolecular interaction. 
Whilst it is statistically inevitable that some chains will effectively terminate 
by depropagation to the end of the molecule, it appears that at these 
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temperatures the ratio of ka to kt is sufficiently small to make this situation 
much less probable than bimolecular interaction. 

At high temperature both, the principal initiation process and the most 
probable termination process have changed. Here the results are repre- 
sented by an equation similar to equation (7) which requires that the initia- 
tion is principally by random scissio,n, and that bimolecular interaction 
during depropagation is improhable. Presumably ka has now become large 
enough for the majority of chains to depropagate completely before en- 
countering and interacting with another depropagating chain. 

At intermediate temperatures (400 ° to 432°), the results are consistent 
with either of the following mechanisms: (0 initiation at terminal links; 
effective termination by depropagation to the end of. the molecule, (it) initia- 
tion by random scission; termination by bimolecular interaction. From the 
results in Figure 2 these possibilities cannot be distinguished, but it will be 
seert in the next section that the first-order plot deviations indicate which is 
the important mechanism. 

Significance of the deviations from first order 
Considering first the low temperature mechanism, from equation (6) it is 

seen that the Observed first-order rate constant ko=(k~u]2kdgp)~ kd. Any 
variation of the parameters in this expression with conversion will lead to 
an apparent deviation from first-order behaviour. Two such variations are 
expected. 

The first is a gradual reduction of D from its initial value, caused by the 
accumulation of polymer fragments produced in the bimolecular termination 
steps. Reduction in D during conversion will lead to a positive, deviation 
from first order, i.e. the first-order plot will display an upward trend. 

The other parameter which is expected to vary is k~. In the derivation of 
the rate expressior~ it is assumed that throughout the degradation a constant 
fraction of the polymer molecules possess ends which are capable of initia- 
tion; this implies a constant value for ks. Accepting the observations of 
Grassie and Melville s, Broekhaus and JenekeP, and Jellinek and Clarke 7 
that terminal double bonds are most readily able to initiate the depropaga- 
tion, the initial value of the above fraction would be 0"5 if all termination 
during the polymer synthesis were by disproportionation, and < 0.5 if 
some combination had occurred. This fraction must decrease during the 
course of the degradation, since for each pair of depropagating chains which 
terminate, two double bonds have disappeared in the initiation, whereas in 
the bimolecu~lar termination process two molecules and one double bond 
are formed if the mechanism is disproportionation, or one molecule with 
no double bonds is formed if combination occurs. Thus the effective value 
of ks is expected to decrease during the degradatior~, and this would cause 
the first-order plot to display a downward trend. 

Since the results at 340 ° and 370 ° in Figure I show negative deviations 
from first order, this indicates that variation in ks with conversion is influenc- 
ing the plot more than variatior~ in D. 

If we now consider the two possible mechanisms at intermediate tempera- 
ture (400 ° to 432°C, Figure 2; see above), mechanism (t) involves end- 
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initiation whereas (it) involves initiation by random scission. The first-order 
plot at 416°C in Figure 1 indicates no deviation from first-order behaviour 
even at conversions of 80 per cent. For the above reasons this is inconsistent 
with a mechanism involving end,initiation, since the effective value of ki 
is certainly expected to decrease at conversions exceeding 50 per cent, if 
not before. OrL the other hand the rate constant for scission initiation, k~ 
is not expected to change during conversion, since scission is assumed to be 
a random process occurring anywhere within the polymer molecules. This 
suggests that mechanism (ii) is the principal process occurring in the inter- 
mediate temperature region. Thus kob~ in this region is interpreted as 
(k~U/k~p)½ ka; since D does not appear in this expression it can moreover 
be inferred that any variation in D with conversion, as discussed above, will 
not cause positive deviations in the first-order plot. 

Turning finally to the high-temperature results (463°C, Figure 2), it was 
mentioned previously that because of the rapid rate of reaction it was not 
possible to explore a sufficiently broad conversio~a range to demonstrate the 
first-order relationship (9). It can now be stated that if the foregoing con- 
clusions are accepted, and kobs is interpreted as k~D according to equation (7) 
no deviations from first order are expected. U~ will be constant for the 
reasons stated above, and D will be constant at its initial value since virtually 
all chains which are initiated are completely removed from the system by 
depropagating to the terminal unit. 

Discussion 
The kinetic results are therefore consistent with changes in mechanism 

throughout the temperature range. At the lowest temperatures, depropaga- 
tion is principally end-initiated, and termination occurs by bimolecular 
interaction. At intermediate and high temperatures, scission becomes the 
important initiation process, but the bimolecular termination which occurs 
at intermediate temperatures is replaced at high ~emperatures by 'termina- 
tion' by depropagation to the ends of the molecules. 

Grassie and Melville ~ find that PMMA degradation is end-initiated at 
low temperatures, but their observation of a sharp transition (at D = 2  × 103) 
from exclusively depropagation-to-end termirmtion to bimolecular termina- 
tion is not confirmed in the present work. Brockhaus and JenckeP have 
demonstrated that two types of initiation occur in PMMA degradations 
below 350°C; one of these types involves double bonds at the ends of 
molecules and is the predominant mechanism at low conversions. The other 
type is much slower, and accounts for the rates at high conversion when 
all double bonds have disappeared. Some of their quantitative results are, 
however, open to criticism. For example, they expect exactly 50 per cent 
of the molecules to possess double-bonded ends, and ignore any possibility 
of a combination component 8-1° during synthesis. They also ignore the fact 
that any termination by disproportionation during degradation will itself 
create double-bonded ends, and that kinetic chain lengths will not be unique 
but will have a distribution. Perhaps the most serious criticisms of their 
work, however, are (a) the shapes of their rate curves were found to depend 
upon the ambient pressure; and (b) their plots of dm/dt against conversion 
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(Figure 8 in ref. 6) appear to be rather idealized, and cannot be constructed 
from the conversion curves presented earlier in their report. 

Prior to the present work there have been few studies of PMMA 
degradation at higher temperatures. An analysis by Gordon and Shenton u' n 
of low temperature results ~,~ includes the suggestion that there may be a 
small scission reaction superimposed on the end-initiation process. It is 
reasonable to assume that such. scission would become more probable at 
elevated temperatures, and moreover a small proportion of such a reaction 
is of course very significant in view of the much larger number of normal 
chain links compared with terminal links. Jellinek and Clarke 7 have studied 
PMMA degradation at temperatures up to 400°C by measuring with a 
spoon gauge the monomer pressure developed from a polymer sample 
coated on the surface of a quartz pot. In more recent work TM a stainless steel 
pot has been used in order to minimize heat transfer problems 1~. Evidence 
was obtained for the participation of two types of mechanism, one of which 
corresponds to the low-temperature mechanism proposed in the present 
work. However, no intertJretation was suggested by Jellinek for the other 
mechanism, which would correspond to the high-temperature mechanism 
in the present work. Jellinek and others have estimated overall activation 
energies for PMMA degradation; in view of the inversion of mechanism 
with temperature reported in the present work the values should be inter- 
preted with caution. Such interpretations, together with the results of high, 
temperature studies of changes in molecular weight with conversion--which 
provide further evidence for our proposed mechanism--will be presented in 
a subsequent publication 15. 

C O N C L U S I O N S  
The micropyrolysis--GLC technique may be applied to study degradation 
kinetics, provided that the apparatu's is sufficiently sensitive to allow 
measurements to be made on samples in a thickness range where the rate is 
independent of sample size. 

A temperature range in excess of that available with other techniques has 
been explored, and predominant mechanisms have been proposed for three 
temperature ranges. The low-temperature mechanism is in accord with 
evidence previously reported in the literature, but the high-temperature 
mechanism has not previously been demonstrated. 

The authors wish to thank the University of Birmingham and the Science 
Research Council [or the award of maintenance grants to A.B. and D.S. 
respectively. 
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Thermodynamic Properties of 
Poly-4-methyl-pentene- 1 

F. E. KARASZ*, H. E. B A I R ~  and J. M. O'REILLY 

The heat capacity o /  poly-4-methyl-pentene-1 (P4MP) has been measured 
/rom about  77 ° to 540°K, as a /unc t i on  o / t h e  thermal history imparted to the 
sample. In addition to the glass and the melting transitions (~ ,  305 ° and 
522°K, respectively), an intermediate transition was found at about 445 °, and 
there is some evidence that this is related to the fusion (or solld-solid trans- 
/ormation) o/  a polymorph o / P 4 M P .  The calculated configurational entropy 
was shown to be unusually low at T o, and a simple explanation /or this, based 
on differences in the properties o /a tac t i c  and stereoregular P4MP, is proposed. 
This could account also for  the reported anomaly in the configurational volume. 

PREVIOUS studies of poly-4-methyl-pentene-1 (P4MP) have shown that this 
polymer exhibits at least two comparatively unusual phenomena. First, it 
has been clearly shown in a number of investigations T M  that at room tem- 
perature the density of the amorphous polymer exceeds that of the highly 
crystalline material (by as much as one per cent), a situation unique, in 
polymers, to P4MP. Secondly, dynamic mechanical 1,5,6 and volumetric 
studies 1'4 have detected transitions in the polymer at --~ 400°K, that is 
between Tg and Tin, a temperature interval usually devoid of any relaxation. 

In the present study, we have examined the properties of P4MP in 
general, and the above phenomena in particular, through measurements of 
the heat capacity of samples of P4MP, with differing thermal histories, over 
a wide temperature range. Such measurements cart yield a considerable 
amount of information, especially relating to transitional behaviour 7, and 
also provide the basic thermodynamic data required to test various hypo- 
theses concerning, for example, the formation and properties of the 
amorphous phase. 

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

(a) Sample 
A crystalline powdered sample of P4MP was obtained from the Union 

Carbide Co. through the courtesy of Dr F. P. Reding. This sample had a 
M . = l - 4 x  105 (from viscosity measurements in decalin at 135°C and the 
data of Goodrich and Porter~). The density of a moulded sample at 25°C, 
measured by hydrostatic weighing, was 0"8325 g m1-1. 
(b) Calorimetry 

An adiabatic calorimeter was used to measure the heat capacity of 
P4MP from 77 ° to 540°K. Full details of the apparatus and technique are 
given elsewhere g. It was necessary to compress the powdered sample to fill 
the calorimeter with an adequate quantity; 29.004 g was used. The 
polymer, under 5 cm of mercury pressure of helium, typically was heated 

*Present address : University of  Massachusetts, Amherst, Mass., U.S.A. 
TPresent address : Bell Telephone Laboratories, Murray Hill, New Jersey, U.S.A. 
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at --~ 15 deg. K h -1 in runs of from 2 to 12 deg. K. The precision of the 
measurements has been estimated to be better than +0.2 per cent up to 
about 450°K; at higher temperatures errors may have approached + 0.4 per 
cent. 

(c) Other measurements 
Melting point depression measurements were undertaken to obtain the 

heat of fusion, AHt, of completely crystalline material. Mixtures of P4MP 
(-~, 1 g) and 1-chloronaphthalene (up to ,-~ 30 volume per cen0 were heated 
above the melting point in evacuated sealed tubes and then slowly cooled. 
Sections of about 2 to 5 mg were cut from the resulting plug of polymer 
and diluent, and the melting point of these determined on a differential 
scanning calorimeter (Perkin-Elmer DSC-1). The measurements were 
repeated with samples taken from various parts of the plug to test homo- 
geneity. 

X-Ray diffraction patterns were obtained, in reflection, with a General 
Electric XRD-5 diffraetometer, using pressed samples of P4MP powder. 

R E S U L T S  
Three series of measurements were made, though two of these extended over 
only part of the available temperature range. The results are given in 
Tables 1 to 3. 

(a) Series I 
The heat capacity of the sample, dried under vacuum but otherwise as 

received, was measured from 77°K to 424°K. The heat capacity versus 
temperature curve (Figure 1) fs completely smooth up to .about 300°K, at 
which temperature there is a marked rise in C~, indicative of the glass transi- 
tion. Further heating revealed an irregularity in the C~/T plot betweert 
380 ° and 410°K, consisting of an anomalous rise in C~ of about 0'7 per cent 

Table 1. He~,t capac.i*ty of P4MP. Series I 

C~, C~, Cp, 
Toy, o K j OK-1 g-1 Toy, o K ./OK-1 g-1 Toy, °K I °K -1 g-1 

79"597 0"560 
84"101 0"582 
91"166 0"624 

100"113 0-677 
108"459 0"726 
115"125 0"764 
119"887 0"791 
124"918 0"818 
131"139 0"849 
138"299 0"887 
145-947 0"925 
154:013 0965 
161-318 1.000 
168"036 1-033 
175"910 1"070 
183'181 1"104 
191"263 1"145 

204"777 1'205 
216.245 1"264 
224"950 1'307 
230"683 1'335 
236"812 1'360 
240"657 1"383 
246"143 1"417 
257"007 1"476 
267-939 1"536 
275"964 1"576 
283"420 1-623 
289-610 1"658 
293"474 1"707 
296'403 1"705 
300"028 1"757 
305'983 1"805 
311"226 1-875 

314"511 1"900 
317"985 1"930 
321 "763 1 "950 
326"425 1 "990 
337'900 2"064 
343"344 2"074 
348"754 2"134 
357"312 2'183 
368-086 2"251 
377"302 2"309 
384"468 2"383 
391"307 2"425 
395"672 2-456 
400-107 2"468 
406"530 2"504 
413"854 2"539 
420"553 2"573 
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Table 2. Heat capacity of P4MP. Series II 

Cv, C v, C v, 
T~, °K j OK-1 g-1 T~v, o K j OK-1 g-1 Tar, o K j OK-1 g-1 

265"095 1"514 
272'895 1"561 
280'039 1"603 
285"873 1"634 
291'071 1"675 
296"285 1"705 
300"247 1"748 
304"076 1"787 
307"484 1"851 
310"549 1"873 
314"705 1'908 
321"634 1'953 
331'029 2"007 
342"959 2"083 
352"093 2"134 
357"759 2"182 
363"456 2"189 
367'933 2'243 

373"169 2"262 
378"482 2"302 
382"896 2'321 
386"536 2'341 
390"306 2'366 
394"856 2'398 
400"939 2'437 
406"791 2"478 
413-416 2"512 
420'610 2'564 
427"530 2"627 
433"863 2"692 
439"123 2"725 
443"365 2"864 
446'808 2'822 
450"529 2"728 
454'771 2"714 
459"577 2"716 

470.989 2.814 
477.086 2.867 
482.377 2.918 
487-252 3.016 
492.261 3.138 
496.460 3.119 
500.115 3.262 
503-655 3.463 
506.911 3-557 
510.118 4-015 
513.076 5.057 
515-680 6.881 
518.299 5.142 
521.349 3.234 
524'962 2'9~" 
529"057 2"993 
533"087 3"018 
536"725 3-047 

relative to the baseline. The  anomaly,  a l though very small,  was outside 
exper imenta l  error.  No  unusual  t empera ture  drifts were measured  during 
the ca lor imeter  equi l ibra t ion periods in this tempera ture  region, though 
such drifts have  been f requent ly  encountered  just below melt ing points  and 
somet imes  a round glass transitions,  and are indications of molecu la r  re- 
organizat ion within a polymer.  

T o  examine  the characterist ics of the anomaly  further, the sample was 
cooled,  at 10 deg. K h -1, to 261 °K, and the measurements  repeated.  

Table 3. Heat capacity of P4MP. ,Series III 

Cp, Cv, 
T~,,, °K j OK-1 g-1 Ta~, , °K j °K-t g-1 

98'204 0"673 
104"290 0"708 
108'310 0"733 
111"653 0"749 
127"764 0"831 
148"929 0"942 
168"882 1'038 
202"054 1"195 
242'224 1-406 
267"233 1"533 
275"163 1-574 
281'264 1"641 
288"133 1"661 
294'910 1"702 
301"868 1"785 
307"743 1"892 
311"536 1'901 

316"208 
321'380 
326"730 
333"402 
346"830 
365'271 
376-930 
382"759 
387'750 
394"095 
401"546 
408'587 
415"493 
423"619 
430"288 
436"702 
444"632 

C~ 
j OK-1 g-1 Tar, OK 

1'935 451"983 
1"968 458"938 
1"992 467-409 
2"028 474'574 
2"104 482"015 
2"207 490"052 
2"278 495"229 
2'307 500"325 
2'337 505'672 
2"369 510"290 
2'409 514"218 
2"454 517-005 
2"477 519"944 
2-548 523"660 
2"586 527"949 
2"618 532-931 
2"665 538"599 

2-706 
2.748 
2.801 
2.839 
2.912 
3.013 
3.074 
3.238 
3.378 
3-777 
5-325 
7.757 
3.375 
2.985 
2.998 
3.010 
3-038 
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Figure ]--He~t capacity of P4MP ~t lower temperatures. 
For identification of samples, see text 

(b) Series H 
Results up to 380°K were virtually identical to those obtained in the first 

series of measurements. Particular attention was, of course, paid to the 
380 ° to 410°K region, but the C~/T plot turned out to be completely smooth 
(Figure 1), with no sign of the previously observed irregularity. 

Evidence of a much larger transitional phenomenon was found at about 
445°K. This had the qualitative appearance of a polymer melting curve, 
though the area beneath the peak corresponding to the transition enthalpy, 
AQt,, was small, about 2.0 joules (J) g-1. Substantial negative temperature 
drifts equivalent to heat changes of up to 0"5 J h -1 g-l) were found on the 
low-temperature side of the peak. 

Above this .secondary peak the main melting transition was observed, 
starting at --~ 470°K. The maximum melting point was 522°K. The heat of 
fusion, AQt, and other thermodynamic data for these measurements, are 
summarized in Table 4. 

(c) Series III 
The molten polymer was cooled, at about 10 deg. K h -1, and the measure- 

ments repeated from 95°K. 
This annealed sample again showed no substantial difference relative to 

the previous measurements at low temperature.s, but Tg was about 5 deg. K 
lower. Above Tg the most important difference was the absence of both of 
the anomalies observed previously. The  C~ curve as shown in Figure 2 
rises smoothly into the melting peak, with a maximum melting temperature 
of 522°K, as before. Above T,~ the measurements were in good agreement 
with those of series II. 
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Table 4. Summary of thermodynamic properties of P4MP 

AC v (T o) Intermediate 
Series To , o K j 0K-i g-i transitions, °K 

I 
(as received) 307 0"055 390 

II 445 
(cooled from 423 °K) 307 0'050 (AQtr ,~ 2 J/g) 

III 
(cooled from 538°K) 303 0-060 None 

Crystallinity 
T,~ AQ t J ig  Calorimetric X-Ray 

II 522 35"8 0'29 0-40 
III 522 34"3 0"28 - -  

Results of the melting point depression experiments, and of the X-ray 
diffraction studies, are included in the discussion below. 

D I S C U S S I O N  
(a) L o w  tempera ture  behav iour  

In common with many other polymers, P4MP exhibits a dynamic mech- 
anical loss peak at low temperatures. In P4MP this occurs at about 150°K 
(at frequencies of 1-6 × 10 ~ c/s  8 and 9"03 × 103 c/s1°), and has been attributed 
to the onset of cooperative rotational or librational side-group motion irL the 
amorphous portions of the polymer. Some n,m.r, data .similarly indicate, 
through second moment and line width decreases between 77 ° and 100°K, 
that some internal motion is beginning at these temperatures 11. 

The present heat capacity measurements, however, do not show any 
manifestation of this relaxation in the temperature region of interest, or 
indeed, at any temperature between 77°K and To. 
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"3" y .  

" 0  

4"0 

0 

3"0 
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Figure 2--Heat capacity of P4MP, including the reel,ring region 
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In the mechanical measurements, the transition is indicated by a relatively 
abrupt change in the .slope of E', the elastic storage modulus, with tempera- 
ture, and therefore a corresponding change in the slope of Cp might have 
been expected. It is possible that this is concealed by the slight curvature in 
the C~/T plot which still persists at 150°K, or that, as is suggested by the 
n.m.r, data, the onset of the motion is relatively diffuse, which again would 
make the transition more difficult to detect. This absence is not entirely 
unexpected, in view of similar results for other polymers, for example, 
atactic polystyrene TM, and poly(4',4'-dioxydiphenyl-2,2-propane carbonate) ~3, 
in which low temperature side-group or backbone motion is postulated, but 
is not revealed in heat capacity measurements. Possible reasons for the lack 
of correlation have been discussed elsewhere 7. 

(b) To region 

The glass temperature of P4MP is clearly indicated in all three series by a 
discontinuous rise in Cp. The centre of the transition lies at about 307°K in 
the Series I (as received)'and Series II (polymer cooled from 420°K) mea- 
surements, while in Series III (sample annealed from melt), To is slightly 
lower, the centre lying at 303°K. The shift is probably a result of anneal- 
ing, and the u.se of different heating schedules may also have contributed.' 
R~nby et al. ~ have observed values of Tg ranging from 287 ° to 301°K, and 
have correlated these to the respective crystallinities. 

In the present measurements, the crystallinity of the samples used in 
Series II and HI are essentially the same (see below) and on R~mby's scale 
would correspond to a To of 297°K. The agreement between R~mby's and 
our results is satisfactory when it is considered that different initial samples, 
techniques and, in all probability, different crystallinity scales were em- 
ployed. 

(c) Transitions between To and T,~ 

We now consider the two anomalous regions in the heat capacity curve 
between To and T,~, lying at .about 390°K and 445°K, respectively. Earlier 
dilatometric ~, X-ray ~ and dynamic mechanical (but not n.m.r. 14) measure- 
ments 1,4,5 also indicated some anomalous behaviour in this general region, 
but there is disagreement as to the origin of the phenomena. Thus Griffith 
and R~nby ~ observed a dynamic mechanical loss peak around 450°K and 
possibly at 400°K (at ~ 100 c/s), while Penn 5 found a single broad maxi- 
mum in the compliance at about 400°K (at--, 1 c/s). Kirschenbaum et al. 15 
refer to, but do not discuss, a similar peak in the same temperature region. 
In dilatometric measurements Griffith and R~mby 1 found a slight change in 
the slope of the volume/temperature curve at 400°K, which would indicate, 
therefore, a second-order transition and, in later X-ray measurements of the 
lattice parameters of P4MP, Rfinby et al. observed a change in the slope of 
the unit cell parameters a and c as a function of .temperature at --~ 400°K ~. 
However, it should be noted that in the dilatometric measurements the 
transition becomes more pronounced as the crystallinity is reduced, whereas 
one would expect the opposite result if the crystalline phase were respon- 
sible for the change. 
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The anomaly observed in our calorimetric measurements at 390°K could 
be related to one of the transitions previously observed. However, the 
temperatures are not in very good agreement; furthermore, the effect we 
observe is very small. It  seems more probable that the latter is an artefact, 
possibly connected with the release of strains in the compacted sample. The 
irreversibility of the phenomenon, that is the fact that it was completely re- 
moved by heating to 420°K, lends some support to this hypothesis. 

The transition centred at 445°K is more readily explained. It is a much 
larger effect, and fro~m the shape of the heat capacity curve, i.t appears to be 
almost certainly a smeared-out first-order transition, qualitatively analagous 
to a polymer melting peak. As already mentioned, the measurements in 
this region were accompanied ,by substar~tial {emperature drifts in the calori- 
meter indicative of relatively slow equilibration, furthering the analogy to a 
fusion process. We attribute this to the melting (or possibly the solid-solid 
transformation) of a small quantity of a polymorphic form of P4MP, present 
in the original sample, .To substantiate this postulate, X-ray diffraction 
patterns of the sample as a function of temperature were obtained 
(Figure 3). This figure shows the scattering diagram obtained at room 
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temperature and after 30 minutes annealing at 455°K. Apart from some 
change in relative intensities of the major peaks due to dimensional changes 
of the sample and possibly to the release of strains, some other differences 
are observed, including the disappearance of a peak at 20 = 12 °. The latter 
does not reappear on cooling, but cannot be removed by annealing at any 
lower temperature. We suggest that it is due to a polymorphic component, 
whose other diffractior~ maxima are possibly concealed by those of the 
major component. The relatively small quantity of heat involved in the 
transition (2 J g-l) suggests that the amount of polymorph present is only a 
few per cent, especially if the transition is due to melting (as distinct from 
a solid-solid transformation). Polymorphism is especially prevalent in the 
higher poly-a-olefins and has been studied in some detail, for example, in 
polybutene-1 is, Gallegos 17 has found evidence from optical measurements 
for the existence of three polymorphic forms in the P4MP isomer, poly-3- 
methyl-pentene-1. The formation of such metastable crystalline modifica- 
tions is typically very sensitive to the precise thermal and solvent history, 
and therefore, as in the present instance, it is not surprising that the minor 
constituent apparently is not re-formed either on cooling from 455°K or 
from the melt. Finally, in this connection, we note that the melting of a 
minor polymorphic component, as suggested above, is at least consistent 
with the appearance of a loss peak at 450°K in the dynamic mechanical 
measurements of Griffith and R~mby already noted a. 

(d) Crystallinity 
The experimental heats of fusion, AQ t, of the samples in the series II and 

III measurements were 35"8+ 1..5 J g-1 and 34"3+ 1.5 J g-l, respectively. 
Most of the uncertainty arises from the difficulty of assigning a baseline to 
the melting peak which represents the true heat capacity of the melting 
crystal-liquid mixture. 

The crystallinity, x, is given by AQ1/AHI, where AHt is the heat of fusion 
of the hypothetical completely crystalline material. Results of measure- 
ments of the melting-point depressior~ of P4MP-l-chloronaphthalene mix- 
tures are s h o w n  in Figure 4 plotted in the customary manner, 
(1/T,~-l/T°m)/vl versus vl/T~ TM, where T ° is the melting point of pure 
P4MP, and T,~ that of a mixture containing a volume fraction vx of diluent. 
From the intercept we derive AH~= 122+ 12 J g-1. This value for AH t of 
P4MP is in good agreement with one of the two values reported by Isaac- 
son et al. 19, 125 J g-1 and 142 J g-1. Although details of the measurements 
resulting in ,the former value are not given, it is implied that this is preferred. 

The calculated fractional crystallinities of the samples melted in the 
series II and III measurements are thus 0.29 and 0.28 respectively. It 
follows that the annealing process irt the calorimeter did not materially 
change the crystallinity of the polymer. 

Because of its unusual volumetric behaviour (see below), the crystallinity 
of P4MP cannot be determined from density measurements at room tem- 
perature with any worthwhile accuracy. The X-ray crystallinity was deter- 
mined from the integrated scattering intensities from 20=5 ° to 20=30 ° . 
A smooth amorphous scattering curve was drawn tangentially to the total 
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scattering at .several points between the crystalline peaks (see Figure 3). 
We found it impossible to change the crystallinity of samples significantly 
by quenching thin films, annealing or solvent treatment, and therefore the 
crystallinity was calculated simply from the ratio of the crystalline scatter- 
ing area to total crystalline and amorphous scattering areas. The calori- 
metric results are only in fair agreement with the X-ray value of 40 per cent 
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" - ~  0 . 4  
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Figure 4--Melting poin,ts of P4MP-l-chloronaphthalene mix,tures 

for the series H sample, but Hermans ~° and co-workers have shown that the 
actual crystallinity may be less than calculated because the normalized 
crystalline scattering is usually greater than the normalized amorphous 
scattering. 

The calorimetrically determined melting point,of 522°K is in excellent 
agreement with that observed by Griffith and R~nby I (523°K), but is some- 
what higher than those of Isaacson eta/. 19 (511 ° to 517°K) or of Reding 
and Walter ~1,~ (508 ° to 513°K). Earlier measurements have reported much 
lower melting points, 475 ° to 479°K ~ and 478°K 23. 

(e) Cor~figurational properties at To 
The property of P4MP that has perhaps received the most attention is 

connected with the abnormal volumetric behaviour. Several studies have 
shown that around room temperature (i.e. at To) the density of the amor- 
phous polymer is greater than that of semicrystalline P4MP 1"-4. Formally 
this arises simply from the circumstance that 

r~ r~ 

where oe. (T) and c~c (T) are the expansion coefficients of the amorphous 
and crystalline phases, respectively, V, (To) and Vc (To) are the specific 
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volumes at Ta, and AVt is the volume of fusion. Since ota (T) is always 
greater than a,  (T) above To, ,this inequality in itself is not implausible, 
and the phenomenon has been explained morphologically on the basis of 
an unusual openness of the crystal structure relative to the amorphous 
phase 2'2~. In the poly-a-olefin series, considering polymers of ethylene, 
propylene, 3-methyl-butene-1 and 4-methyl-pentene-1, Pritchard has pointed 
out that the amorphous densities at room temperature decrease much more 
slowly with. increasing monomer molecular weight than do the crystalline 
densities, and a 'cross-over' at P4MP is not unexpected from this empirical 
approach 2s. 

Thermodynamically, however, the anomaly is less easy to explain, par- 
ticularly with respect to theories of the glassy state. In the Gibbs-DiMarzio 
treatments, for example, a positive configurational entropy at Tg, ASo (To), 
[-~Scg~s,I-Sc~ry~tall], is a principal requirement 1~. Since some parallelism 
might be expected between the entropy and volume ~, a negative result for 
the configurational contributions to either of these first-order quantities is 
surprising. In the theory of Gutzow this point is even more firmly estab- 
lished, because in this theory ASo (To) is an explicit functiort of the ratio of 
the glassy and crystalline specific volumes at To 27. 

As an explanation for the apparent anomaly, we suggest that the proper- 
ties of two different isomers have been compared. During the course of the 
present work, it was established that the P4MP used (i.e. a sample of about 
30 per cent maximum crystallinity) could not be thermally quenched suffi- 
ciently rapidly, using the usual techniques, to attain a completely amorphous 
sample. It .seems likely that this applies generally for this polymer, and 
that the amorphous samples of P4MP used in the various dilatometric 
measurements have been extracted from the partially crystalline polymer. 
(This, in fact, is explicitly stated by R~mby et d?.) Hoffman et al. ~ amongst 
others, have shown the Ziegler polymerization of 4-methyl-pentene-1 pro- 
duces samples containing atactic as well as stereoregular, presumably iso~ 
tactic, materials. It may be argued further that the extracted samples are 
therefore atactic, while the crystallizable P4MP is at least partially stereo- 
regular. If this is so, then the anomalous density behaviour may arise 
simply from the fact that the bulk properties of two distinct isomers are 
being compared, and it is not implausible that these are intrinsically 
different. A well-known example of such divergence is the To and density 
behaviour of tlae various polymethyl methacrylates 29. It is suggestive also 
that the specific Volumes of the amorphous and of a highly crystalline 
P4MP sample above T~, as shown in Figure 2 of ref. 1, differ by about 
one per cent, a discrepancy which is apparently outside experimental error. 
This may possibly be considered as some substantiation for the above hypo- 
thesis; obviously no difference could be observed if the variation in pro- 
perties of the two fractions were due solely to crystallinity. 

It is of interest, therefore, to examine the temperature dependence of the 
entropy and enthalpy for this polymer, and to determine whether an 
anomaly similar to the specific volume behaviour exists. For semicrystal- 
line P4MP, the appropriate heat capacity functions can be integrated 
directly, using the data obtained in the present study. However, the re- 
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quired heat capacity data for the amorphous phase are not available (except 
above T,,), and the temperature dependence of C~, the heat capacity of the 
totally amorphous polymer, has to be estimated in part. 

First, it may be reasonably assumed that the heat capacities of the two 
forms above Tm and below Tg are equal, and that, at the relatively high 
temperatures under consideration, C~ is a linear function of temperature 
above To. To itself for the amorphous material has been well established; 
therefore the remaining quantity necessary to define C a over the tempera- p 
ture range of interest is the change in heat capacity at To, AC~ (To). There 
are several possible approaches for estimating the latter: (a) a relatively 
long extrapolation of the available C~ data for the liquid from above the 
melting point; (b) use of Wunderlich's 'bead' modeP°; or (c) calculating AC~ 
from measured AC~s for material of known crystallinity. Using the first 
method we estimate AC~(To)=0"4+0'05 J °K-1 g-1. In the 'bead' model 
calculation there is difficulty in deciding a priori the number of 'beads' per 
monomer unit; basing the choice on criteria used in other polymers, it is 
estimated that there are either three or four 'beads', this resulting in 
AC~ (To) of 0.40 and 0.53 +0.10 J °K-1 g-l, respectively. If one uses values 
of x, the fractional crystallinity obtained from the heat of fusion, and the 
two-phase model equation, i.e. AC"v(Tg)=AC~(To)/(I-x), where AC~ (To) 
is the observed change in heat capacity at To for the partially crystalline 
samples, then inordinately low values of AC~(To) are obtained. This is a 
reflection of a 'suppressed' AC x, a phenomenon encountered in several other 
polymeric sy.stems, and discussed elsewhere 31. 

Through the courtesy of Dr R. S. Porter and the Chevron Research Carp. 
we obtained a sample of amorphous P4MP (a hexane extract) and were 
able to measure AC~ (To) directly using the Perkin-Elmer scanning calori- 
meter. A value of 0"35 + 0-06 J °K -~ g-~ was obtained, though for unknown 
reasons there were some problems in achieving reproducibility. Taking 
into account the various estimates, a final value bf AC; (To)= 0.4 J °K-1 g-Z 
was adopted. 

The resulting enthalpies and entropies for the amorphous and semi- 
crystalline P4MP are shown in Figures 5 and 6. For these calculations, the 
data acquired in the series III measurements (x=0"29) were used, and the 
starting temperature of these measurements, 95.563°K, was taken as 
the arbitrary zero for the enthalpy and en,tropy of the semicry.stalline 
polymer. It was initially assumed, also, that the thermodynamic properties 
for amorphous and crystalline P4MP were the same above T,,. On this 
basis, it is obvious that the configurational enthalpy and, especially, the 
entropy, are very small at To. This is further demonstrated in Figure 7 
which .shows z~S, (T) as a function of temperature. [In these calculations, of 
course, an error in the assumed A C~ (T,) would affect the results, as is 
shown in Figure 7, but not enough to vitiate the present argument.] 

Thus, it may be concluded from Figure 7 that with lhe assumptions made 
above the configurational entropy at (or below) To is exceptionally small in 
comparison, for example, with that of polypropylene ~, polystyrene TM, or 
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isotactic polymethyl methacrylate =. In these .systems ~Sg (Ta) is 
9 + 3 J °K-Z mole -z of monomer (referred to a wholly crystalline sample), 
compared to somewhat less than 1 J °K -1 (monomer mole) -1 for P4MP. 
The significance of this fact can be expressed in several different ways. In 
terms of the Gibbs-DiMarzio theory ~, for example, one may use ASu (T~) 
to calculate the difference between the observed glass temperature and T2, 
the asymptotic 'thermodynamic' glass ~emperature, using the approximation 

Tg - T~ ~ T~ ASg (Tg)/AC~ 

For P4MP an anomalously low value for To-T2 is obtained. In other 
systems values ranging from 30 ° to 80°K are found ~ in agreement with the 
Gibbs-DiMarzio theory which suggests about 50°K for the difference [or, 
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in the Gibbs-Adam 35 kinetic approach, a Tg/T2 ~ 1-3 is predicted; in the 
temperature range of interest in this study, these predictions are equivalent 
within the error limits]. As there is no reason to suppose that amorphous 
P4MP is any closer to thermodynamic equilibrium than other glassy 
polymers that have been studied, one is led to conclude that the equivalence 
of the entropies of the crystalline and the amorphous polymer above T~ 
cannot be assumed. This can only be the case, however, if different isomers 
are under consideration, and hence ,supports our contention regarding the 
origin of the specific volume (and entropy) anomalies. 

C O N C L U S I O N  

Measurements of the heat capacity have provided new information regard- 
ing two unusual aspects of the solid state behaviour of P4MP. There is 
some evidence for the existence of a polymorphic form of P4MP present, 
at least in the sample used in this study, in relatively small amounts. The 
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magni tude  of the calculated configurational  entropy, taken in  conjunct ion  
with current  theories of glass formation,  supports the suggestion that  the 
anomalous  volume behaviour  is essentially an effect of tacticity. This  
postulate could be investigated further by addi t ional  di latometric  studies 
of .the two isomers. In  other respects the thermodynamic  properties of 
P4MP are typical of a semicrystall ine polymer.  

We are very grateful to Drs F. P. Reding and R .  S. Porter for gifts of  
P 4 M P  samples. 

General Electric Research and Development  Center, 
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Polymerization on Glass-supported 
Vanadium Trichloride." Morphology 

of Nascent Polyethylene" 
H. CHANZY~, A. DAY and R. H. MARCHESSAULT 

,4 method is described /or depositing ~anadium trichloride crystals on glass 
sur/aces. Subsequent treatment with aluminium triethyl yields a planar sup- 
ported catalyst for polymerization o/ polyethylene. Coherent polyethylene 
membranes ranging in thickness /rom a few hundred ,~ngstr6m units to tens 
o/ microns could be polymerized on to the glass sur/ace and examined by 
physical techniques. As the polyethylene was synthesized in a non-solvent 
medium (heptane or gas phase) then the resultant crystalline polymer must 
have been polymerized and crystallized simultaneously. Material [rom such a 
process is termed 'nascent" polymer, and its morphology was extensively 
examined by microscopic and radiation scattering techniques. X-ray and 
bire/ringence studies showed a pre/erred chain orientation in the membranes: 
chains were parallel to the substrate. The presence o/ significant anisotropic 
scattering and a DTA melting point o/ 141°C lead to the postulate that the 
nascent polyethylene chains are completely extended. Transmission and replica 
electron microscopy has led to description of the nascent morphology in 

terms o /a  proliferous, polyp-like structure. 

RELATIVELY few papers have been published on the morphology of nas- 
cent polyolefins, i.e. stereoregular polymers where the growth conditions 
are such that synthesis and crystallization are nearly simultaneous. When 
this occurs, one can consider that crystallization is literally part of the 
overall polymerization mechanism and the free energy contribution could 
even determine whether or not the reaction takes place. The meagre in- 
formation in the literature indicates that nascent polyolefins have unusual 
and somewhat contradictory physical properties 1. 3. If these can be ex- 
plained, a better understanding of the catalyst mechanism as well as the 
crystallization process can be expected. Moreover, other systems involving 
the coordination of a monomer to a crystalline polymer, as is usually 
postulated in the biological synthesis of macromolecules, can be clarified 
a s  their mechanisms involve simultaneous polymerization and crystalliza- 
tion. 

During polymerization with a crystalline transition metal catalyst, the 
chains of growing polymer usually stay adsorbed on tho surface of the 
catalyst crystaP ,~. If the catalyst crystals are chemisorbed on the surface 
of a substrate, the growing polymer will still coat the catalyst and under 
certain conditions, depending on tho amount of chemisorbed catalyst, will 
cover tho substrate with a layer of polymer ~. This phenomenon is opera- 
tive when flat glass substrates are used as support for a transition metal 

*Taken in part from the Ph.D. Thesis entiUed 'Transition metal cata]ysts for polyethylene ¢~capsulation 
of sabstratcs', submitted by H. (?HANZY to the College of Forestry in partial fulfilment of the require- 
ments for the degree. 

tPresent address, C.E.R.M.A.V.,  Domaine Universitaire, 38 St. Martin d'H~re. Grenoble. France. 
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catalyst suitable for polymerization of ethylene. This was done in this 
study, and nascent polyethylene could thus be obtained in the form of 
films for morphological characterization which was the goal of this:investi- 
gation. 

E X P E R I M E N T A L  
Chemicals and substrates 

n-Heptane--Reagent grade heptane was washed with sulphuric acid 
until no further coloration was obtained in the acid layer. It was then 
stored over anhydrous calcium chloride and distilled through an efficient 
column. The fraction boiling at 98°C was collected and stored over sodium 
wire. 

Aluminium triethyI--A ten per cent solution of aluminium triethyl in 
heptane from Ethyl Corporation was used without further purification. 
Aluminium determination served to establish the reagent concentration. 

Vanadium(Iv) chloride--Fresh vanadium(IV) chloride from K and K 
Laboratories was used without further purification. On standing for a 
few months, chemical decomposition occurred as shown by chlorine evolu- 
tion, and vacuum redistillation was necessary prior to some of the later 
polymerizations. 

Ethylene--Research grade ethylene from Matheson (99.9 per cent pure) 
was generally used without further purification. 

Nitrogen 'High purity dry nitrogen' from Linde was used to create an 
inert atmosphere in the dry box or polymerization containers. 

Glass--Precleaned microscope slides from Fisher Scientific were washed 
for five minutes with five per cent hydrofluoric acid solutions in water. 
They were then dried at 120°C in an oven after rinsing in distilled water 
and acetone. From then on, any contact with the microscope slide surface 
was carefully avoided and all handling and storage contact was with the 
edges. 

Glass fibres were pulled out of ~Pyrex rods. Their diameters ranged 
from 50 to 100 ~. They were cleaned similarly to the microscope slides. 

Analysis of solutions 
Vanadium was determined by the iron(II) sulphate-persulphate method 6. 

Aluminium was precipitated as the hydroxide with ammonium hydroxide 
at controlled pH6. Chlorine was determined by the Vohlard method. 

Polymerization on glass substrate 
In a nitrogen filled dry box, 50 to 70 cm ~ of 0.001 M vanadium(Iv) chloride 

in heptane were brought to boiling in a 3 cm i.d. test tube fitted with a 
reflux condenser. A microscope slide was then dropped into the boiling 
solution and kept in it for a length of time ranging from one to ten 
minutes. During this period, small crystals of vanadium trichloride were 
formed and deposited on the surface of the glass slide (substrate) to which 
they adhered strongly. The substrate was washed thoroughly in dry hep- 
tane to remove any trace of vanadium (IV) chloride; it was then immersed 
in a glass container holding 150 cm a of 0.006 M solution of aluminium 
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triethyl in heptane, at room temperature. Ethylene was then bubbled 
through the solution via the fritted glass bottom of the container, and the 
excess was evacuated. Polymerization started immediately, and in a matter 
of minutes could be observed as an opalescent coating on the glass slide. 
Various amounts of polyethylene were thus deposited by controlling the 
time of monomer bubbling. The polymerization was terminated by cutting 
the ethylene stream, withdrawing the polyethylene encapsulated slide from 
the polymerization vessel and washing it in fresh heptane. It was stored 
edge-on inside the dry box until the end of the planned runs. Then all the 
encapsulated slides were removed from the dry box and submitted to 
further washing with dilute hydrochloric acid, water and methanol. They 
were stored carefully as their surface was rather delicate. 

Separation o[ the polyethylene membranes from the substrates 
The polyethylene membranes, still adhering to their glass substrates, 

were cut into narrow strips with a sharp knife. They were then immersed 
in a five per cent solution of hydrofluoric acid in water and then in distilled 
water where the delicate precut strips floated easily without mechanical 
deformation. In other cases where more coherent membranes could be 
obtained, the precu~ strips could be peeled from their glass substrate with 
a pair of tweezers. 

Electron microscopy techniques 
For replicating the vanadium trichloride deposit on the slides, a six per 

cent by weight polystyrene solution in benzene was dried with sodium wire 
and centrifuged when hydrogen bubbles were no longer evolved. A thin 
layer of polystyrene solution was spread on the glass slide coated with 
vanadium trichloride crystals. All operations took place inside the dry 
box. The benzene was allowed to evaporate leaving a coating of poly- 
styrene holding a replica of the slide surface. The polystyrene coated slide 
was then removed from the dry box and immersed in a dish of methanol 
so as to strip off the intermediate replica and dissolve the deposited 
vanadium trichloride. After conventional chromium shadowing at 30", a 
final carbon replica was obtained and examined. Due to the replica tech- 
nique, resolution was no better than 40 to 50 A. 

Direct transmission electron microscopy could be achieved when poly- 
ethylene membranes were sufficiently thin. Thicker membranes were 
disintegrated in aqueous suspension and deposited on grids, while stretched 
membranes were observed directly in the electron microscope after ger- 
manium shadowing or staining with iodine. The latter method seemed to 
improve the contrast slightly as compared to an unstained sample. 

Electron diffractograms were recorded for unstained, unshadowed mate- 
rial. The area covered in the electron diffraction experiments performed 
on stretched samples was about 100 square microns. 

X-ray study 
A Norelco X-ray generator with a vacuum flat film camera capable of 

wide and small angle resolution was used with Cu Ka radiation. The wide 
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angle patterns were recorded at a film to sample distance of 2.5 cm, while 
for small angle patterns the distance was 29 cm. A chromium tube was 
used on occasion to increase the small angle resolution to 400 A. Silicone 
fluid (n=l .50)  was generally used as an imbibition fluid to minimize 
density scattering due to the presence of voids. 

Annealing 
The samples to be annealed were heated from room temperature to 

125°C over a period of 30 min in a nitrogen atmosphere. The final 
temperature was maintained for 90 min, after which the samples were 
allowed to cool slowly. 

Light scattering measurements 
Solid state light scattering was observed by using a Spectra Physics 130 

continuous helium-neon gas laser. Records of the scattering patterns were 
made on polaroid film mounted in a Calumet camera. Two film to sample 
distances were used: 15.6 and 3.2 cm, which corresponded to scattering 
angles of 14 ° and 43 ° , respectively. The sample preparation was as 
follows: glass slides encapsulated on one side were prepared by removing 
the polyethylen, e from the other side. A drop of silicone fluid (n=  1.50) 
was then added and a clean glass slide pressed on the polyethylene mem- 
brane which was thus sandwiched between two glass plates. This sandwich 
was mounted in the sample holder of the light scattering apparatus and 
the pattern recorded. 

Differential thermal analysis 
The differential thermal analysis experiments were performed on a 

Perkin-Elmer DSC-1 apparatus at Rensselaer Polytechnic Institute. Various 
heating schedules and 'hold' temperatures were used. The observed melt- 
ing points were substantiated on a Spex Industries instrument. In both 
cases, sample size per measurement was in the range of 1 rag. For  several 
runs thermograms were recorded over both the ascending and descending 
temperature range. 

R E S U L T S  

Deposition of vanadium trichloride on glass 
Vanadium trichloride was chosen as catalyst since it can be easily 

obtained by the slow thermal decomposition of vanadium(Iv) chloride 7. 

VCI~ > VCI3+ ½CI~ 

This reaction has been used 8 to obtain a supported polymerization catalyst, 
which was in line with tho purpose of this study. By controlling the time 
and the temperature of decomposition, a fine precipitate of crystalline 
vanadium trichloride was generated, and due to its acidity was chemisorbed 
on the oxyge~n-rich glass surface. After extensive washing to remove any 
loosely bound material, these trichloride coated surfaces were replicated 
for electron microscopy. 
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Figure 1 has been selected to illustrate the coUrse of vanadium trichloride 
deposition. A glass surface (microscope slide or coverslip) is refluxed in a 
boiling 0.001 M solution of vanadium0v) chloride in heptane. After 3 min 
of refluxing, tiny irregularities of about 100 A dimension appear on the 
glass surface. After a further 2 min, a total decomposition time of 5 min, 
these irregularities grow into square and rectangular crystals as large as 
1 000 A. There is no doubt that these crystals are also present in the 3 rain 
sample, but due to loss in resolution as a result of the replica technique, 
their sharp edges are not clearly defined. Other electron micrographs 
showed how a longer time of refluxing as well as more concentrated 
vanadium(Iv) chloride solutions resulted in a thick and disorganized coating 
of the trichloride. 

It  is worth noting that at the start of deposition the vanadium trichloride 
crystals appear  as discontinuous aggregates rather than as continuous 

Figure/--Electron micrograph of replicated surface of a glass slide after refluxing for 
5 rain in a 0"001 M solution of vanadium (IV) chloride in heptane 
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films. Since the surface of these crystals rather than their weight is im- 
portant for subsequent polymerization, the optimum catalyst efficiency 
will be obtained at the point of maximum external surface for the support 
catalyst. This optimum will, however, correspond to many layers of tri- 
chloride as seen in Figure I and as suggested by Lasky et al. 8 who tried to 
account for catalyst efficiency in a similar supported system. Another 
interesting fact is that the vanadium trichloride crystals are deposited on the 
glass as squares or rectangles. Since the trichloride crystalline lattice is 
hexagonal, this may be due to the growth habit of the trichloride under the 
experimental conditions or to an epitaxial effect of the glass substrate, a 
situation not yet clarified. 

The crystalline nature of the deposit and its identification as vanadium 
trichloride could be shown at higher 'add on' levels by depositing the 
trichloride on pulp fibres that were sealed inside a thin-walled glass 
capillary. When placed in the X-ray beam, a powder X-ray diagram 
corresponding to crystalline vanadium trichloride was recorded from this 
sampld 1. 

As experience with these systems increased, it became clear that the 
initial purity of the vanadium(IV) chloride probably has an important influ- 
ence on the polymer morphology. This particular point was not pursued 
at this time other than to observe the precaution of freshly distilling the 
vanadium(IV) chloride prior to its use in some of the later experiments in 
this study. 

Nascent polyethylene films from glass supported vanadium trichloride- 
aluminium triethyl 

Due to its high surface to volume ratio, glass supported vanadium tri- 
chloride is expected to be an efficient polymerization catalyst 8-1°. Indeed, 
when aluminium triethyl cocatalyst was added, polymerization of ethylene 
was quite rapid. In a matter of minutes, at room temperature, films of 
nascent polyethylene covered the glass support. 

For the rapid production of a coherent polyethylene film, the amount of 
trichloride on the glass was found to be very critical. On the other hand, 
the system was insensitive to the m o u n t  of aluminium triethyl. If too 
much vanadium trichloride had been adsorbed on the glass, the films of 
nascent polyethylene adhered poorly; if insufficient, polymerization was 
very slow. This is in agreement with quantitative work under similar con- 
ditions on cellulose substrates n. Typical results are shown in Table 1, 
where only variations in the vanadium trichloride deposit are recorded as 
the variations in the amount of aluminium triethyl were without marked 
effect on the morphology of the polymer. 

It was also noticed that if aged vanadium(IV) chloride was used for 
these experiments, poorly coherent films were obtained. This could be 
explained by the fact that vanadium(Iv) chloride decomposes slowly to the 
trichloride on ageing TM and consequently the vanadium(Iv) chloride solutions 
prepared for decomposition already contained colloidal vanadium td- 
chloride. 
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Table 1. Relationship between amount of vanadium trichloride and nascent 
polyethylene film formation 

Deposition conditions 
o/VC1 a catalyst on 

glass slide 

5 min refluxing 
75 cm 3 0.001 M VC14 
solution in heptane 
3 min refluxing 
75 cm a 0-001 ~ VCI~ 
solution in heptane 
2 min refluxing 
75 cm 3 0"001 M VCI 4 
solution in heptane 
1 rain refluxing 
75 cm 3 0"001 M VCI~ 
solution in heptane 

Amount of 
cocatalyst AIEt a 

(0"006 M in 
n-heptane), cm 3 

150 

150 

150 

150 

Polymerization 
time at room 
temperature 

10 min 

I0 min 

20 rain 

2h 

Condition o[ 
resulting 
polymer 

No film formation 
but patches of 
polymer 
Film about 10 
microns thick covers 
the glass 

Thick film obtained 
Thin film suitable 
for transmission 
electron microscopy 

The films of nascent polyethylene, once removed from the glass, were 
white and opaque except where they were unusually thin, when they were 
transparent. The side that was in contact with the glass was shiny and 
smooth, whereas the other side had no gloss and gave the impression of a 
very rough surface. These films could be readily stretched and scratched 
yielding a fibrous texture. Film thicknesses ranged from 0.1 to 20 microns, 
but all films were microporous. The bulk density varied over wide limits 
depending on catalyst and polymerization conditions. 

Morphology o[ the nascent polyethylene film 
Light microscopy; bire[ringence--A typical film of polyethylene grown 

on a non-birefringent cylindrical glass fibre is shown in Figure 2. This 
film, with a thickness of about 8 microns when viewed between crossed 
nicols, is birefringent only at the edges of the glass fibre with a maximum 
occurring when the axis of the glass fibre is at 45 ° with respect to the 
crossed nicols. 

The explanation of this observation seems to be that the crystallites or, 
more simply, the chains of polyethylene show preferred orientation in the 
plane of the film and, therefore, the substrate surface. From the angle of 
extinction, this direction can be either perpendicular or parallel to the glass 
surface. The sign of the birefringence was determined according to a 
Newton's colour method TM and was found to be positive, which means that 
the chains of polymer tend to be aligned parallel to the substrate. That  
the birefringence phenomenon is not due to strain effects is shown by the 
fact that it is in no way affected by annealing close to the melting point. 

Electron microscopy s tudy--The  accompanying electron micrographs 
were chosen to illustrate some of the important characteristics of the 
nascent polymer membranes observed in this study. Figure 3 is a trans- 
mission micrograph of a shadowed relatively thin membrane (1 000 to 
5 000 A). The salient feature is the extreme particulate heterogeneity, a 
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characteristic of nearly all the samples examined in this study. This par- 
ticular membrane was prepared at 80°C via a gas phase polymerization, 
but it is not unlike membranes prepared at room temperature in a heptane 
medium. The particulate character in the thinner areas of the membrane 

Figure 2--Photomicrograph of a glass rod encapsulated with 15 per cent polyethylene. 
Left, ordinary light; right, between crossed nicols 

is highlighted by what appears to be denser nodules in a less dense matrix. 
It  is tempting to associate these small dense cores with inorganic catalyst, 
the polymer having literally covered or encapsulated the active centre. In 
some areas protuberances completely limit transmission b u t  these have 
irregular shapes seemingly due to agglomeration of smaller irregularly 
shaped units. These protuberances have been referred to as polyps s but 
it is important to realize that they are composite and can exist over a 
wide range of sizes intimately connected with the size of the catalyst 
crystals themselves. 

The overall textural heterogeneity is emphasized by the transmission 
micrograph of the thicker membrane shown in Figure 4. Here the grosser 
density fluctuations due to the polymer are still visible, while anything that 
might be associated with the catalyst is now lost. The grosser heterogeneity 
is nevertheless to be associated with a continuity of structure which is a 
property of these membranes, and is no doubt the result of a prolific growth 
that causes all areas of the growing mass to be linked with one another. 
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Figure 3--Direct transmission electron micrograph of a thin film of nascent polyethy- 
lene prepared at 80°C by gas phase polymerization. Germanium shadowed at an angle 

of 30 ° 

This property is particularly well illustrated by the appearance of the 
polymer in Figure 5, which is a transmission micrograph of polyethylene 
grown in heptane at dry ice temperature. The polymerization was signifi- 
cantly slower than at room temperature and the resultant membrane had 
poor  cohesion and high bulk. 

On stretching, a strip of nascent polyethylene usually develops multiple 
fractures which aro bridged over by a parallel array of fibrils and micro- 
fibrils, together with unstretched polyps which adhere to the fibrils. Figure 6 
is representative of this phenomenon, a stretched membrane where the 
unstretched areas appear as islands in the middle of the microfibrils. 
Figures 7 and 8 show details of the micro fibrils and explain how the polyps 
adhere to these. Figure 7, obtained without metal shadowing, reveals the 
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Figure 4--Direct transmission electron micrograph of a nascent polyethylene film 
thicker than that in Figure 3. Film prepared at room temperature and in n-heptane. 

Germanium shadowea at an angle of 30 ° 

structure of some polyps: they consist of a dense core, with rather sharp 
edges surrounded by a less electron dense shell, without sharp contour. 
Occasionally the polyp is hollow. The picture is reminiscent of the data 
reported 3 for c~-TiC13 single crystal catalyst, except that it presents a more 
advanced stage of polymerization. The hard core is probably a granule of 
catalyst while the outer shell is the polymer grown around it. The size 
range of the polyp is comparable to the vanadium trichloride crystal size 
used in these experiments (of. Figure 1). 

The fibrillar aggregates in Figure 8 were highlighted by shadowing, and 
their compound nature down to the 100 A range is brought out. Inclusion 
of polyps within some of the bundles suggests that the fibrils were created 
by distension of polyp-like aggregates bridged to one another by inter- 
polyp links. 
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Figure 5--Direct transmission electron micrograph of a nascent polyethylene film 
prepared at dry-ice temperature and in n-heptane. Iodine stained 

X-ray examination--Polyethylene encapsulation of glass rods produces 
birefringent polymer shells, which indicates some preferred orientation in 
the texture of the polymer encapsulate. Birefringence analysis showed that 
at least the chains, in the area where they are oriented, are parallel to the 
support surface. X-ray analysis offers the possibility to confirm this 
finding and extend the conclusion to include preferred crystallographic 
orientation. X-ray studies were made by using polyethylene grown on flat 
glass surfaces. 

When a strip of nascent polyethylene film was mounted with the X-ray 
beam perpendicular to the polymer surface, a conventional polyethylene 
powder diagram resulted. When the same strip was mounted with the 
beam parallel to this surface, a pseudo fibre diagram was obtained as seen 
in Figure 9. This pseudo fibre diagram shows poor orientation and each 
reflection is present as a powder circle, together with discrete intensity 
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Figure 6--Direct transmission electron micrograph of a stretched area in a thin nascent 
polyethylene membrane prepared by room temperature polymerization in n-heptane. 

Germanium shadowed at an angle of 30 ° 

maxima. The diagram contains all the reflections of the polyethylene unit 
cell 1' plus extra reflections that have been already attributed to the triclinic 
modification of polyethyleno 15. The main feature of the pseudo fibre 
diagram is the fact that the strongest reflection, corresponding to the 110 
planes, presents seven maxima on its powder circle: two maxima are on 
the equator, one on tho meridian and four symmetrically in pairs at an 
angle from tho vertical position. Similarly, the 200 plane, responsible for 
the second strongest reflection, shows five marked intensity maxima on its 
circle: one on the meridian, none on the equator and four others sym- 
metrically in pairs at an angle from the meridian. The presence of meridi- 
onal reflections in the upper part  of the diagram is undoubtedly due to 
non-normality between the rotation axis and the X-ray beam TM. This non- 
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Figure 7--Direct transmission electron micrograph of a stretched area in a thin 
nascent polyethylene membrane made at 75"C in n-heptane. Iodine stained 

normality or tilt results also in dissymmetry of the upper and lower parts 
of the diagram about the equator in Figure 9. In this case, the tilt angle 
can be calculated and amounts to 20 ° . Reorienting the polymer film to 
this extent results in the restoration of full symmetry to the fibre diagram 
about the equator while the meridional reflections are weakened. 

The fact that 110 planes present six reflections, if one omits the merid- 
ional one, is an indication that the rotation axis of the fibre diagram is 
parallel to the 110 plane and along the [110] zone axis of the polyethylene 
unit cell. Indeed, a rotation around this axis directed along the meridian of 
the diagram, for the orthorhombic cell, gives equatorial reflections for the 
110 plane while the ~10 diffracts on four spots, two by two symmetrical 
about the meridian and the equator. In the same way, 200 planes will give 
four spots, etc. A theoretical fibre diagram of orthorhombic polyethylene, 
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Figure 8--Direct transmission electron micr0graph of microfibrils obtained by stretch- 
ing a nascent polyethylene membrane made at 75°C in n-heptane. Germanium 

shadowed at an angle of 30 ° 

rotated around [110], can thus be constructed. I t  has a fibre repeat t7 of 
8.89 ,~, and is shown in Figure 10. The agreement of such a theoretical 
diagram with the experimental one is quite good and allows one to con- 
elude that [110] is indeed the rotational axis of the experimental diagram. 
As the surface of the polyethylene sample was parallel to the equator of 
the X-ray diagram, it is concluded that the [110] axis is normal to the 
polymer film surface, while the c axis of the unit cell is parallel to it. This 
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important conclusion proves again that, in areas where the polymer is 
oriented, the polymeric chains grow parallel to the surface of the support. 
This is probably due to attraction of the support for the first synthesized 
molecules of polyethylene which act as a lodestone for subsequent polymer 
deposition. The fact that in the oriented areas the polymer unit ceils all have 

I 

Equator :_..__~. 
Sample 

Figure 9--Fibre diagram of a nascent polyethylene film with X-ray beam parallel to 
the polymer film surface. Normal to polymer film is parallel to the meridian of the 

X-ray diagram 

their [110] axis normal to the polymer film surface has so far not received 
any explanation. This appears to be a particular growth habit of poly- 
ethylene, since similar orientation is found in the structure of the wax rods 
on the stems of the sugar-cane plant TM. Crystallographically the 110 plane 
is the one of maximum diffracting intensity for X-rays, and hence contains 
the most atoms. Its preferred formation can probably be explained in 
terms of minimum free energy considerations. There is no evidence yet 
that it is due to a particular catalyst orientation on the glass substrate. 

The degree of orientation in the system under study was not established. 
From the X-ray data of Figure 9 it seems that most of the polymer is crys- 
talline, as shown by the absence of any amorphous halo. However, one 
can say that the orientation is decidely poor, as most of the reflections 
diffract as a continuous ring together with the discrete intensity maxima. 

A typical small angle X-ray pattern, recorded with the same sample 
orientation as for the wido angle region, is shown in Figure 11. Distinct 
maxima are clearly absent and one must conclude that regular folding or 
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Figure lO--Theoretical fibre 
diagram of polyethylene with 

[110] as rotational axis 

periodic texture variation smaller than 300 A is absent. This finding cor- 
relates well with the concept that simultaneous synthesis and crystalliza- 
tion of polyethylene yields completely extended chains 2. 

The small angle X-ray scattering, as seen from Figure 11, has the form 
of a cross, having a heavy branch on the meridian and a lighter one on 
the equator. On annealing, this behaviour disappears and the small angle 
X-ray scattering is quite uniformly distributed around the beam stop. 
This phenomenon may be explained by assuming that the nascent polymer 

Figure ll---SmaU angle X-ray diagram of a nascent polyethylene 
film with X-ray beam parallel to the polymer film surface. The 
normal to the polymer film is parallel to the meridian of the 
X-ray f~m. photograph taken at 29 cm from sample: left, initial 

sample; right, annealed sample 
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films are filled with ribbon-shaped microvoids, these being preferentially 
laid either in the plane of the film or perpendicular to it. Juxtaposition of 
polymer and holes results in electron density fluctuations and a cross-like 
small angle scattering. Annealing, however, tends to compact and reshape 
most of these holes and to destroy the cross-like pattern. 

The stretched nascent polyethylene films were also studied by wide and 
small angle X-ray and electron diffraction. A conventional polyethylene 
fibre diagram was obtained in both cases, revealing that in the fibrils the 
c axis is along the stretch direction and the fibril axis. 

The possibility of periodic chain folding in the fibrils was also investi- 
gated by small angle X-ray and, as before, sharp maxima could not be 
observed and the small angle diagram presented only an equatorial streak. 
This behaviour is in agreement with Figure 8, where the fibrils are seen 
to be composed of bundles of parallel smaller fibrils with no sign of 
longitudinal periodicity. 

• Solid state light scattering--As explained above, nascent polyethylene 
films grown on glass are rather turbid. Interaction with light gives a high 
degree of scattering, which with thicker samples can lead to total extinc- 
tion. Scattering of light can, however, be reduced by annealing the sample. 
As for small angle X-ray scattering, this behaviour can be explained in 
terms of voids and aggregates in the nascent polymer film. The net result 
is a wide heterogeneity in the local refractive index of the films. The 
structures thus show continuous variations in refractive index (n) above 
and below n~. An additional source of scattering that is operative for 
visible light but not for X-rays is scattering due to anisotropy fluctuations. 
This type of scattering can be detected by examining the polarization and 
angular intensity distribution of a polarized beam scattered by the sample. 
From the studies by Stein and Rhodes TM, it is known that when polarizer and 
analyser are crossed, the sample being in between, scattered light passing 
through the analyser is due solely to anisotropy fluctuations in the material. 
In this case, the angular distribution of scattered light intensity, called the 
He pattern, can be related to a particular type of supercrystalline organiza- 
tion of the sample. On the other hand, when polarizer and analyser are 
parallel, Vv pattern, the scattered light passing through the analyser may 
arise from density as well as from anisotropy fluctuations. If density fluc- 
tuations are responsible for most of the scattering, the V, pattern is a sym- 
metrical halo; if the scattering depends more on anisotropy fluctuations, 
an asymmetric pattern is recorded. 

Such experiments, performed with a nascent polyethylene film, gave the 
two patterns shown in Figure 12. In these, V, appears as a circular halo of 
constantly decreasing intensity in the radial direction; the H~ pattern, about 
20 times weaker, appears as a cross at 45 ° from the plane of polarization. 
No radial intensity maxima can be detected in the arm of this cross and it 
seems that the intensity of scattered light constantly decreases from the 
centre toward the outside. 

From the intense and non-oriented V, pattern, one can conclude that 
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most of the scattering is due  to density fluctuations overshadowing tho 
anisotropy scattering. The latter is certainly present, as it is revealed in the 
Ho pattern, but it is not visible in the Vo patterns due to its weakness com- 
pared to density fluctuation scattering. The shape of this H~ pattern is 

Figure 12--Light scattering patterns from a nascent polyethylene film: left, V, 
pattern; right, H~ pattern. Exposure time ratio for V~/H~ about 20 

different from a typical H~ pattern for spherulitic polyethylene, but corres- 
ponds exactly to scattering obtained from an anisotropic rodlike structure 
where the optic axis is also the rod axis 2°. This finding can tentatively be 
linked to the microscopy and X-ray data and can be explained as follows: 
the oriented parts of the polyethylene film, which according to Figures 2 
and 3 are parallel to the support surface, are responsible for the H, pattern 
just as they were also responsible for the X-ray orientation; on the other 
hand, the polyp-like parts create density fluctuations, responsible for the 
opacity of the sample and the shape of the V~ pattern. 

Melting point--The melting point of nascent polyethylene is sensitive to 
the rate of heating of the sample under observation. If the heating is too 
fast, superheating may take place, which will result in recording too high 
a melting point ~. The method used in this melting point determination was 
a fast heating of the sample to a predetermined temperature. This tem- 
perature was then held for a relatively long period of time and was followed 
by a further increase in temperature. If unmelted polymer was still present 
after the period at the temperature plateau, it was revealed during the new 
increase of temperature. Several experiments were conducted, in each of 
which the plateau temperature varied, starting always with a fresh sample. 
The maximum melting temperature was thus determined after a series of 
trials. Such experiments gave in this case a T,~ of 141°+ I*C. This value 
is very high for polyethylene and compares with 141.4°C obtained for 
unfolded linear polymethylene crystals formed by crystallization at a high 
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temperature and pressure (P. Wunderlich. Private communication). This 
value compares also with the theoretical value To= 141"1°i_+2"4°C, which 
was found as the limiting melting point of n-paraffins (limit as n approaches 
infinity) with a unit cell similar to that of polyethylene ~. 

D I S C U S S I O N  
From the foregoing electron microscopy birefringence X-ray and light 
scattering data one can construct a tentative model of the nascent poly- 
ethylene. Initially, polymerization starts from the surface of the vanadium 
trichloride crystals complexed with a molecular amount of aluminium 
triethyl. From neighbouring polymerization sites, polyethylene chains 
undergo two-dimensional crystallization, flowing over whatever surface is 
present where they crystallize and adsorb because they are insoluble in 
the polymerization medium. In their outward flow, the growing chains 
cover the crystals of catalyst as well as the glass support where the former 
were anchored. Thus a part of the polymer is laid fiat on the support as 
lamellae, and it is believed that this lamellar part is responsible for the 

Figure 13--Schematic representation of a nascent polyethylene 
film grown on glass when the catalyst crystals do not migrate 
or break during polymerization: II, catalyst crystal; - ,  polymer 

orientated parallel to the glass surface 

orientation seen in the birefringence, the wide angle X-ray and the light 
scattering data. If during the polymerization the catalyst is not carried 
away or cleaved by the forces of polymerization, a thin membrane will 
result which is depicted schematically in Figure 13 as suggested by the 

Figure 14--Schematic representation of a laascent polyethylene 
film grown on glass when the catalyst crystals migrate or break 

during polymerization 

electron micrograph in Figure 3. If, however, important catalyst cleavages 
and displacements occur during polymerization, many polyps can be created 
and a very porous film is obtained together with lamellae of polyethylene 
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oriented along the flat substrate. This situation can be represented in 
Figure 14 and is illustrated by the electron micrographs, Figures 4 and 5. 

The orienting effect of the substrate is operative at a considerable dis- 
tance from it, in fact birefringence can be observed throughout the thickness 
of a film tens of microns thick. Apparently the polymer is laid down in a 
layer-like fashion and each preceding layer acts as substrate for the next 
one. 

The two morphological forms, layers and polyps, are closely related and 
in actual operation overlap to some degree. However, by careful control 
of polymerization conditions one or the other aspect can be emphasized. 
Thus the finer the catalyst and the more firm its adherence to the sub- 
strate, the more is the lamellar texture emphasized. These conditions are 
best achieved by a minimum catalyst deposit and vory slow polymer growth 
rate. In fact, the success of the latter condition for producing dense 
coherent membranes suggests that the nascent texture development is a 
function of polymeric relaxation phenomena. Rapid growth encourages 
polyp-like eruptions and catalyst fracture due to 'head on' collisions 
between growing polymer molecules. 

The experimental data support the idea of fully extended polyethylene 
chains without regular folding. The flow or movement of polymer on the 
substrato can be depicted as involving ribbons of parallel polymer mole- 
cules generated at neighbouring coordination sites. The dynamics of growth 
cause the ribbons to move about on the surface, collide and perhaps fold 
accordion style, thereby creating a polypy texture. The randomness of 
polymerization causes some growing ribbons to merge and form a contin- 
uous network, while some polymer sheathed catalyst particles become 
isolated and are only weakly joined to the network. On stretching, the 
latter are made visible as distinct entities relative to the network, which is 
converted to a fibrillar texture. When membranes were disintegrated mech- 
anically by high speed stirring in an aqueous suspension, similar fibrillar 
textures were revealed but with less directionality and extensively combined 
with polyps. 

The importance of substrate in influencing the chain orientation revealed 
by the birefringence and X-ray observations cannot be over-emphasized. 
The growth of polymer under the conditions used could perhaps be des- 
cribed as 'surface seeking' without distinguishing between glass, catalyst 
or previously formed polymer. 

Less clear at this time is the influence of the catalyst itself. Various 
experiments have established that the finer the particle size, th~ faster 
the rate of polymerization. Assuming an affinity between the substrate and 
the reduced transition metal halide it would seem that a slow generation 
of the latter offers the best opportunity for adsorption before formation 
of large crystalline aggregates. The thermal decomposition process used in 
this study is superior in this respect to tho conventional methods for genera- 
tion of colloidal transition metal polymerization catalysts. The influence 
of substrate on the catalyst itself is probably morphological only, as the 
Same general phenomena described for glass substrates were observed when 
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cellulosic fibres were used. In turn, the influence of catalyst morphology 
on the nascent polymer morphology showed itself most notably in te.rms 
of the bulk density and toughness of the generated membranes of poly- 
ethylene. A notable factor in this respect was the influence of freshly 
distilling the vanadium(Iv) chloride. This fact suggested that crystalline 
nuclei tend to develop on storage of vanadium(Iv) chloride and that 
these lead to large catalyst crystals. 

C O N C L U S I O N S  

A flat glass surface will be covered by small vanadium trichloride crystals 
if it is refluxed in a boiling solution of vanadium(Iv) chloride in heptane. 
These adsorbed crystals, activated by aluminium triethyl become catalysts 
for the coordination polymerization of ethylene. This latter process, per- 
formed in heptane, yields a rapid coverage of the support with nascent 
polymer which grows in the form of a film, 

The morphology of these films was studied and two types of structures 
were considered to occur: a polyp-like and a lamellar texture. The former 
is crystalline, unoriented and develops around loose crystals of catalysts, 
while in the latter, the molecular chains are oriented parallel to the support 
with their [110] axis normal to it. 

Observation of a high melting point w~th superheating as well as absence 
of discrete small angle maxima suggests that fully extended polymer chains 
are predominantly present in the polyethylene films. This is consistent with 
small angle light scattering data which show a rodlike scattering unit to 
be present. 

On stretching, the nascent films generate fibrils and microfibrils to which 
polyps are found to be attached. In these fibrils, the chains of polyethylene 
are believed to be similarly extended. This phenomenon is an attractive way 
to prepare fibrillar polyethylene. 

In terms of transition metal polymerization mbchanism the present study 
offers first of all an experimental tool. Catalyst supported at a smooth 
macroscopic surface and the resultant polymeric film offer a convenient 
two-dimensional reaction flask. Furthermore, the substrat¢ provides a 
reference surface for identifying catalyst and product orientational effects. 
Since orese,t thinking in terms of Ziegler-Natta catalysis focuses on 
crystalline lattice sites as the active centres, it is clearly of advantage to 
identify and localize the catalyst orientation. The present investigation still 
has far to go in this respect, but the clear evidence for local orientation 
and ribbon- or rod-like texture is most consistent with neighbouring activo 
sites with similar orientation on a catalyst crystal. 

The authors are grateful to Professor B. Wunderlich of Rensselaer Poly- 
technic Institute for the DTA data on a sample o/nascent polyethylene and 
for stimulating discussions on this problem. Mr .lens Botch of the College 
of Forestry provided the solid state l&ht scattering patterns and his col- 
laboration in this work is acknowledged. For the electron microscopy 

587 



H. CHANZY, A, DAY and R. H. MARCHESSAULT 

facilities put at their disposal, the authors thank Professor W. .4. C~td, Jr 
o / the  Wood Products Engineering Department, College of Forestry. 

Cellulose Research Institute and Chemistry Department, 
State University College of Forestry, 

Syracuse, New York  
(Received March 1967) 

R E F E R E N C E S  

1 BL^Is, P. and ST John M~LEg, R. Science, 1966, 153, 539 
WUNDERLICH, B., HELLMUTH, E., JAFFE, M., LIBERTI, F. and R ~ t ~ ,  J. Kolloid 
Z. u. Z. Polym. 1965, 204, 125 

8 RODRmL~Z, L. A. M. and Gta3A~rr, J. A..l. Polym. Sci. 1963, 4C, 125 
t 'Method for estimation of particle size and distribution of titanium tdchlodde 
catalysts', Application Data Sheet, Stauffer Chemical Company 

6 HERMAN, D. F., IO.usE, U. and BP~'qcATo, J. J. J. Polym. Sci. 1965, C l l ,  75 
6 H n ~ L E a ~ ,  W. F. and LtmI>ELL, G. E. F. Applied Inorganic Analysis, 2nd ed. 

W i l e y  : New York and C'~apman and, Hall : London, 1953 
7 EPrmAIU, F. and AMMAN, E: Helv. chim. Acta, 1933, 16, 1273 
s LASKY, J. S., G ~ R ,  H. K. and EW~a~T, R. H. lndustr. Engng Chem. Prod. Design 
& DeveI. 1962, l ,  82 

9"KEII, T. and AKIY~^, T. Nature, Lond. 1964, 203, 76 
10 NATr^, G. an.d PASQUON, I. Advances in Catalysis, Vol. XI, pp. 1-66. Academic 

Press : New York, 1959 
u M^RCnESS^ULT, R. H. and ~ ,  H. D. To be published 

'Vanadium chloride', Technical Bulletin, Stauffer Chemical Company, 1962 
la OSTER, G. Physical Techniques in Biological Research, Vol. I, Chap. 8. Academic 

Press:  New York, 1955 
~ B ~ ,  C. W. Trans. Faraday Soc. 1939, 35, 482 

TURNER JONES, A. J. Polym. Sci. 1962, 62, $53 
16 KLUO, H. P. and ALEX~NOER, L. E. X-ray Diffraction Procedures, Ch~p,. 10. Wiley : 

New York, 1954 
~7 Cn^Nzv, H. D. Ph.D. Thesis, New York State College of Forestry, June 1966 
~s K~GER, D. R. Selected Topics in X-ray Crystallography, Part H, p 325. North 

Holland: Amsterdam, 1951 
~9 Sa-EIN. R. S. and Rnorms, M..~. appL Phys. 1960, 31, 1873 
~°S~IN, R. S., ERnPa~DT, P., VAN Ata~TSEN, L J., CLOUGI~, S. and RHorms, M. 

.I. Polym. Sci. 1966, C13, 1 
HrLL~UTn, E. and Wtr~r~v.~c~, B../ .  appl. Phys. 1965, 36, 3039 
BRO~DmmST, M. G. J. chem. Phys. 1962, 36, 2578 

588 



Polythioacetone 
V. C. E. BURNOP and K. G. LATHAM 

Polythioacetone was prepared by spontaneous polymerization o] the mono- 
mer in the liquid and solid phases, and in solution. Solid phase polymeriza- 
tion was initiated by sunlight. Fractionation gave a polymer with 27000 
molecular weight. Unlike trioxan and trithian, trithioacetone did not undergo 
ring opening polymerization. Thermodynamic calculations confirm that tri- 
thioace/one is more stable than linear polythioacetone. The polymer was 
unstable even at room temperature, but was more stable after reacting with 
ethyl isocyanate. The main decomposition product was trimer. Thermal 
decomposition began with some chain scission, and was  followed by a 
monomolecular unzipping with an activation energy of 26"6 kcal mole -~. 
Evidence was obtained suggesting that, during polymerization, about one 
monomer unit in fifty reacted in the thioenol ]orm, interrupting the carbon- 
sulphur sequence, and resulting in pendant thiol groups. Some disulphide 

groups may also occur in the chain. 

SEVERAL polythioacetals, with a backbone of alternating carbon and sul- 
phur atoms, have been reported recently. Thus, polythioformaldehyde has 
been obtained from bis(chloromethyl) sulphide and sodium sulphidel; from 
hydrogen sulphide and formaldehyde under pressure or from bis(mercapto- 
methyl) sulphide2; from methane dithiol using amine initiators~; and from 
trithian by X-ray initiated solid state polymerization ~'5 or by ring opening 
polymerization 6,7. Thiocarbonyl fluoride 8, hexafluorothioacetone ~ and 
several other perfluorocarbonyl compounds 1° have also been polymerized 
to linear polythioacetals. 

Aliphatic thioketones such as thioacetone normally exist as stable cyclic 
trimers, e.g. (I), and although some physical properties of the monomers 
have been given 11-13, the formation of linear polymers has not been recorded. 
Recent work in these laboratories ~ has shown that substantially pure 
monomeric thioacetone spontaneously polymerizes to linear polymer (II). 
Hence these earlier products were of questionable purity. Linear polythio- 
acetone (II), of molecular weight 2 000 was first reported by Bailey and 
Chu 1~, who found that pyrolysis of allyl isopropyl sulphide gave, among 
other products, monomeric thioacetone, which polymerized spontaneously. 
Ettingshausen and Kendrick 15 independently prepared monomeric thioace- 
tone by pyrolysis of the trimer in vacuo, and polymerization in the liquid 
phase gave polymers of molecular weight up to 14 000. 

Me z Mez Me2 
~"C\ s s/C"s s~C"s u^ 

MezC~'s"'CMe2 Me 2 H2 SH 

I II IlI IV 
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Ettingshausen and Kendrick showed, by mass spectrometry and n.m.r. 
measurements, that trithioacetone prepared from acetone, hydrogen sul- 
phide and an acid catalyst contained small amounts of isomers (III) and 
(IV), and that benzoquinone removed the latter. They also showed that 
trithioacetone did not undergo ring opening polymerization to give (II), 
thus differing from trioxan and trithian, 

EXPERIMENTAL 
Special precautions were adopted to avoid disseminating the very offensive 
and unpopular odours of thioacetone and other products formed during 
this work. Reactions were carried out in a glove box containing a reservoir 
of alkaline permanganate for decontaminating apparatus. Small quantities 
of nitrogen dioxide released into the box destroyed unpleasant vapours 
presumably by catalysing oxidation. 

Polymer molecular weights were determined in benzene solution, using 
a vapour pressure osmgmeter (tool. wt < 20000) or by osmometry 
(mol. wt ~ 20 000). 

Liquid-phase polymerization of thioacetone 
Trithioacetone was purified by partial crystallization, recrystaUization 

from methanol, or treatment with sodium plumbite ('Doctor' solution). 
The purified product, still unexpectedly containing (III) (see Table I) 
melted at 21.8°C. This mixture was used in the following experimental 
work, and  is implied when the term 'trimer' or 'trithioacetono" is used. 
Bailey and Chu 14 give a melting point of 22°C and Fromm and Baumann is 
one of 24°C. We found that the melting point fell to 17-2°C after the trimer 
was kept at 65°C for 3 h, but that it was restored to 21,8°C after a further 
48 h at room temperature. This phenomenon was not investigated 
further. 

Table 1. Mass spectra of trithioacetone samples. Peak intensities relative to M]e 
222 = 100 

M / e Isomer Initial Crystalline Methanol Na plum- 
characterized product fraction recryst, bite treated 

83 
138 
157 
188 

(III) 
(III) 
(III) 
(IV) 

14.7 
91.0 
4.5 
1.0 

20.9 20.1 15.0 
120.2 112.8 90.0 

5.6 5'8 5.0 
÷ < 0.002 ) 

Ettingshausen and Kendrick generated thioacetone in a conventional 
Keten apparatus modified to function at reduced pressure. In the present 
work this was simplified. A Pyrex reaction tube, 30 cm high 5-5 era in 
diameter, contained a loose coil, made from 175 cm s.w.g. 22 Chromel A 
wire, which extended down two-thirds of the tube [Figure l(a)]. At 17.5 V 
(31.5 W) very little cracking occurred. A t  20 V (40 W) or above, 5 to 6 g 
of trimer was cracked per hour, but increased voltage led to a decrease in 
molecular weight of the subsequent polymer. Cracking conditions were 
therefore standardized at 2OV and 1 mm of mercury pressure. Under these 
conditions the coil had a long life, and little deposit formed on the walls of 
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Figure 1--(a) Monomer generator; (b) Reactioa tube 
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the reac l ion  tube.  I t  was ca lcu la ted  that  the res idence t ime  in the reac t ion  
zone  was less than  ten seconds.  

Th ioace tone  m o n o m e r  p repa red  in this  w a y  was col lected at  - 7 8  °C and  
a l lowed to po lymer ize  under  va r ious  condi t ions.  Resul t s  are  summar ized  
in Table  2. Where  po lymer iza t ion  t empera tu re  is descr ibed  as ' low' ,  the  
reac t ion  mix ture  in the  - 7 8 ° C  t r ap  was a l lowed to wa rm up  und i s tu rbed  
over  two days.  The  solut ions  r ema ined  c lear  unti l  the t empera tu re  reached  
- 3 0  ° to - 2 5 ° C ,  hence po lymer iza t ion  p r o b a b l y  occurred in this t empera-  

Table 2. Polymerization of thioacetone 

Polymer- Polymer yield, M.pt of 
Run Solvent or Initiator ization percentage of polymer, 
No. comonomer* temp, °C trimer cracked °C 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

None 
Ether 
Ether 
Ether 
Ether 
Chloroform 
Ethylene oxide 
Ethylene oxide 
Epichlorhydrin 
Propylene 

oxide 
Solid state 

BF 3 etherate 
Sodium 
Ph~N 

Light 

l o w  

low 
low 
low 
low 
0 o 
0 o 

low 
0 o 

0 o 

- 7 8  ° 

72 
81 
82 
86 
86 
20 
86 
90 
57 

80 
42 

119-120 
124-5 
101-4 
111---6 
122-3 
108-9 
120-2  
122-3 
122-3 

122-3 
122--4 

* T h e  m o n o m e r  was  d i sso lved  in an  e q u a l  v o l u m ¢  o f  so lven t  o r  c o m o n o m e r .  
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ture range. Polymerization in solution was not observed after two days at 
-78°C in light, contrasting with the solid state polymerization in Run 11, 
discussed later. No copolymers were isolated, all the products being homo- 
polythioacetone. 

Solid-state polymerization of thioacetone 
Some of the thioacetone monomer condensed on the wall of the -78°C  

trap as a thin layer of deep orange fernlike crystals. After a brief exposure 
to daylight the colour of the crystals slowly faded, and when warmed to room 
temperature some 24 hours later a film of polymer could be stripped from 
the wall, retaining the original form of the crystals (Figure 2). The molecu- 
lar weight of this film could be as high as 33 000, but the polymer was not 
very stable in solution and results were erratic. The polymer film did not 
dissolve in benzene below 40 ° C. 

Figure 2--Solid phase polymerization of thioacetone 

When the -78°C  trap was protected from light by wrapping in aluminium 
foil, no polymerization of the crystalline monomer occurred in 24 hours. 
On exposure to light for about a minute, polymerization was initiated. After 
a further 48 hours at -78"C,  acetone was added, and after warming to 
room temperature 42 per cent of polymer was isolated (Table 2, Run 11), 
molecular weight 13 700. A second run gavo a 45 per cent yield. The dis- 
tilled acetone washings gave a liquid of b.pt 100 ° to 115°C at 20 mm of 
mercury pressure in 39 per cent yield. This liquid was mainly tdmer, hence 
under these conditions approximately equal amounts of polymer and trimer 
are produced. 

This appears to be the first record of solid state polymerization initiated 
by radiation in the visible region. 
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Pyrolysis of trithioacetone at atmospheric pressure 
The apparatus shown in Figure l(a) was used without the reflux con- 

denser, and 30 V was applied to the coil. Reaction products were collected 
in two traps, the first at 0°C and the second at -78°C. Argon was passed 
through the trimer at 175°C to 200°C, giving a trimer evaporation rate of 
between 2 and 5 g/h. Under these conditions about equal volumes of 
products collected in each trap. The brown condensate at 0°C, amounting 
to 43 to 51 per cent of the trimer cracked, contained 35 to 48 per cent of 
thioacetone as determined by the conventional hydroxylamine hydrochloride 
method for ketones. The very unpleasant smelling liquid collected at 
- 78 °C was not examined further. 

The trimer was also pyrolysed, under an argon blanket, by direct heating 
in a flask fitted with a fractionating column. When the trimer was heated to 
200 ° to 250°C it darkened and after 15 min appeared to boil, giving a brown 
distillate of b.pt 80 ° to 90°C. Mayer, Morgenstein and Fabian n report 
thioacetone to boil at 80°C. As distillation continued, the brown colour of 
the distillate diminished and the boiling point increased. The undistilled 
trimer was converted to a black tar. Using cracking temperatures of between 
200 ° and 250°C, distillate yields were 60 to 70 per cent and their thioacetone 
content (hydroxylamine method) 38 to 41 per cent giving an overall yield 
of 20 to 30 per cent monomeric thioacetone. The results were unchanged 
when a length of Chromel A wire was immersed in the trimer, showing that 
the wire exerted no catalytic effect on the cracking. 

The brown liquids obtained in these experiments did not deposit crystals 
at -78°C, although the monomer prepared by the vacuum process melted 
at -40°C. They reacted with 2,4-dinitrophenylhydrazine, however, with 
evolution of hydrogen sulphide, to give acetone-2,4-dinitrophenylhydrazone, 
confirming the presence of monomer. Attempts to prepare pure monomer 
by redistillation of the brown liquids were not successful. Heating converted 
monomer to trimer, the colour diminished, and the new distillates contained 
only 20 to 40 per cent of monomer. The produgt of one direct distillation 
pyrolysis at 250°C deposited five per cent of its weight of linear polymer 
on standing at room temperature. Otherwise none of the above products 
gave linear polymer, spontaneously or with possible catalysts. Storing at 
0 ° or -78°C with boron trifluoride etherate, tertiary amines, or triphenyl 
phosphine led to fading of the colour at varying rates (BF8 :> R3N > PhaP) 
but trimerization occurred. The colour was rapidly discharged by u.v. light, 
less rapidly by daylight. 

P R O P E R T I E S  O F  P O L Y T H I O A C E T O N E  
Polythioacetone, (II), was a white unpleasant-smelling powder of density 
1.21. When of high molecular weight (above 10 000) it melted sharply at 
124°C to a pink liquid, which on cooling resolidified to a brittle opaque 
mass. It was soluble in a variety of solvents, being very easily soluble in 
chloroform and tetrahydrofuran (Table 3). The polymer separated as a 
powder from cooled dioxan solutions. 

Films of polythioacteone were prepared by evaporating solutions or by 
pressing between glass plates above the melting point for a very short time. 
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Table 3. Solubility of polythioacetone 

Solvents at room 
temperature Solvents at 50oC Non-solvents  

Chloroform 
Carbon tetraehloride 
Ethyl isoeyanate 
Benzene and other 

aromatics 
Tetrahydrofuran 

Tdflaioaeetone 
Dioxan 
Ethylene chlorhydrin 
Dimethylformamide 

Alcohols 
Acetone 
Ether 
Ethylene oxide 
Paraffins 
Dimethyl sulphoxide 

The films were glossy, translucent, or almost clear, and had no strength. In 
some cases they folded without breaking but were usually brittle. Threads 
drawn from a melt were initially elastic and transparent, but became brittle 
and opaque in a few minutes. 

STABILITY OF TRITHIOACETONE AND 
POLYTHIOACETONE 1"O CHEMICAL REAGENTS 

Attempts were made to estimate the thiol isomer (IV) in trithioacetone by 
reacting with mercury(n) chloride and estimating the hydrogen chloride 
formed 17. 

RSH + HgCI~ > RSHgC1 + HC1 

Instead of the expected reaction, cold aqueous mercury(II) chloride slowly 
hydrolysed the trimer to acetone, identified by its 2,4-dinitrophenylhydra- 
zone, the yellow precipitate formed having a composition approximating to 
HgC12.HgS. Acetone-2,4-dinitrophenylhydrazone was isolated in 47 per cent 
yield from the distillate from the reaction of trimer, mercury(II) chloride and 
aqueous alcohol. 

Following this observation, the effects of other salts were investigated. 
Aqueous silver nitrate and copper(II) chloride both decomposed trimer in 
the cold, giving acetone and quantitative yields of metal sulphide. Aqueous 
iron(II) and iron(In) salts and nickel salts did not react with trimer, but with 
solid iron(m) or mercury(II) chloride in the absence of water it gave the metal 
sulphide with evolution of hydrogen chloride and hydrogen sulphide. The 
trimer was stable to sodium plumbite ('Doctor' solution) even after 24 h 
at 100°C, the product recovered by steam distilling the reaction mixture 
being free of thiol (IV). 

Solid polythioacetone was less stable to  these reagents, whether ground 
together in the solid state or treated with aqueous reagent. In the latter 
case, metal sulphide and acetone were formed. Distillation of the polymer 
with aqueous alcoholic mercury(II) chloride gave a 67 per cent yield of 
acetone as the 2,4-dinitrophenylhydrazone. Splitting of the sulphide link 
by metal salts is not unknown 18"19, but polythioacetone reacted very easily. 

The effects of various reagents are summarized in T a b l e  4. 
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,Table 4. Stability of thioacetone trimer and polymer to metal salts at room 
temperature 

Reagent Trimer Polymer 

B F  3 e therate  
Aq. sodium plumbite ('Doctor' solution) 
HgCI 2, anhydrous 
HgC12, aqueous 
FeC13, anhydrous 
FeCI3, aqueous 
CuC12, hydrate 
C'uC12, aqueous 
NiC½, hydrate and aqueous 
FeC1 v hydrate and aqueous 
AgNO3, aqueous 

Stable 
Stable 
Unstable 
Unstable 
Unstable 
Stable 
Unstable 
Unstable 
Stable 
Stable 
Unstable 

Unstable 
Unstable 
Unstable 
Unstable 
Unstable 
Unstable 
Unstable 
Unstable 
Stable 
Stable 
Unstable 

Polythioacetone was unstable to hydrochloric acid and hot alcoholic 
potash. It was more stable to aqueous sodium hydroxide, but probably only 
because the reagent did not wet the polymer (Table 5). 

Table 5. Stability of polythioacetone to acids and alkalis. Reaction conditions: 
3 h at reflux 

Reagent Polymer decomposed, per cent 

1% Hydrochloric acid 50 
Conc. hydrochloric acid (100% in 1 rain) 
20% aqueous NaO~ 10 
10% erhanolic KOH 56 

A T T E M P T S  TO P R E P A R E  P O L Y T H I O A C E T O N E  
S U L P H O N E S  

Cold alkaline permanganate slowly oxidized trithioacetone to the previously 
unreported monosulphone, m.pt 102°C (Found: C' 42"3, H 7"0, S 38-0 per 
cent; CAH188302 requires C 42.5, H 7.1, S 37.8 per cent). Warm alkaline 
permanganate (100°C) gives the disulphone, m.pt 209°C, yields in each case 
being about 80 per cent. 

Further oxidation of the disulphone (hydrogen peroxide in acetic acid) 
gave a poor yield of trisulphone, m.pt 316°C. These sulphones are stable 
crystalline solids, and unsuccessful attempts were made. to convert them 
to polysulphones by ring opening polymerization, using methods known to 
function with trithian, 

Molten monosulphone, just above its melting point, was decomposed by 
a trace of boron trifluoride etherate and did not resolidify on cooling, and 
prolonged heating at 80°C gave no polymeric product. At 120°C, the 
mixture began to evolve a volatile product and the refluxing vapour was 
brown, characteristic of monomeric thioacetone. The condensate, on distil- 
lation, was unpleasant-smelling and almost colourless, and unexpectedly was 
shown by infra-red spectroscopy to consist mainly of acetone. This was 
confirmed by conversion to the 2,4-dinitrophenylhydrazone. The reaction 
was not continuous, but recommenced each time a drop of boron trifluoride 
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etherate was added. The mechanism by which the acetone was produced 
must have involved a ring opening and transfer of oxygen from sulphur to 
carbon. The monosulphone was unaffected by dimethyl sulphate until the 
temperature exceeded 175°C, when decomposition set in (cf. ref. 6). 

The disulphone was unaffected by cationic catalysts in dimethyl formamide 
solution up,to 170°C and was recovered unchanged. The molten disulphone 
decomposed above 215 °C, and the decomposition was accelerated by boron 
trifluoride etherate, iron(m) chloride and mercury(n) chloride. 

Bailey and Chu 1' claimed that hydrogen peroxide in acetic acid oxidized 
polythioacetone to a polysulphone, m.pt 295°C (yield unstated). Under 
the same conditions, our polymer gave a 12 per cent yield of crystalline 
material, m.pt 300 ° to 310°C, which recrystallized from acetic acid as 
needles, m.pt 316°C. These were identical with authentic trithioaeetone 
trisulphone. The polymer not converted to sulphone was found to have 
been quantitatively oxidized to sulphuric acid. Thus, Bailey and Chu's 
claim was not confirmed: 

Addition of nitrogen dioxide or nitric acid to polythioacetone or trimer 
gave green complexes, which on heating gave only black tars. Polythio- 
acetone was slowly but completely decomposed by permanganate. 

T H E  T H E R M A L  S T A B I L I T Y  O F  P O L Y T H I O A C E T O N E  

Polythioacetone always emitted an unpleasant odour. When placed in the 
reservoir of a mass spectrometer at room temperature trimer was first de- 
sorbed, presumably the accumulated product of decomposition previous to 
the experiment, and then followed a steady evolution of monomer and 
trimer. At an inlet temperature of 250°C the products also included hydro- 
gen sulphide, small amounts of C~H6SC~H4 (M= 114), C6H10SC3H, (M= 154) 
and C3H6SC3H6SC3H~ (M--188) with minor amounts of a series (C~H4),-- 
SC~H~. 

The main decomposition product of polythioacetone is the relatively non- 
volatile trimer, b.pt 130°C at 13 mm pressure. In measuring the thermal 
decomposition of the polymer, it was important to establish that the observed 
rate of loss of weight was not, in fact, the rate of evaporation of accumu- 
lating trimer. To test this, polymer samples (0-2 g) of very different stabili- 
ties, and a sample of trimer were heated at 100°C in identical tubes (5 cm 
high x 1.5 cm diameter). The trimer evaporated steadily at 7 rag/h, while 
the rates of weight loss of the polymer decreased with time and ranged 
from 2 to 50 mg/h. If trimer evaporation were the controlling factor, the 
rates of weight loss of the polymers would have increased until a steady 
value for trimer was reached, and would then have remained constant. The 
residues never contained more than one per cent of acetone-soluble 
material, proving that trimer did not accumulate. 

The rate of thermal decomposition of unstabilized polythioacetone does 
not change appreciably with varying molecular weight. The rate usually 
increased until about 20 per cent had decomposed, after which there was 
an apparently first-order decomposition until about 30 per cent remained 
(Figure 3). 
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Figure 3--Effect of molecular weight on the thermal 
decomposition of unstabilized polythioacetone at I00°C 

in air 

As with polyformaldehyde, polythioacetone could be stabilized with 
suitable end-capping reagents. Refluxing for one hour with acetic anhydride 
containing one per cent sodium acetate resulted in a 50 per cent loss of 
polymer. The product, however, had better initial thermal stability than the 
starting material, but the decomposition rate accelerated until it 
approached that of the initial polymer. Standing-at room temperature with 
acetic anhydride and benzene had little effect on stability, but ethyl iso- 
cyanate (not phenyl isocyanate) gave considerably improved stability over 
a wide range of decomposition (Table 6). 

Table 6. Decomposition rates of stabilized polythioacetone at 100°C 

Stabilization 
procedure 

None 
None 
Refluxing Ac~O, NaOAc 
Refluxing Ac20, NaOAc 
EtNCO in benzene 

Decomposition rate, 
per cent[rain 

0"26 
1"1 
0"05 
0"8 
0"043 

Range off decomposition, 
per cent 

0-20 
20-80 

0-20 
20-80 
10-85 

For a more detailed investigation of stability, 100 g of polymer (Table 2, 
Run 2) was reacted with 50 ml of ethyl isocyanate in 200 ml of chloroform 
for one week at 0°C. The polymer was recovered by acetone precipitation 
and fractionated at 25°C by extracting with acetone--chloroform mixtures 
of increasing chloroform content. After extracting more soluble fractions, 
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17 g of polymer, of molecular weight 20 000, was obtained (which was 
soluble in a mixture of chloroform and acetone 13:7 v/v, but insoluble 
in a 12:8 v /v  mixture) and 16 g of a higher fraction, molecular weight 
27 000, insoluble in the 13 : 7 v /v  mixture. 

The polymer of molecular weight 27 000 was heated to between 110 ° 
and 115°C in a stream of argon, and was sampled at intervals. Each sample 
was washed with acetone to remove occluded trimer (the loss in weight in 
acetone washing proved to be less than one per cent), and finally pumped 
out for 6 h at 0.1 mm pressure. The molecular weight of the polymer 
fell rapidly at first, but reached a steady value of about 10 000 (Figure 4). 

c~3 c:_ ×1~)~ 
.C_. 

. . . . .  ~ ~*~ O~ h 
.e ~. "-,, Reftuxing 

\ ",, benzene sotution 

~ 2( - ~×24  h " , , ,  i 

.~ x~8h \~16h 
I soti  
/ at 110°-115 ° ~ , ~ . _  10 7 

~" I I , 
0 10 20 30 

% Potymer decomposed 

Figure 4--Molecular weight 
changes in polYthioaeetone 
during thermal decomposi- 
tion at ll0°C to 115°C or 

in refluxing benzene 

The molecular weight in refluxing benzene (1 g of polymer to 3 ml of 
benzene) fell more slowly. The polymer was recovered from the benzene 
by acetone precipitation. Again the molecular weight was approximately 
10 000 (see Figure 4). 

The thermal decomposition of the polymer of molecular weight 20 000 
was studied between 105 ° and 145°C. At 125 °, 135 ° and 1450C the poly- 
mers were liquid and a first-order decomposition rate was followed from 
10 to 90 per cent decomposition (Figure 5). Below the melting point (125°C) 
the results were erratic (Figure 6). At 118°C initial decomposition was 
rapid, this corresponding to the chain breaking stage. This was followed 
by a short first-order decomposition (k=0.186 per cent/min), but signs of 
melting then appeared. The rate of decomposition increased as melting 
progressed, and when melting was complete a further first-order decom- 
position was observed (k=0.55 per cent/min). Later, the rate decreased 
(k=0.37 per cent/min). At 105°C the polymer did not melt, and the first 
half of the decomposition, excluding a short initial faster reaction, was first 
order (k=0-049 per cent/min). This increased to about 0.1 per cent/min 
towards the end of the reaction. 

When the logarithms of the rates of decomposition of the liquid polymer 
at 125 °, 135" and 145°C, and those for the early stages of the solid decom- 
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position at 118 ° and I05°C, were plotted against the reciprocal of the 
decomposition temperature, a straight line was obtained corresponding to 
an activation energy of decomposition of 26.6 cal/mole. 

THE STRUCTURE OF P O L Y T H I O A C E T O N E  
The properties of polythioacetone suggest that its structure is mainly that 
of tho polythioacetal (II). Thus it decomposes in a first-order manner to 
monomer and trimer, has a simple n.m.r, spectrum TM, and the i.r. spectrum 
is similar to that of the trimer, apart from the expected broadening of the 
bands (Figure 7). Decomposition with desulphurization gives acetone. Other 
evidence, however, indicates irregularities in the polymer chain. 

The improved thermal stability of the polymer after reacting with acetic 
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Figure 7--Infra-red spectra of thioacetone trimer and polymer: 
(a) trithioacetone (liquid); (b) polythioacetone (film) 

anhydride and especially with ethyl isocyanate suggested the presence 
of esterifiable end groups, possibly --SH. The nitrogen contents of ethyl 
isocyanate stabilized polymers, however, were not consistent with the 
presence of two nitrogen atoms per molecule, as shown in Table 7. 

The nitrogen contents of the polymers prepared by the two methods 
followed different patterns. For polymers prepared in solution they were 
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Table 7. Nitrogen contents of ethyl isocyanate stabilized polythioacetones 

Polymer 
tool. wt 

9×  10 a 
20× 103 
27 × 10 a 

3×10  a 
14×10 ~ 

Preparative 
method 

In ether 
In ether 
In ether 
Solid state 
Solid state 

Nitrogen 
found, 

per cent 

0"66 
0"55 
0"45 
0"35 
0"38 

Nitrogen 
calculated [or 

end groups, 
per cent 

0'31 
0"14 
0"10 
1'00 
0"21 

% N ]ound 
minus 

% N calc. 

0"35 
0"41 
0"35 

( - 0 ' 6 5 )  
0'17 

about 0.37 per cent in excess of the value required for end groups. The two 
polymers prepared in the solid state had nitrogen contents of about 0.38 
per cent, unrelated to molecular weight or the number of chain ends. A 
possible explanation is that the solution-prepared polymer has terminal 
thiol groups whereas these are absent in the solid-state polymerization. 

One terminal thiol group may be derived from hydrogen sulphide which 
is a byproduct of the monomer preparation and therefore available in the 
solution polymerization but not readily available in the solid phase. The 
nitrogen content of the stabilized solid-state polymerized product and the 
excess nitrogen in the stabilized polymer prepared in ether, which are 
virtually the same, 0-37 per cent, must therefore be due to pendant thiol 
groups. The poly-acetal sequence of alternating carbon and sulphur atoms 
is therefore interrupted by an occasional --CH~--CMe(SH)-- group (about 
1 in 50) derived from the thioenol form of the monomer, CH~---CMeSH. 
The rapid fall of molecular weight to 10 000 during thermal degradation 
suggested that the polymer contained a few very unstable links. 
They may be disulphide links, attached to tertiary carbon atoms: 
--CMe~--S--S---CMe2--. Absence of terminal thiol groups in the polymer 
would have been expected to give improved thermal stability. This was 
not observed. The anomalous groups in the polymer may therefore be 
analogous to the unsymmetrical isomers (IID and (IV) which occur in the 
trimer. 

Unequivocal proof of the presence of these groups in polythioacetone 
has not been found, probably because their effects are slight and are 
masked by the preponderance of the main structure. The trimer obtained 
by decomposing the polymer contained the isomers (III) and (IV) and if 
the decomposition occurred by a backbiting process, this would constitute 
a proof. If the primary decomposition product is monomer, however tran- 
sient its existence, these data are irrelevant to the structure of the polymer. 
Thermal decomposition of the polymer in the mass spectrometer gave a 
CrHI0--S---C~H4 fragment, but the simultaneous appearance of a series of 
minor peaks (C3H,),--S--C3H6 (which may very well be formed in the 
apparatus by recombination reactions) introduces the suspicion that the 
CrH10 group may also be an artefact. 

T H E R M O D Y N A M I C  C O N S I D E R A T I O N S  
Before postulating a mechanism for thioacetone polymerization, the 
relevant thermodynamics will be considered. 

An interesting fact emerging from this work is that cyclic trithioacetone 
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is the most stable component of the monomer-trimer-linear polymer system. 
This contrasts with the formaldehyde system in which linear polymer is 
the most stable. Theoretical confirmation of this seemed desirable and cal- 
culation of the relevant ceiling temperatures has therefore been attempted. 
Thermodynamic calculations as rigorous as those applied to formaldehyde 
were not possible, as the necessary bond energy E ( ~ S )  is not accurately 
known. It was not possible to obtain this by thermochemical measurements 
on di-t-butylthione. Attempts to prepare this thioketone by published 
methods ~ did not give a pure stable monomer. 

Accordingly, the ceiling temperature has been estimated from the avail- 
able data. To provide a check, consideration was given to formaldehyde and 
acetone. The heats of reaction for each system were calculated from esti- 
mates of the heats of formation of monomer, cyclic trimer and polymer 
obtained from additive bond energy relationships and heats of fusion and 
vaporization. Entropy changes for the polymerizations have been estimated 
in a similar way. 

Enthalpy changes 
These were calculated for the C, H, O compounds by using the bond 

energy scheme of Allen ~ with the revised parameters reported by Skinner 
and Pilcher ~. For the thioacetone problem one additional parameter, the 
bond energy E ( ~ S )  = 110 kcal mole -1 bond -a was estimated from a com- 
parison of published heats of formation of CO2, CS~, (NH~)~CS, and Me2CO. 
Strain energies introduced by steric hindrance in linear chains or cyclization 
have been estimated by a method introduced by Skinner ~. Heats of fusion 
of the polymers were estimated from literature values for similar polymers. 
Heats of vaporization were estimated from the cohesive energy densities 
of similar polymers and cross-checked by calculating the cohesive energy 
density using Small's additivity relationship ~. 

Entropy changes 
As far as possible, entropy changes were calculated from absolute values 

estimated by use of the method of chemical groups introduced by Benson 
and Buss a. In addition, the following approximations have been made: 

(i) For the change 3 monomer > cyclic trimer AS was assumed to be 
the same as 3 ethylene > cyclohexane. 

(ii) For the polymerization monomer > linear polymer ASp is assumed 
to be the same as for the corresponding olefin polymerization, as 
given by Dainton and Ivin ~. 

For monomer and trimer the entropy of vaporization is assumed to follow 
Trouton's rule, i.e. to be 21 cal mole -1 (deg. K) -I. For the linear polymer we 
assume from the data for polyethylene given by Dainton and Ivin ~ 

ASc_~g =7 calmole-l(deg. K) -1 AS~_~o =4 calmole -1 (deg. K) -1 

referred to the repeat unit of the polymer. Walden's rule applied to fusion 
of monomer and trimer gives hSc_~ = 13 cal mole -~ (deg. K) -1 and con- 
sideration of the known heats of fusion of polymers suggests for a linear 

polymer that hSc~ z = 3 cal mole -~ (deg. K) -1 
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Enthalpy and entropy changes have been estimated and are shown in 
Table 8 for the reactions 

3 monomer(g) > polymer(c~ and 3 monomertg) > trimer(z) 
The data for thioacetone in Table 8 assume that polymerization occurs 
through the thione form. The ceiling temperature for each reaction is 
estimated from the relationship 

T~ = A H  / AS 
This is the temperature above which the free energy change for the reaction 
becomes positive. If we consider the free energy changes at some lower 
temperature T, then the higher Tc the more negative will be AG in the 
reaction. Thus comparison of T, for polymer and trimer formation is a 
useful guide to their relative stabilities. 

Table 8. Comparison of CHzO and M%CS 

Monomer(o } --> Polymeric } 

- - A H  
Sample kcal 

mole-1 

CH~O 36"6 
Me2CS 135'3 

-AS  
cal mole -1 
(deg. K)  -1 

91 '8 
144 

T, 
o K 

4O0 
940 

Monomer(a ) > Trimer(t ) 

--AH 
kcal 

mole-1 

36"1 
136"6 

--AS 
cal mole -1 
(deg. K)  -1 

111 
107 

T e 
OK 

325 
1275 

These results are consistent with the known experimental facts that 
polyformaldehyde may be formed from either the trimer or the monomer 
because the free energy of the polymer is always lower than that of the 
trimer. This is not so for thioacetone. Here, the thermodynamic functions 
show that the trimer is more stable than the polymer, and hence the 

reaction Trimer(z/~ Polymer(~ 

would have a positive free energy change. This supports the observation 
that polythioacetone cannot be obtained directly.from the trimer, but only 
after it has been converted to monomer. 

These results also have some bearing on the comparative stabilities of 
polyformaldehyde and polythioacetone below the ceiling temperature 
(monomer(o) > polymer(c)). Any decomposition of polyformaldehyde could 
give monomer or trimer in equilibrium with undecomposed polymer. De- 
composition of polythioacetone would not give this equilibrium and trimer 
would result from an irreversible reaction. In fact, we have observed that 
unstabilized polythioacetone, on keeping in a sealed tube for 18 months 
at room temperature, was converted to the trimer in 28 per cent yield. 
Mass spectrometry showed the main decomposition product to be the 
trimer containing proportions of ( l id  and (IV), since its mass spectrum 
resembled those in Table 1. 

The ceiling temperature was measured by collecting 1 g portions of thio- 
acetone monomer in thin-walled glass tubes at -78°C ~Figttre l(b)]. The 
tubes were immediately plunged into constant temperature baths held at 
various temperatures. After one hour any polymer was washed out and 
weighed. The results are shown in Figure 8. A ceiling temperature of 
about 370°K is indicated. 
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The predicted ceiling temperatures for formaldehyde are acceptable, but 
for thioacetone the calculated 9400K is very high, the experimental esti- 
mate being 370°K. The uncertainty in the value of E ( ~ S )  may be the 
sole cause of this discrepancy. On the other hand, polymerization may 
occur through the thioenol form and this assumption gives a lower estimate 
of ceiling temperature, viz. 5400K. If E ( ~ S ) = l l 0  kcal mole -t bond -1 
is correct, the indications are that polymerization proceeds through the 
thioenol form. 

monomer(o } 

Table 9. Polymerization of thioacetone-thioenol  form 

- ~ d /  - A S  
kcal mole - t  cal mole - t  Tc° K 

(deg. K) -1 
~> polymer{c ~ 81 150 540 

The acetone system differs from both thioacetone and formaldehyde. 
Reported preparations of polyacetone have been questioned ~ and the only 
products isolated were those of a reversible aldol type condensation, namely 
diacetone alcohol and triacetone dialcohol. For the reaction 

n Me~COI0~ > -[42Me~---O~,cc} 

A H =  - 7 - 2  kcal mole -1, AS= -55 kcal mole -~ (deg. K) -1 and To= 120°K. 
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For polymerization from liquid monomer, AH=0, hence Tc=0°K, that is 
polymerization is impossible. 

For the observed reactions, the calculated thermodynamic functions are: 

2 Me2CO~z> > Mo- CO. CH2" CMe~OH/zl 

AH = - 9 . 9  kcal mole -1, AS = -20  cal mole -1 (deg. K) -1, Tc = 495 °K. 

3 Me2CO~zI ~ HO.  CMe~, CH2" CO'  CH~- CMe~OH~zl 

AH =~- 18.5 kcal mole -t, AS= -36"5 cal mole -1 (deg. K) -~, T,---510°K. 

The calculations do not exclude other possible products but they confirm 
that aldol condensation is more favourable than polyacetal formation. 

T H E  M E C H A N I S M  O F  T H I O A C E T O N E  P O L Y M E R I Z A T I O N  

Theories of the mechanism of thioacetone polymerization must account 
for the following: 

(1) Addition of boron trifluoride etherate to polymerizing thioacetone 
reduced the molecular weight relative to that of spontaneously formed 
polymer without reducing yield (Table 3). It may therefore have induced 
polymerization. 

(2) Boron trifluoride etherate initiates depolymerization of polythio- 
acetone above 12 ° C. 

(3) The polymer contains pendant thiol groups and a few disulphide 
linkages. 

(4) Thioacetone would be expected to exist as an equilibrium between 
thione and substantial amounts of thioenol form 11, but n.m.r, measurements 
at -78°C in chloroform suggested no more than one per cent enol. Re- 
actions are therefore possible which do not have to be considered in 
aldehyde polymerizations. 

As both forward and reverse reactions are boron trifluoride etherate 
catalysed, thioacetone polymerization may be cationic. Initiation in the 
solid phase by light may also be ionic. The colour of monomeric thio- 
ketones has been attributed to diradicals, but this is debatable u'~. 

Whether free radical or ionic, propagation is probably as follows: 

Main reaction--P--CMe~--S* + CMe2~---S > P--CMe2--S--CMe~--S* 

Subordinate reactions- 
(a) P--CMe2--S* + S-----CMe~ > P--CMe~--S---S--C*Me2 

P--CMe~--S--S--CMe2--CMe2--S~ 

(b) P---CMe~--S* + CH~-----CMeSH 
9c 

P---CMe~--S--CH2---C Me 
I 
SH 

--->- P--CMe2--S---CH~--CMe--CMe2--S* 
I 
SH 
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An alternative anionic mechanism can be devised in which the polymer 
can be derived from the thioenol : 

CH~ eCH~ 
II I 

P--CMe~--Se+C--SH >P--CMe~--S C--SH 
I I 

Me Me 

M e  

J 
. " P---CMe~--S---C--Se 

I 
Me 

Initiation of anionic polymerization in solution may be similar to that 
postulated for linear polyformaldehyde, with hydrogen sulphide replacing 
water as a contributing factor. This would give a polymer terminated at 
each end by thiol groups. 

Initiation-- 
HS@+ CMe~--~-S > HS---CMe~--S@ 

Termination-- 
P---CMe~--SG+ H2S > P--CMe~--SH +HS~3 

A similar role could be played by the thioenol form to give an isopropy- 
lidene end group. This could occur in the solid phase. 

CH2~----CMe--S~+ C M e ~ S  > CH~------CMe--S---CMe2--S@ 

C O N C L U S I O N S  
Liquid thioacetone spontaneously polymerizes. Light induces polymeriza- 
tion in the crystalline phase. 

The polymer is linear and comprises [--CMe2--S---],. This repeat unit is 
interrupted by ---CMe2--S--S--CMe~-- and by --CH2--CMe--CMe~---S--- 

I 
SH 

The polymer irreversibly decomposes to the cyclic trimer. 

The authors thank Mr E. Kendrick for the mass spectrometric meausre- 
ments, and are greatly indebted to Professor G. Allen lor helpful dis- 
cussions and to Dr. G. Pilcher for providing thermochemical data for the 
thermodynamic treatment. 
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ANNOUNCEMENT 

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

C H E M I S T R Y  

The International Union of Pure and Applied Chemistry has announced 
that an International Symposium on Macromolecular Chemistry will be 
held in Toronto, Canada, from 3 to 6 September, 1968. All scientific sessions 
will be held in the Royal York Hotel. 

The major theme will be 'The structure and properties of macromolecular 
systems' and will embrace synthetic, natural and biological polymers. Topics 
for discussion include: molecular structure and properties, crystallization 
and morphology, properties of macromolecular solutions, structure and 
physical properties of solid macromolecular compounds and sys- 
tems, structure and functioli of bio-polymers. 

The official languages of the symposium will be English and French. Pre- 
prints will be available at the meeting. 

Enquiries should be addressed to the Organizing Committee, Box 932, 
Terminal A, Toronto, Canada. 
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The Molecular Weight Distribution 
of Natural Rubber 

G. M. BRISTOW and B. WESTALL 

A technique for the ]ractionation of natural rubber by extraction with solvent 
mixtures has been established. Molecular weight distributions obtained by its 
application are wider than the normal distribution, ranging from M=0~97× 10 ~ 
to M - / ' ~  2"50×106, and are positively skew. 15 per cent by weight of the 

rubber is of molecular weight ~ 0"25 × 10 a. 

NATURAL rubber has been fractionated by many workers 1-1~' 1~'25, and shown 
to possess a very wide molecular weight distribution ranging between 
30 000 and several million~l; low molecular weight species are associated 
with high oxygen content and high molecular weight species with high 
nitrogen contenP. Viscosity or molecular weight distribution curves have 
been given by Johnson 8, Madge ~z, Schulz 13, Cheng et al? 4 and Endo ~. 

Johnson observed a maximum in the distribution curve for pale cr6pe 
at an inherent viscosity of seven, whilst Madge reported a maximum intrin- 
sic viscosity of 10 to 12 for unmilled rubber. Such well defined viscosity 
maxima were not obtained, however, in the fractionations of raw rubber 
carried out by Cheng et al? ~ and by Endo xS. Schulz and Mula ~a have 
calculated molecular weight distribution functions from electron microscope 
particle size determinations of brominated crdpe rubber, and found a dis- 
tribution curve with a maximum at approximately 1"2 × 106. 

The above results do not give an entirely satisfactory picture of the 
molecular weight distribution of natural rubber. In this paper we report 
the development of a solvent extraction technique for the fractionation of 
natural rubber, by means of which molecular weight distributions have been 
determined for two different types of rubber. The technique consists of the 
slow precipitation of the rubber on to glass beads, the highest molecular 
weigh{ material being deposited first and the lowest molecular weight 
material last. The rubber is then extracted with solvent mixtures of gradu- 
ally increasing solvent power. 

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

Materials 
Pale cr~pe (No. I X  commercial grade)--This consists of about 95 per 

cent rubber hydrocarbon (cis-l,4-polyisoprene), 2 to 3 per cent proteins, 
2 to 3 per cent of various acetone-soluble materials and traces of mineral 
salts 16. 

'Sol' rubber--This rubber was substantially protein-free (N, ca. 0.01 per 
cent), but did contain ca. 2 per cent acetone-soluble material. For its 
preparation, 20 g of pale cr~pe was cut into small pieces and placed in a 
flask with 2 litres of cyclohexane. After storage in the dark at room tem- 
perature for one week the resulting solution was filtered through lens tissue 

609 



G. M. BRISTOW and B. WESTALL 

to remove gel rubber, freeze dried, and stored at - 2 0 ° C  to prevent degra- 
dation. Approximately 50 per cent recovery was achieved. 

Ballotini--No. 15 glass bead s, diameter 0.10 mm were used. 
Solvents--Analytical reagent grade benzene, ,methanol and toluene were 

used throughout. The tetrahydrofuran used for light scattering measure- 
ments was treated overnight with about 2% w /v  sodium hydroxide pellets 
and then redistilled to remove peroxides. 

Apparatus and method 
The apparatus consisted of a water-jacketed glass column 14 in. high 

and 1 in. in diameter, with a No. 1 porosity sintered glass disc fused into 
the lower end 2 in. above a tap which was attached to a side arm for water 
pump, and a B24 cone. A 6 in. x 1 in. diameter solvent reservoir, with 
water jacket, was fitted into the top of the column. 100 ml B24 conical 
flasks were used to collect the fractions. Water was circulated around the 
column and reservoir by means of a pump attached to a low temperature 
thermostat (temperature control within + 0-1 deg. C). After collection, the 
fractions were frozen in a Dewar bowl containing liquid nitrogen, and then 
dried in vacuo. 

200 ml of benzene was added to 1 g of rubber and after standing for 
one week the solution was filtered through a No. 1 porosity sintered glass 
filter. The concentration of the solution was determined by freeze-drying 
a 5 ml portion and the'gel  content, if any, calculated. The intrinsic vis- 
cosity of a suitably diluted 2 ml sample of the solution was determined and 
converted to viscosity in toluene by means of the relationship ~r 

[~/]toh~n~ = 1"076 [~/]~¢nz~ -- 0"15 (for [~/] dl g-l) 

The remaining solution was transferred to a 1 litre conical flask contain- 
ing 200 g of BaUotini No. 15 beads, with about 20 ml of benzene. The 
mixture was stirred with a stainless steel paddle stirrer and an equal 
volume of methanol added, dropwise, over a period of one hour. The 
rubber-coated Ballotini beads were dried by suction on a water pump for 
about 15 minutes, using a No. 1 porosity sintered glass funnel, and then 
transferred to the fractionating column, which contained 50 ml of the 
solvent mixture with the lowest proportion of benzene. After the extraction 
period had elapsed the dissolved rubber was collected by suction into a 
weighed flask, freeze dried, weighed, redissolved in a known volume of 
toluene and the intrinsic viscosity determined. The second extracting 
solution, which had been maintained at operating temperature in the solvent 
reservoir, was then added to the column and the procedure repeated. 
[The solvent mixtures were prepared by mixing suitable volumes of 75-25 
(v/v) and 85-15 (v/v) benzene-methanol stock solutions.] 

For  a refractionation, 30 ml of a 0.2 per cent solution of the fraction in 
toluene was precipitated with an equal volume of methanol on to 20 g of 
BaUotini, packed into a 30 cm x 1 cm diameter fractionating column and 
extracted for ½ h periods with 10 ml portions of benzene-methanol mixtures 
in the above manner, at 25°C. 

In order to prevent degradation it was necessary throughout the above 
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work to wrap the apparatus in a black cloth and store solutions in a dark 
cupboard. 

Characterization 
Determinations of intrinsic viscosity of the whole rubber and the frac- 

tions, and of the osmotic number average molecular weight of the whole 
rubber, were carried out using the techniques described by Bristow and 
Westal117. Light scattering determinations of the weight average molecular 
weight of the whole rubber were made on a Brice-Phoenix Series 1000 
light scattering photometer, at room temperature (19 ° to 21°C) and at a 
wavelength of 4 358 A, with tetrahydrofuran as solvent, using the technique 
described by Allen and Bristow ~. The refractive index increment for 
rubber in tetrahydrofuran was taken as 0" 160 by interpolation of the data 
of Altgelt, Schulz and Cantow 19. 

Calculation 
Intrinsic viscosity data were converted to molecular weights using the 

Carter-Scott-Magat relationship~ and the results plotted as cumulative 
weight fraction/molecular weight distribution curves. The expression 
( n - 1 )  Z w+  ½Aw, where n is the number of fractions and w the wt %, 
representing the fraction midpoint, was used as ordinate for the cumulative 
weight distribution curves (Figures 1, 2 and 3). Differential weight/mole- 

100 

80 

-~ 60 ÷ 

20 

L 

[ 1 I l [ 
0.5 1.0 1.5 2.0 2.5 

M x 10 .6 

Figure /---Cumulative weight/molecular weight distributions, of 
natural rubber. Extraction time 1 h. Temp. 25°C. Solvent com- 
position increment 0'25 per cent. © Sol rubber. • Pale cr~pe 

cular weight distribution curves are not given because the error in drawing 
tangents to curves where there is any degree of experimental scatter can 
often give misleading results. 

To check the etticiency of each fractionation the summed viscosities of 
the fractions E w~[~9]~ were calculated, and compared with the original 
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Figure 2--Refractionation of high molecular weight 
fraction of sol rubber. Cumulative weight/molecular 

weight distribution 

viscosity of the sample. M .  and Mw were also calculated f rom the frac 
tionation data using the relationships: 

M . =  E(wdrn0  Mw= Zwl ' 

~8o o/'>''''" 
÷ 

N 40 

20 

1 , I , I 
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Figure 3--42umulative weight/molecular weight distributions 
of natural rubber by different methods. • Pale cr~pe (solvent 
extraction technique). O Raw rubber (precipitation fraction- 

ation, results of Endo 1S) 
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R E S U L T S  
A summary of the fractionation data is given in Table 1. 

Effect ol solvent concentration increment 
An apparently satisfactory fractionation of sol rubber was achieved 

using benzene-methanol mixtures of composition increasing in steps of 
0'25 per cent, benzene content from 78-22 benzene. Extraction time was 
one hour for each solvent mixture and the operating temperature 25°C. A 
wide distribution of molecular weight was obtained with fractions ranging 
from 112 000 to nearly 2 x 108. Approximately ,two per cent of material of 
apparent molecular weight 36 000 was obtained but it is doubtful whether 
this is entirely polyisoprene, because of the abnormally high value of the 
Huggins constant (k'= 1"67) as against an average of about 0.4. There was 
very little variation in the overall shape of the distribution curve when the 
solvent concentration increment was changed from 0.25 to 0"5 per cent 
though more fractions were obtained with the former, with consequent 
improvement in definition." 

Effect of extraction time 
The effect of extraction time upon the molecular weight distribution was 

also studied. The temperature was kept constant at 25°C, and the solvent 
concentration increment was 0"5 per cent. Up to a molecular weight of 
about 1 x l0 s, variation of extraction time from ½ h to 2 h has little effect 
on the distribution but above this molecular weight, whilst results obtained 
with 1 h and 2 h extraction times are fairly similar, those obtained with 
only ½ h extraction time show considerably less weight extracted at a given 
molecular weight, indicating that extraction of rubber is incomplete. Re- 
cession, i.e. a diminution in molecular weight of the final fractions, was 
also observed under these latter conditions. This effect has frequently 
been attributed to degradation, e.g. ref. 21, but it has only been found 
in this work when equilibrium was not complete and when no degradation 
had been observed. If recession greater than two or three per cent is 
present, an erroneous molecular weight distribution will be found. 

Effect o[ extraction temperature 
An examination was. also made of the effect of extraction temperature 

upon the molecular weight distribution. Fractionations were carded out at 
25°C, 20°C and 13°C (extraction time 1 h, solvent composition increment 
0.5 per cent). The distributions obtained at the several temperatures were 
similar, though some recession (7-0 per cent) was found at 13°C. 

A typical distribution curve for sol rubber is shown in Figure 1. 

Refractionation 
Figure 2 shows the results of a refractionation of a high molecular weight 

fraction of sol rubber carded out in order to determine the degree of 
homogeneity of the sample. Only 70 per cent weight recovery was achieved, 
but the summed viscosities of the fractions (6"13) showed satisfactory 
agreement with the original viscosity of the sample (6.32). The molecular 
weight distribution curve indicates that the sample is about 75 per cent 
homogeneous. 
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From the above work it is concluded that a satisfactory fractionation of 
natural rubber using the solvent extraction technique can be carried out 
under the optimum conditions described above, i.e. at 25°C with 1 h extrac- 
tion period, and solvent mixtures of composition changing from 78-22 
benzene-methanol by increments of 0-25 per cent benzene to above 81-19 
benzene-methanol. 

The shape of the cumulative weight/molecular weight distribution curves 
described above has been shown to be very dependent upon the conditions 
of extraction, i.e. temperature, time and composition of extracting solvent, 
and demonstrates the necessity for careful examination of these factors 
before coming to any firm conclusions about the nature of any molecular 
weight distribution. 

Fractionation of crkpe rubber 
The molecular weight distributions for sol and cr~pe rubber carried out 

under the optimum conditions are compared in Figure 1. The two curves 
are very similar and any differences could be due to experimental error. It 
would appear therefore that the removal of the major part of the nitrogen- 
containing material from the crOpe rubber has not greatly affected the 
molecular weight or molecular weight distribution. 

It is of interest to note that the samples of sol rubber used contained only 
ca. 50 per cent by weight of the original cr~pe, whilst the portion of the 
cr~pe rubber fractionated comprised 97 per cent by weight of the whole 
rubber. In other words the 'gel' left when the sol rubber was prepared 
from cyclohexane did not differ appreciably in terms of molecular weight 
and molecular weight distribution from the benzene-soluble portion of the 
cr~pe. The three per cent of the cr~pe which was insoluble in benzene 
was presumably composed of the small particles discussed by Allen and 
Bristow 2~. 

D I S C U S S I O N  

In all the above work recovery of the starting material was 90 to 100 per 
cent by weight, which was considered adequate. Comparison of the sum- 
mation of individual fraction viscosities with respect to weight, E w; [~7]i, 
with the intrinsic viscosity of the whole polymer indicates that little if any 
degradation had taken place. 

Values of M, and Mw were determined by osmotic and light scattering 
measurements on the samples of rubber before fractionation. Where the 
calculated values of M, were appreciably higher than those obtained ex- 
perimentally, the first fraction had not been characterized due to shortage 
of material; otherwise agreement was within + 10 per cent. Calculated 
values of Mw were up to 20 per cent higher than experimental values. It is 
difficult to say whether this is due to a slight discrepancy in the Carter- 
Scott-Magat equation used for conversion of viscosity data to molecular 
weight, or whether the value of 0"160 for the refractive index increment 
for natural rubber in tetrahydrofuran used for calculation of these results 
is too small. 

In Figure 3 the fractionation of pale cr~pe using the solvent extraction 
technique is compared with a fractionation of raw rubber (type unspecified) 

615 



G. M. BRISTOW and B. WESTALL 

by Endo 15 using a precipitation technique. Molecular weights are calculated 
from the viscosity data given by these workers. Agreement between the 
two methods is very dose. It is considered that the solvent extraction 
method as presented is preferable in that better definition is given to the 
low molecular weight portion of the curve in that more fractions are 
obtained; it is also considerably less time-consuming. 

Cumulative molecular weight distributions of sol rubber and pale cr6pe 
are given in Figure 4 on arithmetical probability scales. A good straight 
line is obtained showing that Gaussian statistics probably apply but the 
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Figure 4----Cumulative weight/molecular 
weight distributions of natural rubber, 
plotted on arithmetic probability scales. 
Extraction time 1 h. Temp. 25"C. Solvent 
composition increment 0"25 per cent. 
O Sol rubber. • Pale cr~pe. 

Normal distribution 

J 
4-0 

slope differs considerably from that shown for a normal distribution of 
the same weight average molecular weight. Histograms derived from 
these two straight lines are shown in Figure 5. Appreciably higher propor- 
tions of low and high molecular weight material are obtained for the 
natural rubber than for the normal distribution, which is correspondingly 
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Figure 5--Histograms derived from Figure 4. 
. . . .  Normal distribution. ~ Pale cr6pe 
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deeper  in the centre  region than  is tha t  for  na tu ra l  rubber .  The  d is t r ibut ion  
for  na tu ra l  r ubbe r  is also m a r k e d l y  posi t ively  skew. I t  would  appea r  pos- 
sible that  there are two over lapping  d is t r ibu t ions  with m a x i m a  of  the order  
of  0.07 x 106 ~ M < 0.25 x 106 and 0.75 x 106 <S M ~ 1-25 x 106. The  posi-  
t ion of the p resumed  second m a x i m u m  is in reasonable  agreement  with the 
work  of  Schulz and  M u l a  la who ob ta ined  a sl ightly posi t ively  skew uni- 
moda l  d i s t r ibu t ion  with a m a x i m u m  at  M =  1.2 x 106 for  special ly  prepared  
crape rubber .  I t  is p robab le  that  the e lect ron microscope  technique used 
by  these workers  is not  sufficiently sensit ive to detect  the first peak.  The  
differential  weight  intr insic  viscosi ty d is t r ibut ion  for raw rubber  given by  
M a d g e  12 shows a single well  defined m a x i m u m  of  approx ima te ly  11. This  
cor responds  to M = l ' 3 x  106 (using the C a r t e r - S c o t t - M a g a t  equation),  
which also agrees r easonab ly  well  with the: va lue  ob ta ined  in this work. 

T h a n k s  are due to Miss  J. E.  Poul ton and M r  B. W. Mm'riot t  [or experi- 
menta l  assistance in this work  which  [orms part (9[ the research programme 
o[ The  Natural  R u b b e r  Producers'  Research  Associat ion.  

The Natural  R u b b e r  Producers'  Research  Association,  
We lwyn  Garden City, Herts.  

(Rece ived  February 1967) 
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The Electrical Conductivity of Some 
TCNQ Complexes Derived from 
2,2'-Dichlorodiethyl Ether and 

Pol y (ep ichlorh ydrin) 
J. MALCOLM BRUCE and J. R. HERSON 

The chloromethyl groups of 2,2'-dichlorodiethyl ether and poly(epichlorhydrin) 
have been used to quaternize pyridine, and the quaternary compounds have 
been converted into simple and complex salts with TCNQ. The resistivities 

of these salts have been measured. 

COMPARATtVEL¥ high electrical conductivities have been observed for 
simple organic donor-acceptor systems, especially those involving nitro- 
genous bases (B) and TCNQ [7,7,8,8-tetracyanoquinodimethane (I)]. 

~ N)2 (I) 

C(CN)2 
Three types of system have been prepared: complexes B,TCNQ, simple 
salts RB + TCNQ "-- in which R is usually alkyl, and complex salts 
RB + TCNQ ~ TCNQ °. The simple salts are obtained from quaternary salts 
RB + X-  by metathesis with the lithium salt, Li + TCNQ ~, of the anion 
radical of TCNQ, and the complex salts by incorporation of neutral TCNQ 
into the simple salts. The complex salts show the highest conductivities I'~. 

Attempts have recently been made 3 to prepare conducting polymeric 
systems by using the pendant pyridyl groups in poly(2- and 4-vinyl- 
pyridines) as sites for the attachment of TCNQ residues, but the salts 
obtained had much lower conductivities than those of analogous monomeric 
systems, and, further, the maximum condu~ivity of the complex systems 
occurred when the quotient [TCNQ ]/[TCNQ °] was considerably greater 
than unity. 

The present paper describes some studies with poly(epichlorhydrin) in 
which the chloromethyl groups were used to quaternize pyridine, and the 
resulting pyridinium chlorides were then converted into simple and com- 
plex salts. Ethyl iodide and 2,2"-dichlorodiethyl ether were used as models 
in order to determine appropriate reaction conditions, and to provide com- 
pounds of defined composition for use as spectroscopic Standards. 

E X P E R I M E N T A L  
Solvents, ethyl iodide, and 2,2"-dichlorodiethyl ether were dried and frac- 
tionally distilled; it is important that solvents should not contain readily 
reducible impurities since these can oxidize TCNQ'-- to TCNQ °. 
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Poly(epichlorhydrin) was prepared using a ferric chloride-propylene oxide 
catalyst ~, and had My ,-~ 70 000. TCNQ was sublimed at 150°/10 -4 mm Hg. 
Li + TCNQ was prepared 1 from TCNQ and lithium iodide in acetonitrile. 
Reactions were carried out under nitrogen, and, unless water was involved 
in the preparation, the products were handled in a dry-bo~ filled with 
nitrogen. 

Ultra-violet-visible spectroscopy was used to differentiate between simple 
and complex salts, and for the determination 1 of the extent of incorporation 
of TCNQ and TCNQ ° in the simple and complex salts respectively; 
carefully purified solvents, usually acetonitrile or dimethyl formamide 
(DMF), were required in order to obtain reproducible spectra. TCNQ had 
k ..... (in MeCN) 392 m/z (e 39 000), and k~ax. (in DMF) 338 m/~ (E 27 000). 
Li + T C N Q =  had k . . . .  (in MeCN) 392 (intl.) 406, 418 m/~ (~ 21 500), 
25 000, 26 000), and h . . . .  (in DMF) 395 (intl.), 408, 420 m/~ (E 19 500, 
22 000, 23 000). Infra-red spectroscopy of Nujol mulls provided further 
information: the simple salts had a sharp band at 850 cm -~ which was 
absent from the complex salts. 

Resistivity measurements were made using the four-probe method s on 
compressed discs prepared from samples which had been dried at 
20°/10 -2 mm  Hg over phosphorus pentoxide for 60 hours. The probes 
were gold-plated. Activation energies were determined from Arrhenius 
plots obtained by measuring the resistivities at 5 ° intervals from - 2 0  ° to 
+20 ° inclusive; good straight-line plots of logp  versus 103/T were 
obtained. All measurements at 20 ° and those at other temperatures re- 
quired for the determination of the activation energies quoted in Table 2 
were made in vacuo; measurements for the activation energies quoted in 
Table 1 were made under a stream of dry nitrogen maintained at the re- 
quired temperature. 

Compounds were prepared as follows, using equimolar proportions of 
reactants unless stated otherwise : 

(a) A boiling solution of N-ethylpyridinium iodide (0.13 g) in ethanol 
(3 cm 8) was added to a filtered solution of Li + TCNQ = (0" 11 g) in boiling 
ethanol (30 cm3), the mixture was boiled for a few minutes, and allowed to 
cool to room temperature. The precipitate was collected, and washed with 
ice-eold ethanol and then with ether to give (N-ethyl pyridinium) + TCNQ "- 
(0.065 g, 30 per cent) as purple microcrystals, decomp. 225 ° to 235 ° 
(Found: N, 22"8. C19H~3N5 requires N, 22.5 per cent). It  had k . . . .  (in 
MeCN) 392 (intl.), 406, 418 m/.~ (e 21 500, 24 500, 25 500), and )~ . . . .  
(in DMF) 395 (intl.), 408, 420 m~ (E 19 000, 21 000, 22 000). 

(b) A solution of the foregoing simple salt (0.074 g) in acetonitrile 
(4 cm 3) was treated with a boiling .solution of TCNQ (0.067 g) in aceto- 
nitrile (5 cm3), the mixture was allowed to cool to room temperature, and 
the precipitate was collected and washed with ether to give (N-ethyl 
pyridinium) + TCNQ-: ' ,  TCNQ ° (0.078 g, 55 per cent) as deep purple 
needles, decomp. 195 ° to 235 °. It  had h ..... (in MeCN) 393 m/~ (E 59 000) 
and k ....... (in DMF) 338, 395 (intl.), 408, 420 m/z (~ 26 500, 19 500, 20 5013, 
2~ 500). 
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(c) A solution of 2,2'-dichlorodiethyl ether (1"29 g) in pyridine (5 cm ') 
was refluxed for 12 h, and the excess of pyridine was then removed at 
60°/10 -~ mm Hg to leave 2,2'-dipvridiniumdiethyl ether dichloride as a 
white solid (2-82 g, 100 per cent) (Found: C, 55"6; H, 6-3; CI, 23"5; N, 9.1. 
CI~Hls CLN20 requires C, 55"8; H, 6.0; CI, 23-6; N, 9.3 per cent). It had 

..... (in EtOH) 261 mp, (E 8 400). 

(d) Treatment of the foregoing pyridinium salt with Li ÷ TCNQ ~ as 
described under (a) gave (2,2'-dipyridiniumdiethyl ether) 2+ (TCNQ:)~ (75 
per cent yield) as purple microcrystals, decomp. 205 ° to 225 ° (Found: N, 
21 '8. C38H.~rNI00 requires N, 21-9 per cent). It had ,~ ...... (in MeCN) 392 
(intl.), 406, 418 m/z (¢ 44 000, 51 000, 53 000), and )~ ...... (in-DMF) 395 (intl.), 
408, 420 m/x (E 39 000, 44 000, 46 000). 

(e) Treatment of the foregoing simple salt with TCNQ as described 
under (b) gave (2,2'-dipyridiniumdiethyl ether) 2+ (TCNQ : )5 TCNQ ° (80 per 
cent yield) as deep purple needles, decomp. 230 ° to 245 ° (Found: N, 22.9. 
C~0H30NI~O requires N, 23"3 per cent). It had ,k ..... (in MeCN) 393 m/z 
(e 80 500), and )~ ...... (in DMF) 338, 395 (infl.), 408, 420 m/z (E 52 500, 
39 500, 41 000, 42 500). An attempt to introduce a further tool, of TCNQ ° 
by using an excess of TCNQ and a reaction time of one hour was un- 
successful. 

(1) A solution of poly(epichlorhydrin) (1.58 g) in pyridine (5 cm 3) was 
reftuxed for 24 h (a precipitate was formed), and the excess of pyridine was 
removed at 60°/10 -2 mm Hg to give the polymeric pyridinium compound 
as a light-brown solid [Found: C, 53'5; H, 6"1; N, 7"7. (CsHIoC1NO),~ 
requires C, 56.0; H, 5-9; N, 8-2 per cent] which had )~ ..... (in EtOH) 261 m/z 
(e 3 800). These data indicate that c a .  90 per cent of the chloromethyl 
groups have reacted with pyridine. Attempts to obtain a higher extent of 
reaction by prolonging the reflux period led to decomposition, and the use 
of solvents in attempts to prevent the precipitation of the quaternary com- 
pound resulted in lower incorporation of pyridinium groups. 

(g) The foregoing quaternary compound (2.55 g) in ethanol (80 cm ~) 
was added to Li + TCNQ (3'5 g) in DMF (80 cm~), the mixture was 
reftuxed for 2 h, cooled and diluted with water (700 cm3). The precipitate 
was collected, washed Successively with water, ethanol, and ether, and then 
refluxed with benzene (150 cm 3) for 4 h to remove any neutral TCNQ. The 
polymeric simple salt (3.5 g, 70 per cent) was a purple powder [Found: C, 
67"5; H, 4-9; N, 18"3; C1, 3"5. (C~H1j',I~O), requires C, 69.5; H, 4"1; N, 
20'0 per cent] which decomposed in DMF:  the absorption at 420 m/z, 
characteristic of TCNQ , decayed, and new absorptions, due to a decom- 
position product, appeared at 330 and 483 m/z, and progressively increased 
in intensity until, when the peak at 420 m/~ had disappeared, that at 
483 m/z had ~ 19 000. The relative intensities of the peaks at 420 and 
483 m/z showed an almost linear relationship, and extrapolation back to 
zero decomposition gave ,k . . . .  (in DMF) 395 (intl.), 408, 420 m/z (~ 15 600, 
16 800, 17 600), indicating that 80 per cent of the pyridinium chloride resi- 
dues had reacted. Solid samples kept in the air decomposed similarly, 
although much less rapidly. 
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(h) Typically, the foregoing polymeric simple salt (0-46 g) and TCNQ 
(0"058 g) were dissolved in DMF (25 cm3), and the DMF was removed at 
20°/10 -'~ mm Hg to leave the polymeric complex salt as a shiny black solid 
film which had hm,. (in DMF) 338, 395 (intl.), 408, 420 m/z (e 10 000, 
17 500, 20 000, 22 000 by extrapolation). Like the simple salt, it decom- 
posed in DMF, finally to hm~,. 347, 418 and 481 m/z. Polymeric complex 
salts containing various proportions (see Table 2) of neutral TCNQ were 
prepared analogously. When these samples were pressed into discs for 
resistivity measurements, green patches, suggesting the presence of crystals 
of neutral TCNQ, appeared on the surface of some of them, and a steady 
current could not be maintained during the resistivity determinations. 

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

Treatment of 2,2'-dichlorodiethyl ether with pyridine gave the bis-quater- 
nary compound from which the simple salt (II) was obtained, but only one 
tool. of neutral TCNQ could be introduced into (II) when attempts were 
made to prepare the :oniplex salt. Interaction of the neutral TCNQ with 
both TCNQ anion radicals in (II), possibly by formation of a sandwich 
compound such as (III), may account for this; possibly related compounds, 
but containing inorganic cations, e.g. (Cs+)~(TCNO ~-)~(TCNQ°), have been 
observed previously 1. 

N•H2CH2-O--CHzCH z 

(11) 

! HzC H2--O --CH2 CH 2 
N 

"r ~ i 7 - ' ' +  TCNO, ~ TCNQO ~ T C N Q  v 

(Hi) 

Resistivities and activation energies for the simple (II) and complex (III) 
salts prepared under different conditions are given in Table 1. The resistivi- 
ties of the samples prepared under nitrogen were higher than those of 
samples prepared in air, and the resistivities of the samples prepared under 
nitrogen fell when they were exposed to air, despite subsequent drying prior 
to the electrical measurements. The decrease in resistivity of the samples 
exposed to air may be the result of any increase in resistivity due to 
oxidative decomposition being more than offset by a decrease due to 
absorption of moisture which could not be removed by drying. The activa- 
tion energies do not show a parallel trend. 

Table 1. Resistivities and  activa,tion energies for  compounds  (II) and (III)  

Compound Conditions of p (ohm cm at 20°C) E (eV) 
preparation 

II 
II 
II 

III 
III 
III 

4"40× 106 
2"52× 106 
1.25 x 106 
2"23 x 1 0 
1-21 x 106 
2"95× 10 

0-413 
0"385 

0'170 
0"206 

(a) In air. (b) Under nitrogen. (c) Under nitrogen, then exposed to sir. All samples dried prior to  
n~easurement of resistivity. 
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In view of these observations, the polymer samples were handled entirely 
under nitrogen• Abou~ 90 per cent of the pendant chloromethyl groups in 
the poly(epichlorhydrin) reacted with pyridine, and about 80 per cent of 
the resulting pyridinium units underwent metathesis with Li + TCNQ -:. The 
resistivities of five polymers (approximately as IV) containing different pro- 
portions of TCNQ ° are given in Table 2. Activation energies were deter- 
mined for two of the samples. 

/ CH 2 \ 

Table 2. Resistivi.ties and activation energies for polymeric tom 
TCNQ ° content 

(% by wt) 

0 
5 

15 
22 
33 

[TCNQ ":" ] 
• [TCNQ~I 

I0 
3.0 
1.9 
1.1 

P (ohm cm at20°C) 

1.5x107 
7.5Xl& 
3-2×1~ 
2.6×1~ 
8.8×10 

flex salts (IV) 

E (eV) 

0.36 

0.11 

As expected, the resistivity falls as the proportion of TCNQ ° is increas'ed, 
and extrapolation of a plot of log p versus [TCNQ~-]/[TCNQ °] to 
[TCNQ -: ] / [TCNQ °] = 1 indicates a limiting resistivity of about 60 ohm cm. 
In contrast to the model simple salt '(II), the polymeric simple salt (IV; 
m = 0 )  is capable of taking up almost the theoretical amount of neutral 
TCNQ required to yield a normal complex salt. However, the resistivities 
of (III) and (IV; n = m) were not significantly different, indicating that the 
proximity of potentially conducting groups attached to an essentially in- 
sulating chain does not in this case confer conductivity properties which 
cannot be achieved through the crystal lattice of a system of much lower 
molecular weight, although a more highly conducting polymer might have 
resulted had it been possible to cause all the chloromethyl groups to react. 
These results contrast with ~hose ~ mentioned above for systems based on 
poly(vinylpyridine). 

The polymeric TCNQ compounds decomposed in air, in solution and in 
the solid state, considerably more rapidly than the model compounds. This 
may be due to attack of oxygen at the polymer backbone leading to oxida- 
tive elimination of cyano groups (cf. ref. 6) from the TCNQ units; such a 
reaction could be catalysed by traces of iron remaining from the catalyst 
used for the preparation of the poly(epichlorhydrin). Accelerated decom- 
position of other polymeric salts has been independently observed 7. 

We thank Dr E. P. Goodings and his colleagues of Imperial Chemical 
Industries Ltd, Petrochemical and Polymer Laboratory, Runcorn Heath, 
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Ionic Polymerizations of cx-Methylstyrene 
Catalysed by Iodine in an Electric FieM 

ICHIRO SAKURADA, NORIO ISE a n d  YOSHINOBU TANAKA 

c~-Methylstyrene was polymerized with iodine as a catalyst in nitrobenzene or 
toluene as the solvent in the presence and absence of  an electric field. In 
nitrobenzene, a large field-accelerating effect was found, while the degree of  
polymerization was increased, though very slightly, by the application o/  the 
electric field. In toluene, no field effects on the polymerization rate and the 

degree of polymerization were observed. 

THE influence of a high intensity electric field on various types of poly- 
merization has been investigated in our laboratory and it has been found 
that the field can accelerate the polymerization rates of some cationic sys- 
tems. For oL-methylstyrene catalysed by iodine in 1,2-dichlorethane (DCE), 
the rate has been increased 1 by 30 per cent in the presence of an electric 
field of 1 kV cm -1. The present paper presents the experimental data of 
the field effects on the systems c~-methylstyrene-iodine-nitrobenzene and 
ot-methylstyrene--iodine-toluene. 

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

The monomer was carefully purified by the method previously described 1. 
The solvents were fractionally distilled under dry nitrogen. The specific 
conductivity of the purified nitrobenzene was below 10 -7 mho cm -~. Iodine 
(analytical reagent grade of Merck) was used without further purification. 

The polymerizations were carried out in a glass vessel fitted with a 
thermometer and a pair of platinum plate electrodes of 2 cm 2 in area and 
3.7 cm apart. The cell constant was 1-0 cm -~. Details of the polymeriza- 
tion procedures have been described 1. The polymerization temperatures 
were 8°C and - 7 8 ° C  for nitrobenzene and toluene, respectively, unless 
otherwise specified. 

The average molecular weight (M) of the polymer produced was deter- 
mined by viscosity measurement in benzene at 30°C by using the equation 

[~7] =0-0150+ 1"787 x 10-SM 

which was obtained by Worsfold and Bywater ~. Here [~7] is in units of 
decilitres per gramme. 

R E S U L T S  

I. Nitrobenzene 
Polymerization rate and catalyst concentration--The initial rate of poly- 

merization was calculated from the slope of log [M] versus time plots, 
where [M] represents the monomer concentration. These plots were found 
to be linear in a conversion range between zero and ten per cent. The rate 

*Presented in part at the International Symposium on Macromo|ecular Chemistry, Tokyo--Kyoto, 1966. 
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of polymerization thus obtained is given as a function of the initial con- 
centration of catalyst in Figure 1. The filled circles denote the rates in the 
presence of an electric field (R~,) and the blank ones the rates with no field 
(R~0). Clearly, the application of the electric field increases the rates. Fur- 
thermore, the relative increase due to the field can be regarded as indepen- 
dent of the initial concentration of catalyst. The independence of the field 
effects from the catalyst concentration was previously found for other 
cationic systems such as p-methoxystyrene-iodine-DCE 3, ot-methylstyrene-- 
iodine-DCE 1, isobutyl vinyl ether-iodine-DCE ~, and styrene--boron tri- 
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IONIC POLYMERIZATIONS OF a-METHYLSTYRENE 

fluoride etherate ~. The rates are seen to be proportional to the second power 
of the catalyst concentration both in the presence and in the absence of the 
field. 

Polymerization rate and polymerization temperature--The rate of poly- 
merization was determined at various temperatures and the results are 
given in Figure 2. From this figure the apparent overall activation energy 
is - 4 4  kcal mole -1 in the presence and absence of the field. Using this 
value for the activation energy and observed temperature rise due to the 
Joule heat, the observed polymerization rate was corrected. RyE and Rp0 
given in this paper are the corrected values. 
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Figure 3--Polymerization rate versus 
initial monomer concentration for 
a-methylstyrene-iodine-nitrobenzene. ([I2] o 
=1"5×10 -2 mole 1-1 , 8°C). e, E=0 ' l l  

kV cm-1; ©, E--0 

Polymerization rate and monomer concentration--Figure 3 shows the 
variation of the initial rate of polymerization with the initial monomer 
concentration. I t  should be noted that toluene was used in the present 
experiments as a substitute for the monomer  in order to keep the dielectric 
constant of the polymerizing solutions of varying monomer  compositions 
practically constant. I t  is clear from Figure 3 that the application of an 
electric field increased the polymerization rate, and that the relative increase 
was independent of the monomer  concentration. These results are in line 
with our previous observation 1,~-~. Furthermore, the R~ value was propor- 
tional to the second power of the initial monomer  concentration. 
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Field effect and field strength---The field effect on the polymerization 
rate is expressed by R~/Rpo and is given in Figure 4 as a function of the 
field strength. A linear relationship appears to hold in the range studied. 

Degree of polymerization--In Table 1 the degrees of polymerization (at 
zero conversion) of polymers produced under an electric field (ff~,) and in 
its absence (~)  are given. The changes in the degree of polymerization due 
to the Joule heat were corrected by using the results of control experiments 
shown in Figure 5, which gives the limiting viscosity numbers of polymers 

Table 1. Field influence on the degree of polymerization for an a-methylstyrene- 
iodine-nitrobenzene system. 

[I2]0= 1.5X 10 -2 mole 1-1 at 8°C. 
Field strength 0-11 kV cm -1 

Monomer 
~on~n Po ~.  P-~/e-o 

(mole 1-1 ) 

0"80 23 26 1 "1 
0"59 22 27 1 "2 
0"29 18 25 1 "4 
0"21 20 22 1 "1 

007 

01 
o.o6 

0.05 t I t I t 
8 10 12 14 16 

Polymerization temperature, °C 

Figure 5 - - L i m i t i n g  viscosity n u m b e r  versus  po lymer iza t ion  
t empera tu re  for  a -met lay l s ty rene- iod ine-n i t robenzene .  ( [M]0=0"80 

mole  1-1,  [i2]0= 1 "5 × 10 -2 mole  1 - t)  
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obtained at three different temperatures.  Table 1 shows that  the applica- 
tion of  an electric field increases, though only slightly, the degree of  poly- 
merization. Similar effects have been observed for  some o t h ~  cationic 
systems for  which the field-accelerating effects have been found~,~.% 
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Figure 7--Polymerization rate versus initial 
monomer concentration for a-methylstyrene- 
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H. Toluene 
Polymerization rate and catalyst concentration--The initial rates of poly- 

merization, which were determined in the same way as those for nitro- 
benzene, are given as a function of the initial concentration of catalyst in 
Figure 6. The rates obtained under an electric field of 2 kV cm -1 (denoted 
by the filled circles) fall on the same straight line as those in the absence 
of the electric field (given by the blank circles), indicating no field-accelerat- 
ing effects. The polymerization rate is seen to be proportional to the 4"6th 
power of the catalyst concentration. 

As the current strength was very small in the toluene systems, no tem- 
perature rise was observed. In consequence, the Joule heat correction was 
not needed. 

Polymerization rate and monomer concentration--The polymerization 
rates are given as a function of the initial monomer concentration in 
Figure 7. I t  is seen that the application of an electric field of 4 kV cm -1 
does not affect the rates. Furthermore, the rate is seen to be proportional 
to the second power of the initial monomer  concentration. 

Field effect and field strength--Table 2 shows that the rate of polymeriza- 
tion is not influenced by the presence of electric fields below 4 kV cm -1. 

Table 2. Polymerization rate and field strength for an a-methylstyrene-iodine--toluene 
system at -- 78 ° C. 

[1210=7"0× 10 -2 mole 1-1. [M]0=0.80 mole 1-1 

~ield strength 0 0"5 1.1 
kV cm-D 

~ux 103 1"49 1"47 1"52 
mole 1-1 min -1) 

1"8 3"0 

1 "41 1 "45 

3 "7 4"2 

1"39 I "51 

IlL Field-accelerating effect and dielectric constant ol the solvents 
In Table 3, the field-accelerating effects on the rates in three different 

solvents are compared. The rate of the polymerization in toluene above 
- 2 0 ° C  was too small to measure. Because the freezing point of nitro- 
benzene is 5'76 degrees below atmospheric, experiments could not be 

Table 3. Field-accelerating effects of cationic polymerization of a-methylstyrene 
eatalysed by iodine 

Dielectric* Temperature 
Solvent constant R~, / Rpo (*C) 
Toluene 2"4 1 "0t --78 ,~,-- 20 
DCE 10 l '3t --20 
Nitrabenzene 35 2"5~ 8 ,~, 25 

*At 25"c. SAt 1 kV era-*. :~At fill kV cm-'. 

carded out below 8°C. The value of RpE/R~o was constant against tem- 
perature for polymerization in toluene between - 7 8 "  and - 2 0 ° C ,  and in 
nitrobenzene between 8 ° and 25°C. I t  would thus be significant to compare 
the values of R~,[Rpo obtained at various temperatures in various solvents. 
This experimental fact indicates that the field-accelerating effects that have 
so far been observed mainly in 1,2-dichlorethane are not due to the specifi- 
city of.this solvent. 

630 



IONIC POLYMERIZATIONS OF ct-METHYLSTYRENE 

D I S C U S S I O N  

AS stated above, the initial rate of polymerization, R~, can be written as 
follows : 

R~ OZ [12120 [M]~ in nitrobenzene (1) 

and 
R~ CXZ [Lo]40G [M] 2 in toluene (2) 

The previous study 1 shows that 

R .  cc rI~]~i ' [M]'~o in DCE (3) 

For the exponent of the catalyst concentration in these equations, we 
note that it increases in the order nitrobenzene < DCE < toluene, or in 
the order of decreasing dielectric constant. On the other hand, the 
exponent of the monomer concentration is independent of the dielectric 
constant. The change appears to be due to the degree of association 
of iodine molecules which may become larger with decreasing dielectric 
constant. This interpretation is substantiated by the specific conductivities 
of the catalyst solution which are 1 "0 x 10 -7, 1"5 x 10 -1°, and < 5  x 10 -1~ mho 
cm -1 in nitrobenene at 8°C, DCE at - 20°C ,  and in toluene at - 7 8 ° C ,  
respectively. The difference in the conductivity seems not to be due to the 
temperature difference, since the specific conductivity of the nitrobenzene 
solution of the catalyst increased with decreasing temperature, and that 
of the DCE solution very slightly decreased with decreasing temperature. 

The field effect found in nitrobenzene (Rpp,/R~=2.5 at 0"11 kV cm -x) 
is the largest obtained to date. As in the previous papers 1,3-5 the inter- 
pretation for the field-accelerating effect is that the dissociation of the ion 
pairs at the growing chain ends is enhanced by the presence of the electric 
field, giving larger populations of free ions which make it possible for the 
growing chains to grow faster. Furthermore, RpE/R,Q increases first with 
rising degree of dissociation and, through a maximum, decreases to unity for 
full dissociation. As the degree of dissociation usually increases with increas- 
ing dielectric constant, the dielectric constant dependence of the field effects 
shown in Table 3 supports in part the interpretation. 

Department of Polymer Chemistry, 
Kyoto University, 

Kyoto, Japan 
(Received March 1967) 
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A Light Scattering and Viscosity Study 
of Polydispersity Changes in the Cellulose 
of Wood when Subjected to Fungal Attack 

D. B. SEH~EN and M. P. LEVI* 

Light scattering and viscosity measurements were made upon a series o] high 
molecular weight cellulose nitrate samples in acetone. The cellulose nitrate was 
derived from the a-cellulose of beechwood veneers that had been subjected to 
various degrees of attack by the soft rot fungus Chaetomium globosum. This 
procedure yielded cellulose nitrate samples which, although coming from the 
same source and having molecular weights of the same order of magnitude, 
had different degrees and types of polydispersity. 

Z average, weight average and number average molecular weights were cal- 
culated from the light scattering data, and the usefulness of the light scattering 
technique for following changes in degree of polymerization and degree of 
polydispersity of naturally occurring cellulose is discussed. The relationship 
between viscosity average molecular weight and molecular weights obtained 
from light scattering is also discussed. The way in which these types of average 
vary with the degree of fungal attack seems to indicate that for cellulose nitrate, 
which has a high degree of polymerization and is highly polydisperse, intrinsic 
viscosity yields a molecular weight that is somewhat less than the weight 

average. 

IT HAS been shown 1 that, during the attack on beechwood by the soft rot 
fungus Chaetomium globosum, the average degree of polymerization of the 
a-cellulose remaining rises by about 15 per cent during the first 20 per 
cent weight loss and then falls again more slowly. The explanation given 
for this was that the attack along the length of the microfibrils starts at 
regions of low molecular weight from transverse .bore holes. The average 
molecular weight of the remaining material therefore rises and then falls 
again when the lengths of those parts of the microfibrils remaining become 
of the order of one molecular chain length. 

The molecular weight variation in the above work was based on viscosity 
measurements made upon cellulose nitrate in solution. The cellulose nitrate 
was derived from the a-cellulose which had been obtained from the wood 
via a holocellulose extraction. As this indirect procedure has a degradative 
effect upon the a-cellulose, it was decided to repeat the determinations with 
a more direct extraction procedure and also to make some light scattering 
measurements. 

The analysis of polydisperse samples of cellulose nitrate, however, is of 
general importance in the study of naturally occurring cellulose, and it is 
this aspect of the work that is the subject of this paper. In particular the 
work affords the opportunity of studying the solution properties of a series 
of cellulose nitrate samples which, although coming from the .same source 
and having molecular weights of the same order of magnitude, have 
different degrees and types of polydispersity. 

*Present address: Hiekson & Welch Ltd, Castleford, Yorkshire, England. 
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The intrinsic viscosity of both fractionated and unfractionated samples of 
cellulose nitrate has been studied extensively ~, and a number of detailed 
light scattering investigations has been made 3-6. Most of the latter have 
been made upon material derived from cotton or ramie fibres, but Goring 
and TimelF have investigated unfractionated samples from a wide variety 
of natural sources. 

The relationship between intrinsic viscosity and molecular weight has to 
be obtained empirically by comparing with some other technique (usually 
light scattering) for a series of fractionated samples. The type of average 
molecular weight obtained in this way will be discussed later. However, 
Benoit s has shown theoretically that in light scattering the number average, 
weight average and Z average molecular weights can be obtained, provided 
that the polymer is of very high molecular weight, unbranched and of 
Gaussian configuration. This theory has been confirmed for high molecular 
weight cellulose trinitrate in acetond, with measurements upon fractionated 
samples and their mixtures, and comparison of the measured with the cal- 
culated values. The present publication is specifically concerned with the 
usefulness of this technique in studying the polydispersity of naturally occur- 
ring cellulose, and the correlation of the values so obtained with the viscosity 
data. 

PREPARATION OF CELLULOSE NITRATE SOLUTIONS 
Beechwood veneers were subjected to attack by the soft rot fungus Chae. 

tomium globosum as previously described 1 so as to produce four different 
weight losses. The resulting samples of wood, together with a sample of 
the unattacked wood, were dried and ground to pass through a standard 
40 mesh sieve. The wood was then nitrated directly at room temperature 
with the nitration mixture described by Alexander and MitchelF ° and the 
cellulose nitrate was obtained as described by Timell u. 

It was decided to use acetone as solvent, partly because most of the pre- 
vious work on cellulose nitrate has used acetone and comparisons could 
therefore more easily be made, but also because viscosity measurements 
require correction for degree of nitration and the empirical equation of 
Lindsley and Frank 13 used for this purpose was originally obtained by using 
acetone as solvent. 

Stock solutions were made up at concentrations of about 10 -S g/cm a. 
Weighed quantities of cellulose nitrate were dispersed in acetone by slowly 
agitating for three days. The solutions were then centrifuged for two hours 
at 30 000 g to remove undissolved material and the concentration deter- 
mined by weighing the material centrifuged out and measuring the volumes 
of solution decanted. All the .samples were found to be about 80 per cent 
soluble when treated in this way with the exception of the 68"7 per cent 
weight loss sample which was only about 60 per cent soluble. Due to the 
high centrifugal field used, some degree of fractionation must inevitably 
occur at this stage although it should be roughly the same for each sample. 
High centrifugal fields have to be used in the clarification procedure before 
the light scattering measurements, and it was thought better that most of 
the fractionation should have taken place before obtaining the stock solu- 
tions in order to avoid complications in the light scattering measurements. 
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The nitrogen content for each of the stock solutions was determined by 
the Kjeldahl method ~2. These are shown in Table 1. A higher degree of 
nitration was attained for the unattacked wood than for the other samples. 

Table 1. Intrinsic viscosity data and nitrogen content for cellulose nitrate samples 
derived from the a-cellulose of beechwood veneers after attack by the soft rot fungus 

Chaetomium globosum 

Weight 
loss, 
% 

0 
10'5 
20'5 
22-5 
68 "7 

*Calculated usir 

Nitrogen, 
% 

13"6±0"1 
13'1_+0"1 
13"0_+0"1 
13"1_+0"1 
13"0_+0"1 

['~]500 
dl/g 

15-0±0"5 
18"1-+0'5 
17.3-+0"5 
17"3-+0"5 
14.4_+0"5 

[~]5oo 
corrected 

/or % N, 
due 

17"9_+ I "1 
25'2 -+ 1-5 
24'9 -+ 1-5 
24"1 _+ 1.4 
20-8 _+ 1 "2 

M~ (106) * 

1 '07 _+ 0"07 
1"57_+0"10 
1 "52 _+ 0" 10 
l '48 ± 0'10 
1 "255:0"08 

: the expression of Huque et al . ' .  

V I S C O S I T Y  M E A S U R E M E N T S  

Viscosity measurements were made at 25°C with an Ostwald viscometer, 
the capillary of which had a mean radius of 0-240 mm. For each sample 
measurements were made at five concentrations ranging from 4 × 10 -~ to 
3 x 10 -* g / c m  ~. Plots were made of [( t / to)- l] /C and [ln (t/to)]/C against 
C, where t and to are the flow times for solution and solvent respectively 
and C is concentration. The limiting value of both of these functions as 
C approaches zero is [~], the intrinsic viscosity. The plot of the logarithmic 
function was somewhat  more nearly linear than the other, but both plots 
gave the same intercept within experimental error. The variation with rate 
of shear was not investigated, so that the extrapolated values apply to the 
mean rate of shear of the pure solvent, which was 510 sec -1. The results 
shown in Table 1 were adjusted for complete nitration using the empirical 
expression given by Lindsley and Frank 1~, and the viscosity average mole- 
cular weight was calculated by  means of the expression obtained empiri- 
cally 6 for approximately the same rate of shear 

['0]~o~ = 5.96 × IO-SM °91 (1) 

L I G H T  S C A T T E R I N G  M E A S U R E M E N T S  

Testing and calibration o[ apparatus 
Light scattering measurements were made with the Aminco* apparatus. 
The system was tested for systematic error with angle of observation rela- 

tive to the incident beam, 0, by measuring the fluorescence excited by the 
mercury blue line (4 358 A) in an aqueous solution of fluorescein. Values 
constant to within +0"5 per cent were obtained in the range 40 ° to 135 ° . 
At angles below 40 ° , lower values were obtained because the field of view 
of the detecting system was interrupted by the edge of the cell. The appro- 
priate correction factors were calculated and found to be 1.12, 1'08, 1"04 
and 1 02  for the angles 20 °, 25 °, 30 ° and 35 ° respectively. 

*American Instrument Co. Inc., Silver Spring, Maryland, U.S.A. 
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The instrument was calibrated for the two strong mercury fines (4 358 A 
and 5 461 A) by comparing the light scattering and turbidity of Ludox (a 
colloidal dispersion of silica) in the usual way 1~. Turbidity measurements 
were made with 4 cm cells in a Unicam SP500 spectrophotometer. Linear 
plots were obtained between optical density and 1/h4o, where h0 is the 
wavelength in a vacuum, provided that the solution and solvent were inter- 
changed between the cells, and the average values of optical density taken. 
Clarification was achieved by centrifuging for one hour at 15 000 g and 
filtering through a Millipore filter of pore size l'2/z directly into the light 
scattering cell. No dissymetry of scatter was observed and the value of Ro, 
where Ro is the Rayleigh ratio divided by (1 + cos ~ 0), remained constant to 
within +2  per cent over the entire angular range (20 ° to 135°), indicating 
the suitability of the solution for calibration purposes. 

The calibration was checked b y  making measurement upon bovine 
plasma albumin in 0"2 M sodium chloride. After centrifuging for two hours 
at 25 000 g and filtering through a 1.2/x pore size Milfipore filter, a mole- 
cular weight of 78 000 was obtained; which is within the accepted range of 
values. The refractive index increment dn/dC was measured in a Rayleigh 
differential refractometer and found to be 0.184 cm 3 g-1 at 5 461 A and 
0.186 cm 3 g-1 at 4 358 A. The depolarization ratio p ,  was 0"026. 

Cellulose nitrate measurements 
The stock solution of each sample was diluted with acetone to give solu- 

tions having relative concentrations of one quarter, one half and three 
quarters. Each of the four solutions was clarified and measured separately. 

The only method available for clarification of cellulose nitrate in acetone 
is centrifugation. Sintered glass filter.s are ineffective whilst Millipore filters 
are made of cellulose esters and so dissolve in acetone. Millipore 'solvent 
resistant' plastic filters, although not visibly affected when placed in 
acetone for long periods, cause an increase in scatter each time acetone is 
passed through them. The scattered intensity so caused is somewhat greater 
than that due to the cellulose nitrate at the concentrations used in this work. 

The solutions were each centrifuged for two hours at 35 000 g in a 
counterbalanced 50 cm 3 polypropylene bucket. At the end of this period 
the centrifuge was stopped without braking. The bucket was left in the 
centrifuge head and 10 cm 3 of solution extracted with a syringe via a hole in 
the cap. The solution was immediately transferred to the light scattering 
cell and .the low-angle scatter checked for dust by visual observation. This 
procedure gave a satisfactory degree of clarification about one time in three. 

When pure acetone was treated in this way, values of R0 equal to 
4"7 x 10 -8 and 11"9 x 10 -8 cm -1 were obtained for the wavelengths 5 461 A 
and 4 358 A respectively in the range 60 ° to 135 °. At lower angles Ro rose 
due to incomplete clarification and the corresponding values at 20 ° were 
10.0 × 10 -8 and 18"0 x 10 -~ cm -1. 

Because scattering due to dust is largely independent of wavelength 
whilst that due to the solute varies inversely as h~, it is usually preferable to 
make measurements at 4 358 A rather than 5 461 A. However, it was found 
that the solutions both absorbed and fluoresced at 4 358 A possibly due to 
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the presence of some nitrated lignin. The optical density and fluorescence 
varied between the samples and neither was found to be strictly proportional 
to concentration. However the optical density was about 0.05 for a con- 
centration of 10 -3 g/cm 3, whilst the intensity of fluorescence was about one 
third of the intensity of scatter for O= 90 °. It was decided to make measure- 
ments at both wavelengths and to make corrections for the absorption and 
ftuoresence at 4 358 A. Correction for absorption is merely a matter of 
allowing for the different optical path lengths of the scattered light and 
incident beam through the solution. The instrumental readings due to 
fluorescence were obtained by placing a yellow filter in front of the detecting 
system. The degree of absorption of the fluorescent light by the yellow 
filter was determined by assuming that all the horizontally polarized light 
at 0=90  ° was due to fluorescence and making measurements with and 
without the yellow filter present. The instrumental readings were corrected 
for the absorption of the flirter and the resulting values subtracted from the 
instrumental readings without the filter present to obtain the true readings 
due to scatter. 

Analysis o[ results 
The basic light scattering theory as applied to macromolecules I5"16 has 

been amply reviewed in the literature. Zimm plots 17 were drawn for each 
sample at the two wavelengths. Figure 1 shows the Zimm plot at 4 358 A 
for cellulose nitrate extracted from unattacked wood. KC/Ro is plotted 
against sin ~ ½0 + ]C, where f is an arbitrary constant chosen so as to spread 
out the data. K is given by 

K =  2zr2n ~ (dn / dC) ~ / NoA' 0 (2) 

where No is Avogadro's number and n the refractive index of the solvent. 
The rate of change of refractive index of the solution with concentration 
dn/dC was measured using a Rayleigh differential refractometer and found 
to be 0"101 and 0.102 cm S g-1 at 5 461 A and 4 35~ A respectively. 

In Figure 1, data at given angles are extrapolated to zero concentration 
and data at given concentrations to zero angle, to give plots of KC/Ro 
against sin S ½0 for zero concentration and KC/Ro against C for zero angle, 
The intercept of both of these plots on the KC/Ro axis is 1/M,~ where M~ 
is the weight average molecular weight. The slope of the plot of KC/Ro 
against C is B, the second virial coefficient, while the plot of KC/Ro against 
sin ~ ½0 gives information concerning the size, shape and polydispersity of 
the molecules. The polar radius of gyration p is given by 

initial slope/intercept = 16zr~p ~ / 3A z (3) 

where X is the wavelength in the solution. The type of average of p obtained 
in this way depends on the shape of the molecule. For Gaussian coils 
equation (3) becomes 

initial slope/intercept = 87r~/9h 2 (4) 

where ~ is the Z average of the mean square end to end distance. Benoit 8 
has shown that for Gaussian coils of high molecular weight the plot of 
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Figure 1--Zimm plot for cellulose nitrate in acetone derived 
from the c~-cellulose of beechwood veneers 

KC/Re against sin e ½0 approaches a straight line asymptotically at high 
angles and, as can be seen from Figure 1, this has been confirmed in the 
present work. Benoit deduces the following relationships : 

intercept of asymptote= 1~2My (5) 

slope of asymptote = 8 ~  (6) 
intercept of asymptote 3h~ 

where Mr¢ and r~r¢ are the number average values of the molecular weight 
and mean square end to end distance respectively. It is customary to define 
a statistical quantity b called the 'effective bond length' given by • 

b2= ~ = ~ = ~ (7) 
DP~ DPw DP---~ 

where DP denotes the degree of polymerization. It follows that b may be 
obtained from the Zimm plot using the relation 

b =(h/2zr) (3M, x slope of asymptote)t 

where M~ is the molecular weight of the repeat unit. By combining the 
above equations the following relationship for M~ is obtained 

3 x initial slope (9) 
Mz = 2 x slope of asymptote x intercept 

Thus Mr¢, Mw, M,, B and b may be obtained from the light scattering data, 
and the values so obtained for the two wavelengths are shown in Table 2. 
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Table 2. Light scattering data for cellulose nitrate samples derived from the 
o~-cellulose of beechwood veneers after attack by the soft rot fungus Chaetomium 

globosum 

Light scattering measurements at 5 461 .4 

Molecular weight (106) 
b (.4) 

Weight 
loss, 

?o 
B 

MN Mw Mz (10-4 cm 3 g-Z) 

0 0"53 ±0"05 3"8±0-7 13_+3 32_+2 4"3+0"3 
1 0 ' 5  0.54±0-05 4"5±0"5 17_+3 32_+2 6"0±0-8 
2 0 " 5  0"63±0'20 5"7±1.3 17±5 37±5 6"0±0"5 
2 2 - 5  0"45±0'03 5'0±0"8 22_+7 33±2 5"6±0"8 
68'7 0-32±0'03 5'5±1-0 22_+5 30±2 4.6±1'0 

Light scattering measurements at 4 358 ,~ 

Molecular weight (10 ~) B 
b (~) (10-4 cm 3 g-2) 

Weight 
lOSS, 

% 

0 
10'5 
20'5 
22-5 
68"7 

MN Mw 

0"52±0"~ 3'1±0.3 
0"62±0"12 4"2±0.5 
0'47±0'05 5"0±0"5 
0"39±0.~ 4'8±1-0 
0"31±0'~ 5'6±1"0 

M~ 

9_+2 
10±4 
15±3 
15_+4 
14_+4 

35±1 
35+3 
35+ 1 
35_+2 
35±2 

4"5±0.2 
7"2±0"4 
8"0±1'5 
6"5±0"2 
6'6±1-0 

Figure 2 shows the extrapolated (zero angle) plots of KC/Ro against 
sin 2 ½0 at 4 358 A for unattacked wood and with 68.7 per cent weight loss, 
and illustrates how a change in polydispersity manifests itself in the Zimm 
plot. For 68-7 per cent weight loss Mw is higher and MN lower than for the 
unattacked wood. The asymptotic slope is related to b and so remains 
unchanged as it depends only on the molecular configuration and not on the 
size. 

D I S C U S S I O N  
Figure 3 shows how the Z, weight, number and viscosity average degrees 
of polymerization vary as functions of percentage weight loss due to fungal 
attack. A logarithmic scale has been used so that vertical displacements 
repre.sent proportional changes, and the broken lines indicate those changes 
that are experimentally significant. 

The form of the variation in the viscosity average degree of polymeriza- 
tion is similar to that reported previously I except that the maximum occurs 
for ten rather than 20 per cent weight loss and the initial rise is considerably 
larger (about 50 per cent). The absolute values of the degree of polymeriza- 
tion are about three times those previously reported, which is to be expected 
in view of the less degradative extraction procedure. 

Goring and TimelF have made light scattering measurements upon cellu- 
lose nitrate prepared from a variety of woods using the same extraction 
procedure as in the present work. They obtained values of DP~ around 
8 000. Thus the value of 12 000 obtained here is .somewhat higher. How- 
ever, they did not make measurements below 35 ° and appear to have 
assumed a linear extrapolation in their Zimm plots for angles below 60 °. 
The plots of KC/Ro against sin 2 ½0 in the present work (Figures 1 and 2) are 
somewhat curved in the range 35 ° to 60 ° and a linear extrapolation has 
been assumed only for angles below 35 ° . If the data below 35 ° are ignored 
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and the best straight line drawn in the 35 ° to 60 ° range a value for DP, o 
of about 6 000 is obtained. However, Goring and Timell used a sophisti- 
cated clarification technique lg,19, so that it is not possible to say whether the 
difference in results arises from a systematic error due to their restricted 
angular range or from insufficient clarification in the present work. 

tD 

E, 
3 

/ 
/ 

/ 
/ , 

/ J 

68-7 */, 

Figure 2--Zero concentra- 
tion lines of the Zimm plots 
for cellulose nitrate in 
acetone derived from the 
a-cellulose of unattacked 
beechwood veneers (desig- 
nated 0 per ten0, and beech- 
wood veneers subjected to 
attack by the soft rot fungus 
Chaetomium globosum so as 
to produce 68"7 per cent 

weight loss 

0 0,2 0"4 0'6 0"8 
Sin 2 1/2 0 

Goring and Timell also obtained reasonable agreement between the 
viscosity and weight average degrees of polymerization, and the above 
considerations may also help to explain why this agreement was not ob- 
tained here (Figure 3). In  the present work not only are the absolute values 
in disagreement but the form of the variation with weight loss is different 
as it is not possible to draw the same lines through both sets of data. 

The intrinsic viscosity of solutions of flexible polymers is usually cor- 
related with molecular weight by means of the Mark-Houwink  empirical 
equation 

[~/] = K M  ~ (10) 

This leads to the following expression for M~ 
M~ = [X M~+IN,/X M,N,] xt, (11) 

t t 
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where N~ is the number of molecules having molecular weight M~. Thus 
M, will be less than the weight average if c~ < 1 and greater if a > 1. In 
equation (1), ~ = 0 9 1 .  Although this will not make M~ differ significantly 
from the weight average there is some evidence that a decreases with 
increasing molecular weight due to the molecule adopting a more coiled 
configuration 6. All the weight average molecular weights obtained in the 
present work are in fact above the range covered by equation (1), and the Z 
average values indicate that there are molecules present with a degree of 
polymerization of 50 000 and above. Thus it is possible that molecular 
weights obtained from viscosity measurements upon solutions of cellulose 
nitrate which have both a high degree of polymerization and a high degree 
of polydispersity are significantly less than the weight average. 

The values of b given in Table 2 are in good agreement with each other 
and with those given by Benoit et al. 9. B, however, seems to vary at random 
from sample to sample. This has also been observed by other worker.s 6. 

Although the light scattering method has been used here successfully to 
obtain number, weight and Z average degrees of polymerization, it can 
hardly be recommended as a routine procedure in work of this kind. Very 
low concentrations must be used and the scattering due to the cellulose 
nitrate may be only half that due to the acetone. Also extrapolation 
depends upon data obtained in the region 20 ° to 35 ° so that clarification is 
crucial. It is quite probable that for high molecular weight cellulose nitrate 
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the light scattering technique gives more reliable number average than 
weight average data. 

With these reservations, the pattern that emerges from Figure 3 is that 
as one proceeds from the number to the Z average the range of weight loss 
for which there is an increase in degree of polymerization increases, whilst 
the proportional magnitude of the fall at higher weight losses decreases. 
This is consistent with the biological situation and will be discussed fully 
in a separate publication. 

C O N C L U S I O N S  
The light scattering method has been used successfully to investigate how 
the number, weight and Z average degrees of polymerization of cellulose 
from wood vary as the wood is subjected to various degrees of fungal attack. 

There is some indication that molecular weights calculated from intrinsic 
viscosity for solutions of cellulose nitrate which have a high degree of 
polymerization and are highly polydisperse are somewhat less than the 
weight average. Care must therefore be taken in the interpretation of any 
experiment in which molecular weight changes of natural cellulose are 
monitored by means of viscosity measurements. 

The authors thank Professor R. D. Preston for providing research 1acili- 
ties. One of us (M.P.L.) is indebted to the Science Research Council for 
the award of a N.A.T.O. research ]ellowship. 
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Some Techniques for the Examination 
High Impact Polystyrene by Electron 

Microscopy 
R. J. WILLIAMS and R. W. A. HUDSON 

Techniques are described that enable the internal structure o] high impact 
polystyrene to be examined in an electron microscope in such a way that the 
detail in the structure of the individual rubber particles in the polystyrene 
matrix is made visible. Techniques described include replication of ]ractured 
sur[aces and ultra-microtomy, including a novel method of hardening the 

material for ultra-microtomy by irradiation. 

HIGH impact polystyrene (HIPS) consists of a matrix of polystyrene through- 
out which is dispersed a large number of small p~rticles of a rubbery 
material, usually polybutadiene. The physical properties of the moulded 
material depend to a large extent on the amount of rubber dispersed 
throughout the polystyrene, the size distribution of the rubber particles and 
the make up of the individual particles. 

The techniques to be described have been used to examine HIPS in order 
to determine : 

(/) The size distribution of the rubber particles 
(i/) The shape of the rubber particles 

(iii) The internal .structure of the rubber particles. 
Various specimens of different commercial grades of HIPS have been 

examined by these techniques and the electron micrographs shown have 
been selected from many examples in order best to illustrate particular 
points. Three methods were used to obtain the "desired information. 

M E T H O D  N O .  1 

Replication of  a ]ractured surface 
The specimen under examination is fractured in an Izod impact tester, 

first having cooled the specimen to a temperature approaching or below 
the glass/rubber transition temperature of the rubber phase in the material. 
This ensures a smooth, glassy surface in the fracture that is fairly easy to 
replicate. 

The replication is carried out by the method outlined in Figure 1. This 
method has the advantages that the replicating medium does not attack 
the material being examined and leaves the material undamaged and in its 
original condition after replication. The method is carried out as follows. 

Silver is evaporated in a vacuum coating unit on to the surface to be 
replicated to give an electrically conducting surface. The silver coated 
specimen is then placed in a copper sulphate bath where the silver is covered 
with a thick electroplated film of copper. The copper plated silver forms a 
negative replica of the original surface. The silver/copper replica is then 
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replaced ir~ the vacuum coating unit and a layer of carbon is evaporated 
on to the silver surface. The carbon coated replica is then floated, carbon 
side uppermost, on to the surface of dilute nitric acid where the silwr 
and the copper are dissolved away leaving the carbon film floating on the 
surface of the acid. The carbon replica, which is a positive replica of the 
original surface, is washed in distilled water and finally shadowed with 
palladium before examination in the electron microscope. 

A 

F I 1 I 
Original. specimen Stage 3. Stripped sitver/copper 

replica 

F I 
Stage 1. Sitver deposition by 

evaporation 
Stage/.. Carbon evaporated on 

silver reptica 

I 
Stage2. Copper etectroplated on. 

sitver 

j 

( t===:=~ Pd shadowing 

k ~ "  ' 

Stage 5. Final shadowed carbon 
replica 

Figure/--Preparation of silver carbon replica 

if  the temperature at which the material is fractured is taken to a point 
below the glass/rubber transition temperature of the rubber particles, the 
fracture will travel through the rubber particles, resulting in replicas being 
obtained showing the internal features of the rubber particles. Figure 2 is 
a typical example of a material fractured after cooling it in a bath of liquid 
nitrogen. 

When the temperature at v, hich the material is fractured is just ~bove 
the glass/rubber transition temperature Of the rubber particles, a fracture 
will result in which the rubber particles remain intact and where they are 
embedded in one or other of the fractured surfaces. In this way it is 
possible to obtain a replica of the outside of the rubber particle and 
Figure 3 is a typical micrograph of a material that had been cooled to 
about - 6 0 ° C  in a bath of ethanol-carbon dioxide mixture before being 
fractured. 

It can be seen from both Figures 2 and 3 that the particles in the poly- 
styrene matrix are roughly spherical in shape and that the surface of the 
particles gives a hint of a formation very similar to that of a blackberry. 
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Figure 2--Replica of a fractured surface. Fracture effected after cooling in liquid 
nitrogen 

Figure 3--Replica of a fractured surface. Fracture effected after cooling at about 
--60°C 
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Mainly information regarding particle size and shape is obtained by this 
method. 

M E T H O D  N O .  2 

Replication oJ a polished, etched surface 
In this method the specimen is first polished on an ultra-microtome to 

a depth of about 0"5 mm and the polished surface is etched in the vapours 
of isopropanol. The etching process dissolves away the polystyrene on the 
polished surface leaving the rubber in the matrix proud of the surface. It 
has been found that the most efficient way of etching the surface is to 
touch the polished surface for about one second on to a drop of isopropanol 
and then to suspend the polished material approximately one centimetre 
above a small amount of the solvent in a closed vessel for  about four 
hours at room temperature. It is essential that a freshly cut glass knife be 
used for the polishing of the material, otherwise knife marks will be apparent 
in the final replica (see Figure 4). Replication of the prepared surface is 
then carried out by the sil;cer/carbon method already described. 

Figure 4--Replica of a polished, etched surface showing knife marks and smeared 
rubber particles 

Figure 4 shows some early results obtained by this method, and apart 
from the knife marks already referred to, it can be seen that the rubber 
particles (being much softer than the polystyrene) have been badly smeared 
by the knife of the ultra-microtome. This smearing also occurs when a 
freshly cut knife is used. 

The work was repeated on material which had first been irradiated by a 
cobalt-60 source, to a dose in excess of 100 megarads in order to crosslink 
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the rubber and to harden it. Figure 5 shows a typical micrograph of the 
results obtained. It shows clearly that the rubber particles have been cleanly 
cut through and that each particle is in the form of a 'honeycomb' and that 

Figure 5--Replica of a polished, etched surface hardened by irradiation before 
polishing 

entrapped in the pockets of the honeycomb are small amounts of (presum- 
ably) polystyrene. 

M E T H O D  NO.  3 
Ultra-microtomy 

The ideal way to section elastomers would be to freeze them to below 
their glass/ru~bber transition temperature and to keep them at this temper- 
ature while being sectioned oll the ultra-microtome. At the present time 
this is not completely feasible (although prototype cooling stages are in 
course of development) and therefore alternative methods for sectioning this 
type of material have to be sought. 

K. Kate, working in Japan 1, reports that hardening of ABS (acrylonitrile- 
butadiene-styrene resin) may be effected by soaking the ,material in a 
solution of osmium tetroxide. This method was used with HIPS and 
successful sectioning of the material was found to be possible after the 
material had been soaked for at least 48 hours at room temperature in a 
one per cent solution of osmium tetroxide in distilled water. It has been 
found that in addition to the hardening of the material due to the action 
of the osmium tetroxide on the rubber, preferential 'staining' of the rubber 
occurs so that contrast between the rubber and the polystyrene is enhanced 
in the electron microscope. 
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Figure 6 shows the results obtained by Kato's method of hardening and 
it can be seen that the honeycomb formation of the rubber particles 
observed by method 2 already described, is confirmed. The structure is, 
however, much clearer in the osmium stained thin section and it can be 
seen clearly that the sizes of the cells in the honeycombs vary over a wide 
range of size and shape. 

The osmium tetroxide method of hardening, however, is not the 
complete solution to the problem as the hardening effect produced by this 

Figure 6--Thin section of osmium tetroxide hardened and stained specimen 

method only penetrates to a depth of a few microns into the surface of the 
material. It is only possible, therefore, to obtain a limited rmmber of 
sections from each hardening session. 

Specimens that have been irradiated can also be successfully sectioned, 
providing that the specimen is irradiated to about 200 megarads, and 
Figure 7 shows a typical micrograph of the results obtained. In this method 
of hardening, however, the absence of osmium tetroxide in the rubber 
reduces the  contrast obtained in the electron microscope between the 
images of the rubber and the polystyrene. 

In both cases of sectioning of hardened materials, the sections tend to 
'concertina' as they come off the knife and two methods of relaxing the 
sections to something approaching their original dimensions have been used. 

The first method for relaxing the sections involves adding a drop of 
dioxan to the water in the knife trough and waiting for up to 45 minutes 
for the sections to relax. 
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Figure 7--Thin section of irradiation hardened specimen 

The second method for relaxing the sections was a modification of the 
method outlined 2 by Lee D. Peachey in 1958, in which he used a photo- 
flood lamp as a heat source to relax the sections. The heat source used by 
the present authors to relax the sections consists of a small coil of fine 
resistance wire which is heated to cherry red from a low voltage source and 
held for a few seconds about 2 cm above the sections floating on the 
water in the knife trough. Sections were obtained from materials hardened 
by either osmium tetroxide or by irradiation that gave a gold interference 
cokmr before relaxation, indicating that the relaxed sections were of the 
order of about 700 to 800 Angstrbm units thick. For examination in the 
electron microscope, sections were supported on a carbon film on a normal 
200 mesh 3 m m  copper grid. 

Apparatus 
The work outlined above was carried out with an Edwards vacuum 

coating unit, a Reichert ultra-microtome using glass knives made on an 
L.K.B. knifemaker and a Hitachi HS7S electron microscope. 

CONCLUSIONS 
It is not possible to obtain complete information from any one of the 
techniques described. Ultra-microtomy gives the best results so far as 
the internal structure of the rubber particles is concerned, but due to the 
'concertina' effect that the knife has on the sections, it is not possible to 
determine their exact shape. Replication of a polished, etched surface does 
give information regarding the exact shape of the particles, but gives little 
or no information about the internal structure of the particles. As micro- 
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graphs of identical particles cannot be obtained by the three methods out- 
lined, it is not possible to check that each method will give the same 
information with regard to the actual size of a particle, but results obtained 
by each of the three methods on a single specimen gave almost identical 
particle size distribution. Both replication and ultra-microtomy must there- 
fore be employed to obtain the fullest possible information. 

Grateful thanks are due to Mr F. J. Bellringer and Dr K. Lawrence of 
the Plastics Research Division, BP Chemicals (U.K.) Ltd, Epsom, Surrey, for 
their encouragement in this work and to the directors o/ BP Chemicals 
(U.K.) Ltd for their permission to publish this article. 
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Studies in c -Peptide Formation by 
Hydrogen Migration Polymerization 
Oligomers from Maleamide, Mesaconic 

AcM c -Methylester  -Amide* 
and Mesaconamide 

C. H. BAMFORD, G. C. EASTMOND and Y. IMANISHI 

,The possibility of preparing polymers containing ct amino acid residues by 
the hydrogen migration polymerization of simple olefinic monomers has been 
explored. Three monomers, viz. maleamide, mesaconic acid c~-methyl ester 
fl-amide and mesaconamide, have been subjected to the action of the anionic 
initiators n-butyl lithium and sodium t-butoxide. In each cave oligomers 
were formed which were shown by hydrolysis and paper chromatography 
to contain peptide linkages; only with mesaconic acid c~-methyl ester fl- 
amide was distinction possible between ct- and fl-residues present in the 
polymer; the results showed that both types of residue were incorporated. 

® 
An ct-peptide residue is considered to arise from addition of the --CONH anion 
to the carbon atom of the monomer carrying the amide group [equation (2)l, 
and thd structural features favouring this mode of addition are discussed to- 
gether with the mechanism of chain growth and the conditions necessary 
for obtaining high molecular weight products. Addition to both carbon 

atoms of mesaconamide was shown to occur. 

IN 1957 Breslow, Hulse and Matlack 1 reported that the anionic poly- 
merization of acrylamide and methacrylamide leads to the incorporation of 
/3-peptide units into polymer chains, possibly by a reaction similar to (1), 

H 
/ 

R G + CH.,=CHCONH~- ~ RCH.,--C 0 > RCH~--CH2 (I) 
l I 

CONH~ CONH 
® 

so that the product is effectively a copolymer of fl-alanine and acrylamide. 
This type of reaction, known as hydrogen migration polymerization, has 
subsequently been studied by a number of workers~-9; in all instances, so far 
as we are aware, peptide residues introduced into the chains, and amino 
acids produced on hydrolysis of the polymer, were exclusively /3 in 
character. 

It occurred to us that an ot-polypeptide may be formed from an olefinic 
monomer by hydrogen migration polymerization if the propagating anion 
could be forced to attack the carbon atom carrying the amide group. To 
achieve this it would appear to be necessary to use as monomer a 1,2- 
disubstituted ethylene in which the second substituent X is a stronger 

*This nomenclature conforms with Beilstein. 
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electron acceptor than the amide group. We number the carbon atoms 
C(1) and C(2) as shown 

H H 
I i 

(1)c c(2) 
I I 

CONH~ X 

the carbon atom carrying the amide group being denoted C(1). Anionic 
polymerization of such a monomer can yield an c~-polypeptide by re- 
petition of the sequence (2), in which attack of the propagating anion on 
the double bond at C(1) is encouraged by strong electron withdrawal by 
X, 

H 

R O + C H = C H X  > RCH ICE) ---> RCH--CH,,X (2) 
I I I 

CONH,, CONH~ X CONH 
® 

Attack by the anion at C(2) can only lead to the formation of fl-peptide 
units as in (1). 

The possibility of synthesizing ot-polypeptides by polymerization of 
olefinic monomers is especially interesting in view of the general lack of 
methods for preparing high molecular weight polymers of this type. In 
order to investigate potentialities of the method we have studied the anionic 
polymerizations of maleamide, mesaconic acid a-methylester fl-amide and 
mesaconamide, initiated by n-butyl lithium and sodium t-butoxide. 

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

Maleamide was synthesized from maleic anhydride by Linstead's 
method 1°, amidation of methyl maleate being effected at about 5°C. The 
product was recrystallized three times from methanol. Elemental analysis: 
C 42.25 per cent, H 5.60 per cent, N 24.33 per cent; talc. C 42-10 per cent, 
H 5-30 per cent, N 24"55 per cent, M.pt 177°C; literatur~ °-n 171 ° to 173°C, 
181°C, 180°C. 

Methyl mesaconate was synthesized from mesaconic acid as described 
by Jeffery and Vogel TM, and used in the preparation of mesaconic acid 
c~-methylester fl-amide according to the method of van de Straete 1~. The 
monomer was recrystallized twice from benzene. Elemental analysis: 
C 49'94 per cent, H 6"30 per cent, 'N 9.53 per cent; calc. C 50"34 per cent, 
H 6.34 per cent, N 9-79 per cent. M.pt 103°C; literature 14 104 °C. 

Mesaconamide, prepared from the previous monomer as described by 
van de Straete ~, was recrystallized twice from ethanol. Elemental analysis: 
C 46-74 per cent, H 6.40 per cent, N 21.68 per cent; calc. C 46"87 per cent, 
H 6"29 per cent, N 21.87 per cent. M.pt 180°C; literatur~ ~ 179 '6°C. 

o~-Methyl aspartic acid was prepared by hydrolysis with aqueous barium 
hydroxide of diethyl a-methyl aspartate synthesized by the method of 
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Pfeiffer and Heinrich 1~ (b.pt 118°C/12 mm). After recrystallization from 
methanol-water the acid gave on analysis: C 40.34 per cent, H 5'87 per 
cent, N 9.47 per cent (calc. C 40"82 per Cent, H 6"17 per cent, N 9"52 per 
cent). The melting point was 245°C (decomp); literature is, 16 234 ° to 237°C 
(decomp). 

N~V-dimethylformamide (Hopkin and Williams Ltd) (DMF), used as 
polymerization solvent, was allowed to stand overnight over phosphorus 
pentoxide, decanted and distilled twice under reduced pressure (b.pt 40"5°C/ 
11 mm). 

Toluene, also employed as solvent, was washed in turn with concentrated 
sulphuric acid, water, ten per cent aqueous sodium hydroxide, water, then 
dried over calcium chloride and distilled over sodium. 

n-Butyl lithium (Foote Mineral Co.) was obtained as a 15 per cent 
solution in n-hexane. 

Sodium t-butoxide was prepared from sodium and an excess of sodium- 
dried t-butyl alcohol. The mixture was warmed and when the sodium had 
completely disappeared the excess alcohol was distilled off. Finally, the 
residual material was dried in a vacuum at room temperature. 

Techniques 
Polymerizations were carried out, in the absence of moisture, without 

mechanical stirring. A few reactions were carried out in a vacuum and 
gave similar results. The monomers and the initiator n-butyl lithium are 
soluble in the diluents employed (50 ml); sodium t-butoxide is insoluble. 
In all cases the reaction mixture developed a yellow colour as soon as the 
initiator was added, and often insoluble reaction products were obtained. 
After a suitable time excess methanol (equivalent to twice the initiator) 
was added to terminate the reaction. 

The methods used to isolate and identify the products are described 
separately for the three monomers. Hydrolysates were chromatographed on 
Whatman No. 4 paper without removal of hydrochloric acid. The chromato- 
grams were run either with phenol-water (4 : 1 v/v)  (PW) or with 
n-butanol-acetic acid-water ( 1 8 : 2 : 5  v/v)  (BAW) mixtures at room 
temperatures. 

Some of the products were submitted to mass spectroscopic examination 
with an A.E.I.MS9 spectrometer. 

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

1. Maleamide 
The reaction conditions employed with this monomer are shown in 

Table 1. 
Systems containing n-butyl lithium were initially homogeneous, but be- 

came heterogeneous during reaction. Precipitates from all reactions were 
washed thoroughly with DMF at the polymerization temperature to ensure 
removal of unreacted monomer before drying in a vacuum. The products 
were extracted successively with boiling methanol, cold water and boiling 
water. No insoluble residue remained after this treatment. The final fractions, 
removed by boiling water, gave the data summarized in Table 2. 
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Table 1. polymerization of maleamide in DMF 

Expt [maleamide] [n-BuLi] [t-BueNa] Temperature, Reaction 
No. mole l -I mole 1-1 mole 1-1 °C time, h 

1 0"175 0"104 90 27 
2 0'175 0"0476 90 27 
3 0"175 0"104 20 184 
4 O"175 0'0476 20 184 

25 0"875 0"095 90 6 
26 0'875 0'208 90 6 
27 0"525 0"190 20 210 
28 0'525 0-208 20 168 
39 0-875 0'095 90 6 

Table 2. Analytical data on products from maleamide 

Mass numbers Elemental analysis, % 

Expt Limit Maximum M.pt 
No. scanned observed °C C H N 

1 470 305 258 42'02 5"60 24'26 
2 270 270 260 42"16 5"52 24"66 
3 410 330 266 42"36 5'60 24"30 
4 450 430 268 41"85 5'42 24"56 

The relevant data for maleamide are m.pt 177 o C; mol.wt 114; C 42.10 per 
cent, H 5"30 per cent, N 24"55 per cent. These results show that these 
fractions of the reaction products are similar to the monomer  in composition, 
but of higher molecular weight, and therefore suggest the formation of 
oligomers. 

All fractions of polymerizations 1 to 4, and also the monomer,  were 
chromatographed on Whatman No. 4 paper with the aid of methanol-water  
mixtures. No colours were obtained after spraying with ninhydrin solution, 
indicating the absence of amino acids. After chlorination and treatment 
with tolidine, purple-blue spots appeared, as would be expected with com- 
pounds containing--CONH2 or - - C O N H R  groups 17. The presence of these 
groups was also inferred from observations of the infra-red absorption 
spectrum. The chromatograms of the polymer fractions showed strong 
tailing, in contrast to those of the monomer,  which gave well-defined spots. 
This observation is consistent with the presence of oligomers in the 
fractions. The unfractionated products of expts 25-28, 39 were also ninhy- 
drin-negative. 

The latter products were hydrolysed by refluxing with 6N hydrochloric 

Table 3. Rj values at room tern mratures 

Expt No. PW BAiZe " 

25 
26 
27 
28 
39 
Aspartic acid 

0"24(s) 0-82(m) 
0.25(s) 0.79(m) 
0-24(s) 0"82(m) 
0"25(s) 0'80(w) 
0'26(s) 0'82(w) 
0"24, 0"29 

O' 190) 
0-20(s) 
O- 19(s) O" 30(m) 
0.20(s) 
0'180) 
0-20 
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acid for 24 hours TM and the hydrolysate was chromatographed with the aid of 
PW and BAW mixtures. Strong ninhydrin-positive reactions were always 
obtained, with the RI values shown in Table 3. 

It appears from these findings that two amino acids are produced by 
hydrolysis, one of which is aspartic acid; the other with Rt=0"8, approxi- 
mately, in phenol-water, has not yet been identified. Hydrolysis of the 
monomer under similar conditions gave no product with a ninhydrin- 
positive reaction. 

Further evidence consistent with the incorporation of peptide residues in 
the polymer was obtained by hydrolysing with 8I, r sulphuric acid (50 
hours) TM. The excess sulphuric acid was removed by barium hydroxide, 
and the product (in solution) methylated with dimethyl sulphate and 
sodium hydroxide 19. The solid obtained by ether extraction after acidification 
with sulphuric acid was crystallized from water and identified as fumaric 
acid. (Found : C 41"33 per cent, H 3.40 per cent; sublimed 290°C. Fumaric 
acid: C 41.39 per cent, H 3.47 per cent; sublimes 2° 290°C. The two speci- 
mens gave identical infra-red absorption spectra.) The reaction occurring 
under these conditions lg is 

COOH CO~ HOOC---CH 
J c I @ ,  li 

CHNH~ + Me:,SO4 ~ H--I~Me~ > HC--COOH + NMe3 
I ] 

CH.~ CH2 
I 1 

COOH COOH 

(3) 

The possibility that some fumaric acid arises from reaction of a terminal 
group in these experiments cannot be excluded. 

Determinations of the ratio (amide N)/(total N) gave the values shown 
in Table 4. 

Table 4. (amide N)/(total N) 

Expt. No. [ 25 26 27 28 
Ratio ] 0-91 0-82 0'90 0'67 

Polymerization of maleamide without hydrogen migration would give a 
ratio of unity, while complete migration (i.e. one migration for each 
addition) would yield a value of 0"5 for longchains. These resfflts are there- 
fore consistent with the formation of peptide residues in the polymer, this 
process being particularly pronounced in the experiments with sodium 
t-butoxide initiation. 

We consider that the evidence presented shows that a portion of the 
monomer is incorporated into the oligomers in the form of aspartic acid 
residues, probably by a hydrogen-migration polymerization of the following 
types • 
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I) 

HC--CONH~ R - - C H - - C O N H 2  
R O +  II > I 

HC--CONH~ (a) CH--CONH2 
O 

(I)  
G 

R - - C H - - C O N H  maleamide R - - C H - - C O N H - - C H - - C O N H ~  
> I ~ I I 

(b) CH~--CONH., (c) CH..,--CONH2 CH--CONH2 
® (4) 

R - - C H - - C O N H 2  maleamide R - - C H - - C O N H 2  
(I) > I > I 

(d) CH2--CONH (e) CH~- -CONH--CH--CONH2 
e I 

CH--CONH2 
O 

Repetition of (b-c) would lead to an c~-polypeptide, and repetition of (d-e) 
to a fl-polypeptide. We shall call reactions (b), (d), a-  and fl-migrations, 
respectively, since they may lead to the inclusion of a-  and fl-amino acid 
residues, respectively, in the polymer chain. Thus or-migration involves the 
shift of a proton from the amide group attached to the carbon atom to 
which the last anionic addition has taken place. The details of these 
hydrogen migrations are discussed later. I t  is, of course, possible that both 
t~- and fl-migration may occur in the same molecule. At  least two con- 
secutive migration steps, which need not be of the same type, are necessary 
for aspartic acid to be obtained on hydrolysis, except with terminal groups. 
Anionic polymerization without isomerization may occur in these systems, 
but the backbone chain of the polymers so formed would not be hydro- 
lysable, and therefore could not give rise to amino acids. The data in 
Table 4 indicate that some vinyl polymerization of this kind is involved. 

2. Mesaconic acid o--methyl ester f l-amide (MEA)--CH3C(CONH~):CH- 
(COOCH,) 

Reaction conditions are given in Table 3. 

Table 5. Polymerization of MEA 

Expt Diluent IMEA] [n -BuLi ]  [t-BuONa] Temperature, Reacti°n 
No. (5Oral) mole l -t mole 1-1 mole 1-1 °C trine, 

h 

17 Toluene 0" 14 - -  0" 104 90 24'5 
18 Toluene 0-14 0"0476 - -  90 24.5 
19 DMF 0" 14 - -  0" 104 20 154 
20 DMF 0" 14 0'0476 - -  20 385 
23 DMF 0"70 - -  0"520 90 25 
24 DMF 0"70 0'238 - -  90 25 
29 DMF 0"70 0'0476 - -  90 6 
30 DMF 0"70 - -  0"208 90 5"5 
31 DMF 0'70 0'095 - -  20 119 
32 DMF 0"70 - -  0"208 20 120 
33 Toluene 0-42 0.286 - -  90 18.5 
34 Toluene 0"42 - -  0"416 90 18 
40 DMF 0"70 0-095 ~ 90 6 
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All reactions involving sodium t-butoxide were heterogeneous through- 
out. Reaction mixtures in which n-butyl lithium was used were initially 
homogeneous, and remained so, except for expts 18 and 33. 

The insoluble products from expts 17, 18, 33 and 34 were washed with 
toluene at 90°C and dried under vacuum. In other cases the reaction 
liquids were poured into benzene and the products insoluble in hot benzene 
were collected, washed repeatedly with hot benzene, and dried in a vacuum. 

The products of expts 17-20, 23 and 24 were extracted successively with 
cold and hot methanol and cold and hot water. All fractions were subjected 
to paper chromatography as described earlier; in no case was a ninhydrin- 
positive reaction obtained. After chlorination of the chromatograms a 
tolidine reaction was observed, with strong tailing, showing the absence of 
amino acids and the presence of amides or monosubstituted amides. 

Further evidence for the occurrence of monosubstituted amides was forth- 
coming from a comparison of the infra-red absorption spectra of MEA 
and the unfractionated reaction products from expt 33. The latter gave 
enhanced absorption in the region 1 500-1 700 cm -1 as would be expected to 
arise from peptide groups. 

Unfractionated products of expts 29-34, 40 (Table 5) were hydrolysed 
with 6N hydrochloric acid and the hydrolysates chromatographed as de- 
scribed under (1). After treatment with ninhydrin, purple-pink spots were 
obtained, similar to those reported for glutamic and B-methyl aspartic 
acids ~1. The R 1 values are given in Table 6. 

Table 6. R~ values at room temperature 
Expt No. PW BA W 

29 
30 
31 
32 
33 
34 
40 

a-Me aspartic acid 

0"33(s) 0"44(m) 0"85(m) 
0"33(s) 0"42(m) 0-79(m) 
0.33(s) 0.44(m) 0-85(m) 
0"33(s) 0.43(m) 0"75(m) 
0.33(s) 0"44(m) 0'85(m) 
0"29 0"50(s) 0'87(w) 
0"36(s) 0"48(m) 0'82(m) 

0"44 

0"29(s) 
0"28(s) 
029(s) 
0"28(s) 
0"27(s) 
0-27(s) 
0'24(s) 
0"28 

0.39(m) 0"79(w) 
0'37(w) 
0"39(m) 0'97(w) 

The amino acid responsible for the spot with R1=0"33, approximately, 
is most likely to be B-methyl aspartic, which is reported 61 to give R1 values 
between aspartic and glutamic acids (0"27 and 0-42, respectively). The. 
hydrolysates are therefore considered to contain a mixture of ct- and /3- 
methyl aspartic acids, the latter being in higher concentration. In addition, 
Table 6 indicates the presence of a number of hitherto unidentified amino 
acids. After treatment of the chromatograms with a methanolic solution 
of cupric nitrate and sodium acetate no ninhydrin reaction was obtainable; 
this confirms the identification of the products as a-amino acids n. 

Hydrolysis of the original products with 8N sulphuric acid, followed by 
reaction with dimethyl sulphate as described earlier, would be expected to 
yield mesaconic acid (from both or- and B-methyl aspartic acids). Un- 
fortunately, only a small quantity of material was obtained, which could 
not be positively identified as mesaconic acid. However, the ether extract 
gave crystalline NMe~C10~ on addition of perchloric acid (found C 28-13 
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per cent, H 7"04 per cent, N 8"18 per cent, C1 20"14 per cent; calc. C 27.67 
per cent, H 6.97 per cent, N 8"07 per cent, C1 20.42 per cent). This result 
is consistent with the formation of NMe3 by a reaction similar to (4) 19. 
Determination of the ratio (amide N)/(total N)gave the values in Table 7. 

Table 7. (amide N)/(total N) 

Expt No. 29 30 31 32 33 34 
Ratio 0"30 0"33 0"33 0"38 0"49 0'57 

Polymerization without hydrogen migration would give a ratio of unity, 
while complete migration would correspond to a value zero for long 
chains. Each act of termination by proton transfer must lead to the presence 
of a terminal amide group in the polymer; since we are probably dealing 
with short chains in the present system, the results in Table 7 show that a 

® 
major portion of the polymerization proceeds through ----CONH, i.e. in- 
volves hydrogen migration. 

The types of reacti6n which could lead to peptide formation are 
summarized in the following scheme; here it is necessary to distinguish 
between additions to the different carbon atoms. 

Initial I-addition 

Me COOMe 

R¢~ + ]C :]C - . .>RCMe CH ~ 
I I I I 
CONH2 H CONH2 COOMe 

(II) 

(ii) 

c~-migration 

l-addition 

2-addition 

RCMe CH~ 
I I 

CONH COOMe ® 
(n) 

RCMe CH.~COOMe 
I 

CONH 
I 

MeC -CH G 
I I 
CONH.~ COOMe 

01,1) 
RCMe ..... -CH2COOMe 

CONH Me 

I __/o 
CH 
I I 
COOMe CONH2 

(II.2) 
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Initial 2-add#ion 

COOMe Me 

I I 
H CONH.2 

fl-migration RCH 

COOMe 

(III) 

Me 
! 

>. R C H - - - C  
® 

COOMe CONH2 

- -  CHMe 
I 

CONH 
® 

1 - a d d i t i o n  
(III) > 

RCH 
I 

COOMe 

-CHMe 
I 

CONH 

Me--C 

CONH2 

(III.1) 

or-migration 

.... CH ® 
I 

COOMe 

(5.2) 

2-addition 
(II1) 

RCH 
T 

COOMe 

(Hr.2) 

CHMe 
l fi-migration 

CONH Me 
1 

CH 
I I 

COOMe CONH2 

It will be seen .that in this case or-migration can only occur after 1-addition, 
and fl-migration only after 2-addition. Further, repetition of the sequence 
(lot) leads to an ot-polypeptide, and repetition of (2/3) to a/3-polypeptide, 
which on hydrolysis, yield or-methyl and fl-methyl aspartic acids, 
respectively. If, for the moment, we disregard terminal groups, the observed 
formation of both a- and fl-methyl aspartic acids indicates the occurrence 
of both the sequences (lot), (2/3). Inspection shows that ,hydrolysis of 
terminal groups formed by proton transfer to structure (ILl), (III.1) would 
yield or-methyl aspartic acid and those from (II.2), (III.2) fl-methyl aspartic 
acid. Thus the formation of or- and fl-methyl aspartic acids proves un- 
ambiguously the occurrence of 1-addition and 2-addition, respectively, to an 

® 
anion of type --CONH. 

Occurrence of the sequence (lot) is the necessary and sufficient condition 
for the inclusion of ot-peptide units in the chain. Termination after 
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1-addition leads to terminal ct-peptide groups which may subsequently be 
activated by hydrogen migration, equivalent to a-migration. 

3. M e s a c o n a m i d e  

CONH,  Me 

I I 
c c (2) 
I I 

H CONH~ 

The reaction conditions are shown in Tab le  8. 

Table 8. Polymerization of mesaconamide in DMF 

Tempera- Reaction 
Expt lMeDa] [n-BuLi] lt-BuONa] ture, time, 
No. mole l -l  mole l -l  mole 1-1 °C h 

15 0" 156 - -  0" 104 20 
16 0' 156 0'0476 - -  20 
21 0.780 - -  0-520 90 
22 0.780 0'238 - -  90 
35 0-780 0"095 - -  90 
36 0"780 - -  0'208 90 
37 0'625 0"286 - -  20 
38 0'625 - -  0"416 20 
41 0-780 0"095 - -  90 

154 
385 
24 
25 
11.~ 
27~ 

197 
174 

5 

All systems containing n-butyl lithium were homogeneous. 

The insoluble products from expts 15, 21, 36 and 38 were washed with 
DMF at the polymerization temperature and dried in a vacuum. Reaction 
mixtures from expts 16, 22, 35, 37 and 41 and the soluble portions from 
expts 36 and 38 were poured into cold benzene; the resulting precipitates 
were washed with cold benzene and chloroform, and dried in a vacuum. 
The products thus obtained were fractionated with methanol and water as 
described previously. Chromatography of the fractions revealed no 
ninhydrin-positive material but, after chlorination 17, tolidine-positive sub- 
stances were observed, the spots showing strong tailing. The presence of 
- - C O N H R - -  groups in the reaction products was confirmed by infra-red 
spectroscopy. 

The soluble and insoluble products of expts 36 and 38 and the whole 
reaction products of expts 35, 37 and 41 were hydrolysed with 6N hydro- 
chloric acid. Chromatography then showed that ninhydrin-positive materials 
were present; the RI values are given in Tab le  9. 

These results show that both a -  and/3-methyl  aspartic acids are formed 
on hydrolysis (cf. Tab le  5). After treatment of the chromatograms with 
cupric nitrate and sodium acetate in methanol there was no ninhydrin- 
positive reaction. 
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,Table 9. R I values at room temperature 

Expt No.  P W  BA W 

35 
36 (sohtble) 
36 (insol.) 
37 
38 (soluble) 
38 (insol.) 
41 

0.30 0.55(s) 0.84(s) 
0.40~s) 0.80(s) 

0.31(s) 0-42(s) 0.82(s) 
0.38(s) 0"79(m) 

0.30(s) 0"43(s) 0.87(s) 
0"31(s) 0.43(s) 0"83(m) 

0.40(s) 0"89(m) 

0-27(s) 
0-31(s) 
0-25(s) 
0'27(s) 
0"26(s) 
0-24(s) 

o.4o(w) 

Hydrolysis with 8N sulphuric acid followed by reaction with dimethyl 
sulphate and ether extraction yielded mesaconic acid, identified by 
elemental analysis (found C 45.87 per cent, H 4"61 per cent; calc. C 46"13 
per cent, H 4"65 per cent), melting point (found 205°C; literature ~° 204°C) 
and infra-red absorption spectrum. This is confirmatory evidence for the 
presence of a- and/or fi-methyl aspartic acid in the hydrolysates [equation 
(3)1. 

Values of the ratio (amide N)/(total N) are given in Table 10. The ratio 
would be expected to lie between the values 0'5 (total migration) and 1-0 
(total vinyl propagation). Clearly a considerable amount of migration must 
occur .  

Reaction sequences leading to the observed products are summarized 
below. Here again it is necessary to distinguish between the two types of 
addition; further, both types of hydrogen migration can follow either mode 
of addition. 

Initial 1-addition 

(IV) 

Me CONH~ 
I 

R e + l :  c 
I E 

CONHa H 

a-migration 

Me H 

I I ce  
> RC 

J I 
CON H,., CONH, 

(IV) 

RCMe CH~ 
I I 

RCMe - -  
I 

CONH H 

I Ice  MeC- 
I I 

CONH, CONH~ 

CONH.~ CONH2 

1 - a d d i t i o d  e ~ 2~addition 

~CH2CONH= RCMe " ~  CH.~CONH~ 
I 

CONH Me 

1 cle HC- 

CONH2 CONH~ 
(6.1) 
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fl-migrafion 
(IV) > RCMe- CH~ 

I I /CO H., 
1-addition ~ 2?addition 

I I I I 
CONH~ CONH H CONH,, CONH 

MeC 
I I I 

CONH2 CONH~ 

Initial 2-addition 

R@+ 

M e  

I 
CONH,, CONH~ 

CONH., Me Me 
I I I c o  C - -  C > RCH 
I ] I 1 

H CONHB CONH,., CONH,, 
fv3 

(v) 

(v) 

a-migration 

RCH 
I 

CONH 
I 

MeC 
] 

CONH~ 

RCH CHMe 
> I I 

j C O ~ H  ~CON H,., 

1-addition ~ a d d i t i o n  

~CHMeCONH,, RCH x CHMeCONH~ 
I 

H CONH Me 
I e l®  c I® HC- 

I I 1 
CONHa CONH,,. CONH,. 

(6.2) 

fl-migration RCH CHMe 
I I ' 

1-addition ~ 2-addition 

RCH--~CHMe RCH ~ CHMe 
I I I I 

CONHo. CONH H CONH~ CONH 
! I o I 

MeC---------C HC 
I I I 
CONH, CONH, 

M e  

1 
CONH, CONH, 
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Table 10. (amide N)/(total N) 

Expt No. { 35 36 (insol.) 37 38 (insol.) 
Ratio [ 0'87 0"57 0"66 0"66 

It will be seen that hydrolysis of the reaction products from the succession 
of .steps will lead to methyl aspartic acids. The nature of these is determined 
only by the mode of addition, 1- and 2-additions giving a- and B-methyl 
aspartic acids, respectively. On the other hand, the nature of the peptide 
unit incorporated in the chain depends only on the mode of migration, 
a-, B-migrations giving a-, fl-peptide residues, respectively. The results 
show, therefore, that both types of addition occur. Nothing can be said 
about the type of migration since we do not know the detailed structure of 
the polymer chain. 

CONCLUSIONS 
Polymerization of maleamide under the conditions described has been 
shown to give rise to oligomers containing peptide units. On the basis of 
the present evidence it is not possible to distinguish between a- and fl- 
peptide residues in the products, since both types yield aspartic acid on 
hydrolysis. However, it is clear that with this kind of monomer hydrogen 
migration plays an important part in the reaction, although the data in 
Table 4 indicate some vinyl polymerization without isomerization. The 
precise proportion of each mode of reaction cannot be ascertained since 
the nature of the terminal groups is not known. 

With mesaconamide, hydrogen-migration polymerization occurs to a 
marked extent, but as with maleamide it is not possible to decide from the 
evidence presented whether the incorporated peptide units are ~z- or fl- 
in character. Since both a- and .B-methyl aspartic acids are formed on 
hydrolysis it is clear that addition of anions to both carbon atoms can occur. 

A distinction between the two types of peptide unit resulting from the 
polymerization of mesaconic acid s-methyl ester fl-amide is, however, 
possible. Again there is extensive hydrogen migration polymerization; both 
a- and B-peptide residues are formed, the chromatographic analysis (Table 
6) indicating some preference for B-peptide incorporation. 

The results with these three monomers, therefore, substantiate the ex- 
pectations we advanced at the outset. By a suitable choice of monomer a 
higher proportion of a-peptide residues should be obtainable than observed 
in the present study. The main requirement for a high degree of a-peptide 
formation is predominant addition to the carbon atom (I) carrying the 
amide group. The possibility of achieving this will be determined by both 
electronic and steric factors; groups attached to carbon atom (2) should 
be as strongly electron-attracting as possible, and should preferably be 
associated with steric effects reducing the relative probability of addition 
to C(2). The methyl substituent in MEA is probably favourable electron- 
ically and unfavourable sterically. Pearson and Dillon °'3 have reported that 
the methyl hydrogens in CH3COOCcH~ are more acidic than those in 
CH3CONH2, so that the carbomethoxy group in MEA should be electron- 
ically favourable for addition to C(I). An investigation of monomers 
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containing more strongly electron-attracting groups such as - - C N  or nitro- 
aromatic residues would be of interest in this connection. 

We have written the proton-transfer reactions from the amide group 
as intramolecular processes occurring after addition [equations (4), (5) and 
(6)]. This may well not represent the course of the reactions; it seems more 
likely that the migrations are intermolecular, possibly involving the solvent 
if this is polar. These considerations in no way affect the validity of our 
conclusions; the equations as written should be understood to represent 
overall processes in which activation (ionization) of an amide group is 
not necessarily a result of addition to the same molecule. The system is 
analogous to a free-radical polymerization in which there is extensive chain- 
transfer to monomer  and polymer. At any stage the protons must be 
distributed randomly between the different amide sites. As with con- 
ventional anionic polymerization, a high value of the ratio [monomer 
consumed] : [initiator] is necessary to achieve high molecular weights, but it 
follows from the above discussion that high molecular weights can only be 
expected after the monomer  concentration has been reduced to a very low 
value, as in a conventional condensation reaction (of. Breslow, Hulse and 
Matlack~). 
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Book Reviews 

Strong Solids 

A. KELLY. Monographs of the Physics and Chemistry of Materials. 

Clarendon Press: Oxford, 1966. xv+212 pp. 6 in. × 9 in. 42s 

IN THE search for new materials considerable effort is being devoted to the develop- 
ment of solids exhibiting exceptional strengths, particularly in one dimension. The 
principal interest of polymer chemists in this connection is the development of fibre- 
reinforced composites, and Kelly devotes considerable space to this topic within a 
general treatment of strong solids. 

Throughout this book the principles controlling the strengths of solids and theoret- 
ical calculations are outlined. References to detailed treatments are given. Methods 
of estimating the theoretical strengths of various types of crystalline solids are given 
and where appropriate, these estimates are compared with materials whose strengths 
are a significant fraction of their theoretical strengths. Defects (e.g. cracks, notches 
and dislocations) which often reduce the strengths of solids are considered in some 
detail. The nature of crack tips and their associated stress concentrations, the condi- 
tions necessary for crack propagation and the mechanism of brittle fracture are 
described together with the fracture of strong fibres in which surface defects are 
absent. Materials which contain mobile dislocations can undergo failure by plastic 
flow, but in inherently strong solids (potentially good materials for composites) such 
dislocation motiot~ only occurs at high temperatures; at normal temperatures the 
strengths of these materials are independent of the presence of dislocations. Essential 
features of inherently strong solids are enumerated and the mechanism of disloca- 
tion motion in such solids at high temperatures is discussed. A general discussion of 
the principal factors influencing the strengths of metals and of controlling their 
microstructure to give enhanced strengths is presented. The motion of dislocations 
in the presence of precipitates is discussed and the principles of fibre reinforcement 
introduced. 

Although a detailed understanding of the behaviour of the fibre/matrix interface 
in individual composites lags behind present day technology, in the section of this 
book devoted to fibre-reinforced materials the principles of stress transfer from a 
matrix to a fibre, the distribution of stress in both fibre and matrix and the stress- 
strain behaviour and ultimate failure of composites based on metallic and resin 
matrices are presented. Other factors considered are the dependence of composite 
strength on fibre length, the mechanism of failure under compression, effects of fibre 
orientation, a distribution of fibre strengl~hs and the elements of the design of com- 
posites. The final chapter deals with the methods of production and mechanical 
properties of fibre-reinforced polymers, the production of suitable strong fibres, the 
introduction of fibres into metal matrices, the problems associated with fatigue and 
creep and possible ways of overcoming these difficulties. Strengths of these new 
materials are compared with those of present day engineering materials, and in 
appendices the properties of certain materials are tabulated. 

This volume is intended as an introduction to the subject of strong solids and it 
meets this objective admirably. Very little ~previous knowledge of the solid state is 
required to appreciate the arguments and ideas which are presented in a most read- 
able form, and anyone interested in obtaining a grounding in this subject will find 
this book most useful and extremely good value. 

G. C. EASTMOND 
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Molekiilstruktur. Physikalische Methoden zur Bestimmung der Struktur von 
Molekiilen und ihren wichtigsten Ergebnisse 

H. A. STUART. 3rd revised edition, in collaboration with E. FUNCI~ and W. MOLLIm- 
W^RMUTH. Springer:  Berlin, Heidelberg, New York:  1967. xv i+562  pp. 154 figs. 

DM 68.00 or U.S. $17.00 
THE first edition of this well known book was published in 1934 with the same title 
Molekiilstruktur, but the second edition (1952) was almost entirely rewritten to serve 
as the first volume of a four volume work, Die Physik der Hochpolymeren, edited by 
the author,  and its title was changed to Die Struktur des ]mien Molekiils. The 
present third edition is once again published as an independent volume without the 
three polymer volumes and the original title Molekiilstruktur is restored. This 
sequence explains some peculiarities of the new edition that  may puzzle readers 
unfamiliar  w i t h / h e  second edition. 

The author  explains that  in spite of the enormous literature which has accumu- 
lated since 1952 it was decided not  to increase the size of the volume so that  it 
might keep its character  of a comparatively short general introduction to the 
subject, but  even with this restriction he  found it necessary ~o have the collabora- 
tion of colleagues to deal with the mass of new material. There are still only nine 
chapters, most  of which retain the original laeadings, but the short final chapter 
of the second edition, on light absorption and constitution, has been dropped, while 
an entirely new chapter  'The determination of structure parameters by high fre- 
quency spectroscopy' by W. Miiller-Warmuth, covering nuclear magnetic resonance 
and electron spin resonance, laas been introduced. The chapter 'Eigenschwingungen 
des Kerngertistes', dealing with infra-red and Raman spectroscopy, has been rewritten 
by E. Funck. 

This attractively produced new edition with its numerous new references will be 
welcomed by many, but  it must  be admitted that  the amputation of this work from 
the polymer volumes of the second edition has left some ugly scars which could 
have been avoided by more extensive re-writing and more careful checking of the 
text. Some examples are given below. 

Since the subtitle claims that  the book contains the most important  results obtained 
by physical methods, the reader will be surprised to find no  reference to recent 
works on proteins, nucleic acids, vitamin BI2 and (almost none) on modern inorganic 
chemistry. This is in part  explained by the introduction to the second edition (not 
reprinted in this edition) which states that  the volume dealt primarily with small 
molecules. Similarly the brevity of the section covering X-ray crystal analysis was 
exp.lained in a sentence saying that  the subject was fully treated in Volume III. In 
the new edition, unaccompanied by Volume III, this sentence is cut out, but the 
five pages are reproduced unaltered (except for additional references) and no reason 
is given for the short  treatment. 

In Chapter  5, 'Dielectric constants, electric moments and molecular structure', 
there is a final section headed 'Proteins '  Which contains no referencec to proteins. 
Reference to the second edition shows that  this came about  by cutting out the 
lower half  of a table which contained electric moments of several proteins and so 
leaving only the values for amino acids and peptides, while the accompanying text 
is reprinted unchanged. 

On page 103 the word 'ul trarot '  appears in an unaltered paragraph, while else- 
where the more m o d e m  ' infrarot '  is used. 

We slaould be grateful to the author for the large amount  of wo~'k which the 
preparation of this new edition has involved, even though compressing so much new 
material into the old framework has inevitably produced cracks in the structure. 

CONMAR ROBINSON 

Proceedings of the Second Tihany Conference on Radiation Chemistry 
J. Doao  and P. HEt)VIG (Eds.). Akademiai  Kiado:  Budapest, 1967. xvi+813 pp. 

6 in. x 8½ in. 200s 

Th i s  book is the proceedings of a conference held at Tihany in Hungary from 15 to 
19 May 1966 and attended by scientists from twenty countries. The general outline is 
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similar to that of the First Tihany Symposium, held in 1962 [see Polymer, 6, 172 
(1965)]. However, there are nearly twico as many contributions (95 compared to 50 
previously) which cover the whole fi~ld of radiation chemistry, and the average 
standard is certainly much higher than before. 

It is impossible in a review of this nature to give anything like a complete critique 
of the book; one can only hope to delineate some of the more important areas 
covered. About half of the papers presented may be of interest to polymer chemists 
either engaged in or interested in the problems of radiation effects. 

The book is divided into four sections as follows (number of papers in parentheses) : 
i. General, Inorganic, Biological (8); ii. Aqueous Solutions (18); iii. Organic (27), and 
iv. Polymers (42). Several of the papers contain useful short reviews of previous work. 

In the first section the papers by Burton on 'Mechanism of energy transfer and 
localization' and bY Pisarevsky et al. on 'Radiation protection in biopolymers' are 
particularly interesting. The second section has several papers dealing with dosimetry 
problems: most of the others in this section are on work with inorganic solutions. 

Studies on the radiolysis of a wide variety of organic compounds are covered in 
the third section. In many of them, detection of unstable intermediates by low 
temperature, e.s.r, and pulse radiolytic methods are reported. Other papers in this 
section are concerned~ with radiation-induced reactions, such as oxidation, which 
are of potential technological importance. 

The polymer section is divided roughly equally between papers concerned with 
initiation of polymerization by radiation and those concerned with radiation effects 
on polymers, particularly grafting. The first two papers discuss the role of ions 
in initiation, a topic of current interest, and many of the other papers discuss 
polymerization ancL copolymerization studies on a variety of monomers. There are 
about  a dozen papers on the solid state polymerization of a variety of monomers, 
since high energy radiation provides a convenient method of initiation in ~ese  
systems. 

The number of papers concerned with grafting reflects the growing interest in the 
technological possibilities of these reactions. The papers cover a wide range of 
theoretical and~ empirical work. The final two papers deal with luminescence of 
irradiated polymers. 

The book is, on the whole, very well produced. Most of the papers are easily 
readable even to a non-specialist, and the standard of translation is remarkably 
high. The editors are to be congratulated on producing the book in a relatively 
short time. While in no sense comprehensive, parts of the book, particularly the 
polymer section, do give an indication of the kinds of problems which are being 
investigated in the field of radiation chemistry. 

V. J. ROBINSON 

Polyaldehydes 

Edited by O. VOGL. Arnold: London; Marcel Dekker: New York, 1967. 
vii i+137 pp. 70s 

Tins book contains the papers which were presented at a Symposium of the Ameri- 
can Chemical SocieW at Phoenix, Arizona, in January 1966. It  contains no record 
of discussions. Prospective purchasers ~ou ld  note the statement at the front of the 
book that the papers have already been published in the Journal o/Macromolecular 
Science (Chemistry). 

Vogl, the editor, opens with a short introductory paper giving an outline of the 
history of the polyaldehydes. Northrop Brown, also of Dupont, reviews the polymer- 
ization of formaldehyde mentioning the many techniques which can lead to the 
formation of high polymers from the monomer and its solutions; he includes discus- 
sion of the making of high polymers from aqueous solutions of the aldehyde, of the 
new orthodaombic polyoxymethylene and also briefly of the aldol type of condensa- 
tion. The following article by Price and MeAndrew of American Celanese is con- 
cerned with conversion of the cyclic trimer, trioxan, to linear high polymer and also 
with the use of the trimer in the production of copolymers. 
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Polymerizations of higher aliphatic aldehydes by various mechanisms are reviewed 
by Vogl. He mentions also polymerizations of some substituted aldehydes but the 
important topic of the haloalde'hydes i s  considered in another article by Rosen. 
Vogl deals briefly with polymers derived from certain dialdehydes and with co- 
polymers of pairs of aldehydes. A contribution from Sharkey deals with fluorothio- 
carbonyl compounds including CF 2 : S. 

The remaining three contributions are concerned with structural studies of the 
polymers rather than their production. Brame and Vogl give an account of n.m.r. 
studies of polyaldehydes. Corradini explains the crystal structures of various poly- 
aldehydes. Geil discusses flae morphology of polyoxymethylene. 

This collection of papers will be of interest to many polymer chemists. There is 
no claim that it deals with all aspects of polyaldehydes; their solution properties 
and their mechanical properties might well have formed subjects of other papers. 
In many places, the problem of instability is mentioned but many who are 
interested in the polymers would have welcomed a review of this subject. 

J. C. BEVINOTON 

High-Temperature Polymers 

Edited by C. 2. SEGAL. Arnold : London; Marcel Dekker : New York, 1967. 
vii i+197 pp. 70s 

THIs book consists of papers presented at the Symposium on High-Temperature 
Polymers: Synthesis and Degradation, held at the Western Regional Meeting of the 
American Chemical Society in Los Angeles in November 1965. Thus, in spite of 
the title, one should not expect to find a comprehensive account of the subject. 
Instead, this heterogeneous collection of papers is essentially a progress report in 
which are recorded the thoughts and activities of some of the prominent workers 
in the field. Nevertheless the overall balance of material is highly commendable and 
gives a good representative picture of the state of the subject, as well as its back- 
ground and motivation, at the end of 1965. 

The book opens with what may be regarded as introductory papers on the three 
themes, organic polymers, inorganic polymers and polymer degradation by C. S. 
Marvel, J. R. van Wazer and H. L. Friedman respectively. Marvel describes princi- 
pally his own synthetic work on aromatic and heterocyclic polymers, van Wazer's 
masterly presentation reviews the basic principles underlying the synthesis of 
inorganic polymers. Friedman discusses the kinetics of thermal decomposition with 
particular reference to DTA and TGA techniques and leads on to a consideration 
of his own contribution to the subject, namely, the combination of thermal analysis 
with mass spectrometry. 

Thermal degradation is further represented by papers by R. T. Conley (Stability 
of condensation polymers in oxygen-containing atmospheres) and G. P. Shulman 
(Mass spectrometric thermal analysis of condensation polymers). With particular 
reference to polyphosphates, A. Eisenberg, S. Saito and T. Sasada describe how 
viscoelastic relaxation properties are related to ionic forces within molecules. The 
papers on inorganic polymers are concluded by a description of T G A  studies of 
certain boron-containing polymers by J. Green and N. ~/layes. 

Representing 'Organic Polymers', A. D. Delman, A. A. Stein and B. B. Simms 
describe their investigations of the thermal stability of model compounds for 
aromatic polymers, F. Dobinson and J. Preston demonstrate the improvement in 
stability which is achieved on progressing from aliphatic to single and multiple ring 
copolyamides and N. Bilow and L. J. Miller show how tractable and sufficiently 
stable polyphenylenes may be obtained through branching. 

This volume should be regarded as essential to every institutional or industrial 
polymer library. Unfortunately although not uncommonly, its price will limit its 
purchase by private collectors to those few who are deeply involved in the field. 

N. GRASSIE 
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polymer library. Unfortunately although not uncommonly, its price will limit its 
purchase by private collectors to those few who are deeply involved in the field. 

N. GRASSIE 
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Modern Packaging Films 
S. H. PIt,rNER. Butterworrhs: London, 1967. 250 pp. 5 in. × 7½ in. 55s 

THE book presents a comprehensive account of the rapidly growing use of polymer 
films in packaging applications. A,n account of the origins and development of 
packaging films js followed by detailed discussion of the production, properties and 
applications of wide lyused  films, in particular polyethylene, polypropylene, poly- 
styrene and poly(vinyl chloride). Some comparative information is also provided 
about the properties of films of more specialized applications, such as poly(vinylidene 
chloride) and polyester films. A chapter is devoted to the use of heat-shrinkable 
films in packaging. 

The testing and analysis of polymer films are outlined in some detail; the testing 
includes a consideration of mechanical properties, permeability, optical and anti- 
static properties. Printing, bonding and sealing problems, associated with packaging 
films, in particular polyolefins, are discussed. Different printing processes and ink 
formulations are considered, together with a discussion of different surface 
treatments. 

The final chapter is a discussion of the economics and growth prospects for 
packaging films although this only extends to 1970. 

The book is very readable" and should fill a definite gap in the literature. It  should 
prove useful both to those wishing to gain an introduction into the subject of 
packaging films and also as a reference work for those already working in the area. 

A. BUCKLEY 

The Production of Polymer and Plastics Intermediates ]rom Petroleum 
Edited by R. LONG. Butterworths: London, 1967. v +  146 pp, 5½ in. X 8½ in. 45s 

FEW textbooks on organic chemistry, even those published quite recently, succeed 
in emphasizing the important changes which have occurred during the last decade or 
so in the synthesis of polymer intermediates~now dependent almost entirely on 
petroleum-based sources--nor do they indicate the immense scale on which many 
types of elastomers and plastics are now produced. This small volume, which brings 
together a number of papers presented at a recent symposium in London, serves to 
do both, giving accounts by experts who are in close touch with their particular 
subjects. 

Of the ten chapters, nine are by industry-based authors (from I.C.I., International 
Synthetic Rubber, B.A.S.F, Shell, Distillers, Courtaulds); the remaining one, dealing 
with the economics of ethylene versus acetylene as a feedstock, comes from the 
editorial staff of European Chemical News. The chapters cover a number of in.ter- 
mediates and monomers, four dealing with thermal cracking for olefin production, 
butadiene, and acetylene. Acetic acid and ethylene and propylene oxides and glycols 
are dealt with in some detail while there is a comprehensive account of hydrofor- 
mylation to give OXO alcohols, uses for which are discu.ssed. Other chapters review 
critically the several manufacturing routes to styrene, phenol and caprolaetam. 

Throughout, the treatment is such as to present the processes in some detail, 
discussing the effects of such aspects as reaction conditions and catalysts, while 
comparison is often made with older-established processes now defunct or unlikely 
to continue. It  is, however, disappointing not to find any review dealing with current 
routes to vinyl acetate, acrylonitrile, acrylic and methacrylic esters and terephthalic 
acid, all of which are ot~ very considerable commercial importance. Likewise, nylon 
66 intermediates (adipic acid and hexamethylene diamine) get no attention. Such 
additions would, of course, have made the volume bigger and more expensive, but 
undoubtedly more comprehensive and informative. Perhaps the publishers would 
care to remedy this omission, by producing a companion volume. 

However, despite this criticism, the present book serves an excellent purpose in 
reviewing the various processes and in stressing the importance of petroleum to 
the polymer industry. It will be useful to students who wis~h to augment their organic 
chemical reading, in particular from the point of view of industrial practice, and to 
those involved in research and production in the petroleum and polymer fields. 

R. J. W. REYNOLDS 
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Stereoregular Polymers and Stereospecific Polymerizations 

The Contributions of Giulio Natta and his school to Polymer Chemistry 
Volumes I and II 

Edited by G. NATrA and F. DANUSSO. Pergamon : Oxford, 1967. 
Vol. I : 466 pp. Vol. II : pp. 467-888. Both vols. 6 in. × 9½ in. 

£15 15s per set of two volumes 

WrmN Natta and his co-workers announced in 1954 the preparation of crystalline poly- 
mers of propylene and 1-butene, their claim that these were stereoregular was received 
in many quarters with considerable scepticism. It had been recognized for many years 
lhat all known synthetic high polymers of asymmetric monomers were stereo- 
chemically irregular, and many had assumed that this must always and inevitably 
be true. Natta's work has by now been so abundantly proved that it is hard to realize 
how short a time has elapsed from the original discovery. Despite the vast efforts 
now devoted----especially in industrial laboratories--to the study of stereospecific 
polymerization, the contribution of Natta's school is massive as well as pioneering. 

Many of the original papers were naturally published in Italian journals, and the 
purpose of the volumes under review is to make available in Englisfh a complete 
record of the work of Natta and his colleagues. Volume I covers the period 1954--58; 
Volume II, 1958-59; further volumes are promised. The method adopted has been 
to represent the less important papers by abstracts, but to leave the major papers 
in their original form (translated if necessary). There is consequently much more 
repetition than would be acceptable in a specially written text, but by way of com- 
pensation the true historical flavour is preserved, and the actual development of ideas 
and methods remains dear ly  outlined. Natta's vision and foresight is seen, for 
example, in a paper written in 1955: 'We believe that the discovery of these new 
polymerization methods opens a new chapter of stereoisomerism, which should be of 
considerable practical and theoretical interest . . . .  A vast ,new field of research, 
which is now only just beginning, is opened to chemists. Our research on block and 
grafted polymers, and on eopolymers, permits one to foresee very important 
developments. The interest of the new isotactic and syndiotactic polymers is not 
only theoretical' (p. 73). Prophetic words indeed. 

This is an unusual publication, but it will find an honoured place on library 
shelves. I f  only it were not so expensive many would like to own it, that ~hey 
might browse at leisure. 

G. GEE 

Organic Chemistry o[ Macromolecules~.4 n Introductory Textbook 

A. RAVVE. Arnold : London and Marcel Dekker:  New York, 1967. 498 pp. 150s 

WHILE polymers are now of such importance that most chemists work with them 
at some stage in their career, they are still neglected in many university courses. 
There are, however, many excellent textbooks in this field and l~hese are now joined 
by Dr Rawe ' s  volume, which has been written as an introduction to the organic 
chemistry of high polymers for both undergraduates and graduate organic chemists: 
the work contains only minor excursions into simple physical chemistry. The scope 
is very broad, ranging from certain aspects of the physical proper.ties of macro- 
molecules, for example crystallinity and transition temperatures, through molecular 
weight determination to the mechanisms of the principal classes of polymerization 
reactions and more detailed descriptions of various groups of synthetic and natural 
polymers. The emphasis is primarily on synthetic macromolecules and some reference 
is made to most of the known types of organic polymers. There is also some dis- 
cussion of graft and block eopolymers, the chemical modification of polymers and 
polymer degradation. In a book of such wide scope the treatment of the various 
topics must be brief, but they are so numerous that those new to polymer daemistry 
ma~ ~ .d  it difficult to see the subject in adequate perspective: it will probably 
be of greater interest to someone with some previous experience of the field. 
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Despite the technological importance of polymers the text deals almost exclusively 
with scientific aspects, but  where industrial practice is mentioned, the references 
are ofter~ out  of date or even misleading. Thus  the only reference to the commer- 
cial preparation of polystyrene is to bulk polymerization, and it is unlikely that a 
plant would be installed today to manufacture acrylonitrile by any of the processes 
quoted. In general little hint is given of the preferred techniques by which various 
polymers are actually prepared either in the laboratory or on the industrial scale, 
and it is perhaps unfortunate that the book does not attempt to convey any real 
picture of the contrasting physical properties of the many types of polymers 
mentioned. 

In a work covering such a wide field, only a selection of literature references can 
be given but these appear to be well selected and are provided with a good author 
index. There is an adequate subject index. The number of errors is relatively small 
but some of these should ~have been eliminated from the proofs: few organic 
chemists would expect to make acrylamide by reducing acrylonitrile. 

F. J. WEYMOUTH 

A N N O U N C E M E N T  

T H E  G O R D O N  R E S E A R C H  C O N F E R E N C E S  
The Winter Gordon Research Conferences will be held from 22 January 
to 2 February 1968 in Santa Barbara, Calif., U.S.A. Requests for additional 
information and for application forms for attendance should be addressed 
to Dr  W. GEORGE PARKS, Director, Gordon Research Conferences, Univer- 
sity of Rhode Island, Kingston, Rhode Island 02881, U.S.A. 

The Polymer Conference, 29 January to 2 February 
I t  is hoped .that ~he following will each present a paper:  J. E. Goodrich, 
H. F. Mark,  J. C. W. Chien, F. E. Bailey, F. A. Bovey, W. Heller, J. D. 
Hoffman, A. Rembaum,  R. H. Cole, R. A. Mendelsohn, T. L. Smith, J. C. 
Halpin, W. R. McDonald, D. J. Meier, J. R. Knox, C. L. Sieglatf, C. C. 
Prince, C. Job, N. W. Tschoegl, W. J. MacKnight, G. Holden, J. L. Zakin, 
H. L. Frisch, C. L. Segal, A. P. Gray, W. S. Zimmt. 

Other Conferences 
Electrochemistry will be discussed during 22 to 26 January, and the 
Chemistry of  Aging Conference is also scheduled for 22 to 26 January. 
Finally, it is hoped to arrange a Conference on 29 January to 2 February to 
deal with Science, Technology and Economic Growth. 
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