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Carbonization of Polymers I 
Thermogravimetric Analysis 

J. B. GILBERT, J. J. KIPLING, B. McENANEY and J. N. SHERWOOD 

The pyrolysis o[ a number of vinyl and related polymers in an inert atmosphere 
has been followed by means of a specially modified thermo-recording balance. 
In simple cases, the loss o[ the side-chain together with a hydrogen atom is 
completed as a separate stage be[ore extensive breakdown o[ the carbon 
structure, resulting in evolution ot tar and other volatiles, commences as a 
second stage. For a series of chloro-polymers there is a sharp [all in the loss 
of weight during the second stage as the chlorine content is increased [rom 
polyvinyl chloride to polyvinylidene chloride. The different effects of the stable 
ether link in a polyvinyl ether and the triple bond in polyacrylonitrile are 

discussed. 

ThE THERMAL decomposition of linear high polymers usually involves 
considerable degradation of the chain. In some cases (e.g. polymethyl 
methacrylate, polystyrene) this is so extensive as to result in the formation 
only of the monomer or other simple volatile products. In other cases, part 
of the material suffers condensation to leave a solid residue which can 
loosely be described as a carbon. The former processes have been exten- 
sively investigated 1. The processes of carbonization, however, are more 
complex and have received less attention over a wide range of temperature, 
although much work has been published on the very early stages of 
decomposition. 

After papers had appeared on the carbonization of polyvinylidene 
chloride ~-~, polyvinyl chloride 4, and divinylbenzene polymers s, a general 
survey e showed that a wide range of polymers could be carbonized. A more 
detailed examination of a small group of polymers has now been under- 
taken by several techniques. A number of interesting conclusions can be 
drawn from thermogravimetric analysis. 

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

Most of the polymers were obtained as commercial products free from 
plasticizers etc., and in the form of powders. Before carbonization the 
powders were briquetted in a 10-ton laboratory press (polyvinyl butyrate, 
ethyl ether, and the laboratory sample of polyvinyl acetate were not 
compresssed in this way). 

Polyvinyl chloride--This was a sample of Corvic D65/1 from Imperial 
Chemical Industries Ltd, Plastics Division. 

Polyvinylidene chloride--This was prepared in the laboratory by bulk 
polymerization of the monomer using benzoyl peroxide as initiator. 

Polyvinyl acetate--Two samples were used. One was a sample of Gelva 7, 
from Shawinigan Ltd. The other was prepared in this laboratory by bead 
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polymerization (with benzoyl peroxide as initiator) of vinyl acetate from 
The Distillers Co. Ltd. 

Polyvinyl butyrate--This was prepared by bead polymerization in the 
laboratory of vinyl butyrate from Union Carbide Ltd. 

Polyvinyl alcohol--A laboratory sample from Vinyl Products Ltd. 
Polyacrylonitrile--A laboratory sample from Imperial Chemical 

Industries Ltd, Dyestuffs Division. 
Chlorinated polyvinyl chloride--A sample of Rhenoflex from Dynamit 

Aktien Gesellschaft. The chlorine content of the polymer was 61-3 per cent, 
corresponding to an average monomer unit of C~H2.8~C11.1~. 

Chlorinated rubber--A sample of Parlon S 20 from Hercules Powder Co. 
The chlorine content was 66 to 68 per cent, corresponding to tetrachlorina- 

Me 
I 

ted polyisoprene 7 : ---(CHCI--C---CHC1---CHC1)-;-- with a small percentage 
I 
C1 

of the monomer units only trichlorinated. 
Polyvinyl pyrrolidone--A sample (NP K30) made by Antara Chemicals. 
Polyvinyl ethyl ether--A sample (EDBM) supplied by Bakelite Ltd. 
Polyacrylamide--A sample (PAM 100) produced by Cyanamid. 

Procedure 
In most of the thermogravimetric analyses the samples were heated to a 

final temperature of 900 ° in a thermo-recording balance (Stanton Instru- 
ments Ltd) modified so that carbonization could be carried out in an inert 
atmosphere. The modification is shown in Figure 1. The crucible containing 
the sample is enclosed within a silica sheath (supplied by the manufacturers 
of the balance) which rests in a circular groove cut in an asbestos plate 
attached to the under-side of the furnace. A small central hole is cut in the 

Figure /--Modified thermobalance 
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plate so that the stem carrying the crucible can be attached to the balance. 
The plate is divided centrally and the two halves can be moved apart in the 
slide which supports them. 

As the silica sheath must remain open (at the point where the stem 
supporting the crucible passes through the asbestos plate), it is necessary to 
exclude atmospheric oxygen by maintaining a flow of an inert gas outwards 
through the hole in the plate. At the same time, gaseous products of 
carbonization must be removed. It was therefore arranged to pass nitrogen 
(dry, oxygen-free) into the sheath through two small brass tubes, of ca. ¼ in. 
diameter carried by the asbestos plate, and to remove waste gases through 
the side-arm at the top of the sheath. The flow of gas into and out of the 
sheath was metered, and maintained at 1"5 1./min and 0-3 1./min, respec- 
tively. These rates were found, empirically, to be adequate to prevent 
oxidation of a carbon black (Spheron 6) held in the furnace at 900°C. The 
instrument was re-calibrated to give the correct temperature of the sample 
under these conditions of use. After making these modifications to the 
balance, we found that a rather more elaborate system had been devised by 
Stonhill for work with corrosive materialsL In general, the samples were 
heated at approximately 2 °/min. In some analyses, however, the rate was 
about 6 °/rain, but the sample was held at a given temperature to investigate 
whether a particular stage of decomposition could be completed at that 
temperature, given sufficient time. 

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

Thermograms for a number of vinyl and related polymers are shown in 
Figures 2 to 6. 
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Figure 2--Thermograms for 
chloro-polymers heated at 2 ° /  
minute: (a) polyvinyl chloride, 
(b) chlorinated polyvinyl chlor- 
ide, (c) chlorinated rubber, (d) 

polyvinylidene chloride 
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Figure 3--Thermogram for 
chlorinated rubber heated at 

6°/minute 

(1) Polyvinyl chloride and related chloro polymers 
The simplest form of degradation for a vinyl polymer is typified by 

polyvinyl chloride and is depicted in Figure 2. It  occurs in two readily 
distinguishable stages. The first, which is complete at about 250°C, consists 
solely of loss of hydrogen chloride, which can be represented formally as 

(---CH2---CHC1--). > ( - - - C H = C H - - ) . +  n HC1 (1) 

I f  the material is held at 250°C until loss of weight ceases, chemical analysis 

Figure 4--Therrnograms for 
(a) polyvinyl acetate and (b) 
polyvinyl butyrate heated at 
6°/minute, with a break at 

325 ° 
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Figure 5 -  Thermograms for (a) 
polyvinyl alcohol, (b) polyvinyl ethyl 
ether, (c) polyethylene, heated at 2° /  

minute 
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of the product shows that elimination of chlorine is almost quantitative 
(Table 1). The second stage, which occurs mainly between 300 ° and 500°C, 
is similar to the carbonization of coal, although it is much simpler. Tar and 
simple gases (hydrogen, methane) are evolved, and a carbon remains which 
loses very ERIe weight between 500 ° and 900°C. The complete thermogram 
is very similar to that published by Winslow'. 
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Figure 6--Thermograms for 
(a) polyvinyl pyrrotidone, (b) 
polyacrylamide, (c) polyacrylo- 
nitrile, heated a t  2°/minute 



J. B. GILBERT, J. J. KIPLING, B. McENANEY and J. N~ SHERWOOD 

Table 1. Analyses (dry mineral matter free) of polymer carbons 

Sample 

Polyvinyl 
chloride 

Polyvinyl 
acetate 

Polyvinyl 
alcohol 

Polyacrylo- 
nitrile 

Chlorinated 
polyvinyl 
chloride 

Chlorinated 
rubber 

Temp. 
• °C 

f 250 
"~ 700 

250 
70o 

{ 3oo 
700 

250 
700 

250 
700 

250 
7OO 

Percentage composition 
C H C1 N O+errors 

84:3 6.9 0.6 - -  8.3 
99-1 0.6 0-0 - -  0.3 

8 2 ' 2  6 ' 9  - -  - -  10"9 
96"9 1-4 - -  - -  1 "7 

M'5 7"8 - -  - -  7'7 
89-7 1"3 - -  - -  9"0 

72'9 4'5 - -  22.1 0"5 
78"9 1"0 - -  18.4 1-7 

77.4 5-7 15'9 - -  1.0 
96.2 1-4 0"1 - -  2.3 

81.3 3'8 9"8 -- 5.1 
96"3 1.1 0.5 -- 2"1 

Rat/o 
H/C 

0 " 9 8  
0"07 

1.00 
0.17 

1-09 
0.17 

0"74 
0.15 

0 " 8 8  
0.17 

0.56 
0.14 

The effect of increasing the chlorine c6ntent of the polymer is very 
interesting. The three other chlorine-containing polymers which we have 
investigated (chlorinated polyvinyl chloride, chlorinated rubber, and poly- 
vinylidene chloride) also decompose in two stages, the first being loss of 
hydrogen chloride only. The onset of dehydrochlorination occurs at a lower 
temperature for these polymers than for polyvinyl chloride, implying that  
the groupings - - C H C I - - C H C I - -  and ---CH2---CC12-- are less stable than 
- - - C H : - - C H C I - - .  

In the second stage, the two polymers of intermediate chlorine content 
give decreasing yields of tar with increasing chlorine content of the polymer. 
At 250°C a substantial amount  of chlorine remains in the residue, in con- 
trast to the situation with polyvinyl chloride (Table 1). This chlorine is able 
to remove hydrogen which would otherwise be used in the compounds 
forming the tar. As a consequence of the lower H / C  ratio, the potentially 
tarry material has a higher molecular weight and a greater proportion of it 
suffers condensation before a high enough temperature is reached for i t s  

release by distillation. 
The limiting case is polyvinylidene chloride, which contains equal 

numbers of atoms of chlorine and hydrogen. Dacey and Thomas 2 showed 
that it gave a quantitative yield of carbon and hydrogen chloride 

(--CH2---CC12--). > 2n C +  2n HCI (2) 

i.e. there is no evolution of tar or of other volatile matter  usually 
encountered in carbonization. 

The increase in chlorine content has a very marked effect on the per- 
centage of carbon atoms from the original polymer which remain in the final 
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Table 2. Effect o f  ch lor ine  con ten t  o f  p o l y m e r  on ca rbon  y i e l d a t  900°C 
Ra t e  o f  hea t ing:  2°/rain A t m o s p h e r e :  n i t rogen 

Sample 

Polyvinyi 
chloride 

Chlor ina ted  
polyvinyl  
chloride 

Chlor ina ted  
rubber  

Polyvinyl idene 
chloride 

Chlorine content Carbon yield Nature of  Relative 
of  polymer (%) (%) carbon carbon yield* 

(%) 

56.8  11-5 Coke  30 

61.3  22-3 Cha r  64 

66 to 68 28 .0  Char  97 

73 .2  25 .9  Cha r  1041" 

*Yield of residue relative to carbon content of original volymer. 
tThe yield is over I00 per cent because the residue had absorbed some origen. 

residue, instead of being lost as tar or volatiles. This is shown as the 
relative carbon yield at 900 ° in Table 2. Even a small degree of chlorination 
of polyvinyl chloride doubles the relative carbon yield. In the carbonization 
of chlorinated rubber, only three per cent of the carbon in the polymer is 
lost as volatile matter. 

A further effect is also evident during the second stage of decomposition. 
The polyvinyl chloride residue fuses during this stage (giving a coke, as 
defined by Davis'), whereas the polymers of higher chlorine content 
decompose without fusion (thus giving a char). The more extensive the 
removal of hydrogen, the greater is the chance of condensation of the 
residue, both by crosslinking between chains, and by cyclization of indi- 
vidual chains. (The Diels-Alder type of condensation which Winslow' has 
proposed for the decomposition of polyvinylidene chloride may occur.) If 
these processes occurred extensively, the physical mobility of the system 
would be considerably reduced because large molecular units would be 
formed and these would be too big to break away as volatile fragments even 
at the higher temperatures. 

The effect of specific groupings is also apparent from the thermograms. 
Chlorinated rubber loses chlorine at a lower temperature than any of the 
other poiy~ners, but only to the extent of one chlorine atom per monomer 
unit (Figure 3). This may be presumed to be the chlorine atom in the tertiary 
position. The remaining three chlorine atoms are equivalent to one another 
and are removed in one stage. This is presumably because they are attached 
to separate and equivalent carbon atoms. The initial temperature of break- 
down of chlorinated polyvinyl chloride is about the same as that at which 
the three chlorine atoms of chlorinated rubber are lost. This suggests that 
chlorination of polyvinyl chloride tends to produce polyvinylene chloride 
rather than polyvinylidene chloride. 

The loss of the second chlorine atom from polyvinylidene chloride takes 
7 
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place over a wide range of temperature. At this stage the residue must be 
undergoing considerable cyclization and aromatization, so that successive 
chlorine atoms are lost from changing molecular environments. 

(2) Polyvinyl esters 
The thermogram for polyvinyl acetate shows two well-defined stages 

(Figure 4) analogous to those for polyvinyl chloride. In the first stage, acetic 
acid is lost quantitatively, though much less readily than hydrogen chloride 
is lost from polyvinyl chloride. Although the mechanisms for the removal 
of hydrogen chloride and acetic acid are believed to diffeP, the stoichio- 
metric effects are the same; compare equations (I) and (3). 

(--CH2---CH. OAcq) ,  -->- (--CH===CH--)~ + n HOAc (3) 

These equations represent the formal composition of the low-temperature 
residue; it will be shown in subsequent publications that the poly-ene chain 
suffers rearrangement even at low temperatures. 

The low-temperature residues are thus formally identical, and behave 
very similarly in the second stage of decomposition. Thus the chemical 
analyses are very similar (Table 1). 

The thermogram for polyvinyl butyrate (Figure 4) closely resembles that 
for polyvinyl acetate, showing a quantitative loss of butyric acid in the first 
stage. This seems likely to be a common mechanism for degradation of 
simple polyvinyl esters. 

(3) Polyvinyl alcohol and ether 
By analogy with polyvinyl chloride and polyvinyl esters, the initial 

decomposition of polyvinyl alcohol would be expected to accord with the 
equation 

(---CH~---CH. OH--)~ > nH~O+(--CH:: :CH--) .  (4) 

In one instance this has been reported, though the reaction did not go to 
completion 1°. Its maximum ram was at 160°C, which is considerably below 
the temperature of decomposition of other vinyl polymers. The implication 
of other published work, however (e.g. ref. 11), is that such a definite stage 
is not observed separately from a more general decomposition. Our results 
(Figure 5) show no substantial decomposition below 200°C. Moreover, de- 
composition which occurs between 200 ° and 300°C involves a greater loss 
in weight than accords solely with equation (4), and the yield of carbon at 
900°C is correspondingly low. It has been established Ix that, besides water, 
other simple degradation products, such as acetaldehyde, are produced. This 
points to a greater degree of chain scission than occurs with the chioro- 
polymers. The formation of a solid residue is then only likely to occur if 
some inter-chain dehydration takes place ,in addition to the intra-chain 
dehydration of equation (4). 

The different modes of decomposition call for further investigation. At 
present it is not clear whether they arise from different conditions of  
pyrolysis (Kaesche-Krischer and Heinrich used a low vacuum, whereas we 
used: a: Stream of nitrogen) or from differences in the samples of polymer. 

8 
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The decomposition of polyvinyl ethyl ether occurs essentially in one 
stage, giving a very low yield of solid residue. The decomposition occurs 
at an appreciably higher temperature than is found for other vinyl polymers. 
The temperature of maximum decomposition is higher than that of poly- 
ethylene oxide and polypropylene oxide ~, but lower than that of 
polyethylene (Figure 5), which also gives a negligible yield of carbon. The 
decomposition is thus governed by the thermal stability of the ether link, 
and appears to occur essentially by chain scission. Further work is needed 
to show whether this is initiated by rupture of the ether link or of a C--C 
bond in the main chain, weakened by the presence of the side chain. 

(4) Nitrogen-containing polymers 
The interest in these polymers is in the specific effect of the nitrogen on 

their decomposition, and in particular in the possibility of its retention in 
the carbon residue. Polyacrylamide (Figure 6) decomposes in three stages, 
corresponding to loss of water, of ammonia ,  and of tar and volatiles, 
respectively. The second stage appears to be inter- and intra-molecular 
hnidization, as the thermal analogue of the reactions which can be induced 
at lower temperatures by acid catalysis ~s. 

The carbonization stage involves an extensive loss of material, which is, 
however, as a proportion of the low-temperature residue, slightly less than 
with polyvinyl chloride and polyvinyl acetate. 

Polyvinyl pyrrolidone undergoes such extensive degradation that most of 
the nitrogen must be lost in the process. 

The degradation of polyacrylonitrile presents features which are, so far, 
unique. In the first t'~,o stages, volatiles (mainly ammonia) and then tars are 
eliminated. A large percentage of nitrogen is, however, retained in the 
residue (Table 1). From 600°C upwards, however, there is a third stage in 
which weight is lost only slowly, although the carbon yield is very high. 

It has been established 1. ~ that only very small amounts of hydrogen 
cyanide are removed thermally from this polymer. There is, however, 
evidence from infra-red spectra that the triple bond of the cyanide group 
can open, with resultant formation of crosslinks inter-molecularly and of 
6-membered heterocyclic rings intra-molecularly 1". Nitrogen retained in this 
form has very considerable thermal stability, and the 700°C carbon still 
contains 18-4 per cent. This stability would not be expected to persist 
indefinitely with rise in temperature, and the loss of weight in the third 
stage (which continues up to about 1 500°C) is due to elimination of 
nitrogen from the heterocyclic groupings. 

These results suggest that for the conditions which we have used, nitrogen 
is only likely to be retained in any considerable proportion if present in an 
unsaturated group in the polymer. Nitrogen present in the other polymers 
might well be retained if carbonization were carried out under pressure to 
prevent the escape of volatile nitrogen compounds. Thus Riley et al. ~5 
found that nitrogen was retained in the carbon formed from hexamethylene 
tetramine under these conditions. 

(5) General comments 
The results quoted above for the decomposition of polyvinyl alcohol show 

9 
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the impor tance  of  the condi t ions  used for  ca rboa iz ing  polymers .  The  source 
of  a given sample  m a y  also be impor tan t .  W e  hope  to publ i sh  fur ther  da t a  
on these aspects  of  ' carbonizat ion in due course .  
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Fellowship (to J.B.G.). The views expressed are those of the authors and 
not necessarily those of the organizations supporting the work. 

We are also grateful to the firms mentioned in the experimental section 
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Shear Viscosities of Polyisobutene Systems 
--A Study of Polymer Entanglement* 

R. S. PORTER and J. F. JOHNSON 

Viscosity~shear effects have been evaluated [or cetane and tetralin solutions o[ 
polyisobutene. Eleven polymers, molecular weights 224 to 71000, were studied 
at temperatures from 100" to 133°C. Systems from pure solvent to 100 per cent 
polymer were tested with capillaries and with two types o[ rotational vis- 
cometers. The results yield concepts from which conditions and magnitudes 
for non-Newtonian flow may be predicted. The onset of non-Newtonian flow 
occurs above the transition in a plot o[ log low,shear viscosity versus log 
polyisobutene molecular weight. The transition occurs at a critical polymer 
concentration and molecular weight corresponding to the conditions for 

extensive polymer chain entanglement. 

THE FLOW properties of polyisobutene have probably been studied more 
widely than those of any other polymer. Non-Newtonian aspects, however, 
have been touched upon only lightly. Recently, the conditions and magni- 
tudes for non-Newtonian flow of polyisobutene have been broadly defined 1-a. 
In the present work, these postulates are extended and related to the concept 
of polymer chain entanglement. The polyisobutenes and the cetane and 
tetralin which were used have been previously described 1, 2. They represent 
eleven polymers with viscosity average molecular weights up to 71 000. For 
the six low molecular weight polymers, number average molecular weights 
were also measured with the values of M~ exceeding Mn by less than 50 per 
cent. The instrumentation used for these studies has also been previously 
descdbedl-L It includes low-shear, crossarm capillary viscometers, a low- 
shear concentric cylinder viscometer, and a thin-film, double-thermostated, 
high-shear concentric cylinder viscometer. All measurements were made in 
equilibrium steady-state flow. 

RESULTS AND DISCUSSION 
The  viscosity transition 

Viscosity changes with polymer molecular weight commonly exhibit an 
abrupt transition e. This transition occurs at polymer molecular weights 
sufficient for polymer entanglements to dominate the flow process e-8. For 
polymer solutions, the viscosity transition and polymer entanglement are 
reported to occur above a critical polymer molecular weight and volume 
fraction. In recent studies, the viscosity/molecular weight transition has also 
been related to the onset of non-Newtonian flow 1, a, 

The way in which the viscosity/molecular weight transition depends on 
temperature, shear, and solution variables is just now starting to be under- 
stood 1, 8.6, 9. Figure 1 shows an interpretation of this transition in terms of 

*Part VII of a series on the 'Flow properties of polymeric systems'. Presented in 
part before the 137th National Meeting of the American Chemical Society, 
Cleveland, April 1960. 
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reduced variables ~. ~0. As for other systems, the transitions are shown as the 
intersection of lines e. The molecular weight for the entanglement transition 
has been previously reported to be 1-7 x 10 4 for bulk polyisobutene e. This 
is in good agreement with the common transition in Figure 1 at 1'6 x 10". 
This agreement of bulk and solution transitions for polyisobutene is closer 
than previously supposed 6, although the choice of solvent may be influential. 

Below the transition in Figure 1, viscosity/molecular weight correlations 
depend on concentration and temperature with slopes approaching a lower 
limit of one at higher temperaturesL Where the slope drops below one, at 
the lowest molecular weights and concentrations, the plots show notable 
curvature. Above the transition polymer systems are commonly character- 
ized by a temperature independent and high, about 3.4, power dependence 
of low-shear viscosity on polymer molecular weight s . Solutions of higher 
molecular weight polyisobutenes than used here conclusively yield a 3"4 
dependence e. 

® lo 4 
.tO 

lo 3 

lO" 

10 

Wt per cent13~ymer / 
in cetane I 

• Tetralin solutions I 1  /y I 

/"/~,1244 

I I I I I 
lo ~ 10 2 lo 3 lo 4 10 

Polymer (tool wt) (vol~ne tractiorO 

Figure /--Solution viscosities of 
polyisobutenes : reduced variable 

correlation 

Shear tests on systems below the transition in Figure ] indicate essentially 
Newtonian flow for stresses to about 2 x 10 5 dyne/era =. In contrast, above 
the transition, viscosity becomes abruptly and markedly non-Newtonian at 
stresses above only 10 8 dyne/cm =. Typical shear tests leading to these 
conclusions are shown in Figure 2. The highest viscosity slope, obtained at 
low shear, is drawn to a 3.4 slope. The lower limit, approached at high 
shear, has been defined by a slope of one, the limiting theoretical value 
below the transition 7. These shear measurements are entirely reversible with 
no observation of hysteresis or permanent viscosity loss. 
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SHEAR VISCOSITIES OF POLYISOBUTENE SYSTEMS 
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Figure 2--Solu t ion  viscosities of polyisobutenes: 49"3 wt 
per cent polymer in eetane at  100°C: dependence on rate 

of shear 

The conditions above the transitions in Figures 1 and 2 appear to be a 
necessary and sufficient provision for non-Newtonian flow in low molecular 
weight polymer systems 1. 8. ~. 11. Bueche has developed a two-term equation 
which treats the low-shear viscosity transition as the polymer entanglement 
point', s. The first term dominates at low molecular weights and represents 
simple frictional forces between molecules, The second term applies above 
the transition and incorporates a slippage factor for intermolecular entangle- 
ments. This second term may vary with shear and represent non-Newtonian 
flow through changes in the slippage factor and/or the number or 
importance of polymer entanglements due to network deformation. 

Reduced variables 
Non-Newtonian data on polymer systems are known to superimpose by 

several reduced variable correlations 1~-1". These polyisobutene data are 
found to superimpose on a plot of fractional viscosity loss versus shear 
stress/T°K x C, where C is polymer volume concentration s. This correlation 
is convertible to the reduced coordinates and master curve developed by 
Bueche for other polymer systems 14. From this it is evident that certain 
polystyrenes, polymethyl methacrylates, rubber solutions, as well as poly- 
isobutene data, show similar non-Newtonian behaviour and probably 
exhibit a common flow mechanism. Deviations from this non-Newtonian 
correlation are observed here only at the lowest polymer molecular weights 
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and concentrations. This corresponds to conditions below the transitions in 
Figures 1 and 2. In this region abnormally high shear is required to induce 
non-Newtonian effects 3. A successful reduced variable correlation has 
previously been reported for polyisobutene systems below the transition 2. 
The reduced variables for non-Newtonian flow above and below the transi- 
tion differ only in the concentration term. For dilute polyisobutene solutions, 
the reduced variables contain no concentration term; and the fractional 
viscosity losses with shear are relatively small 2. This indicates that non- 
Newtonian flow below the transition may be due to deformation of 
individual polymer molecules rather than due to network deformation which 
contributes to non-Newtonian flow above the transition. 

Temperature effects 
Viscosity/temperature data on polyisobutene systems, over limited 

ranges, are essentially linear on plots of log viscosity versus 1/T°K 15-2a. 
From the slope of this correlation, an apparent activation energy for 
viscous flow, AE*, may be obtained. The definition used here is AE* 
=R (d In ,1/1/T°K), where '1 is absolute viscosity; R, the gas constant with 
AE* in kcal/mole. Activation energy and activation heat for flow have 
frequently been considered equivalent. 

_e 14 
0 

10 

Gn 

C 
0 

> 

4 
o 

U.. 

120°C 
z~ 

0 0 

11.2 wt % polymer 

Figure 3- -F low activation energies 
for polyisobutene in cetane 

I I 
10 3 10 4 10 5 

Potyrner molecular weight 

Figure 3 gives new values of AE* for polyisobutene solutions as a 
function of polymer concentration and molecular weight. Values for bulk 
polymer are in accord with the data of Fox in both magnitude and molecular 
weight dependence 2~. The curvature in plots of log viscosity versus 1 [T°K 
leads to a higher AE* at lower temperatures 23. This may be associated with 
an increase in the number of polymer entanglements at reduced 
temperature la. 

Flow activation energies have also been evaluated as a function of the 
reduced ordinate used in Figure 1. This interpretation merges the curves of 

14 



SHEAR VISCOSITIES OF POLYISOBUTENE SYSTEMS 

Figure 3 at the lowest values. Consistent with the concepts of HiraP °, at 
higher values of reduced ordinate, the AE* curves show the type of spread 
in Figure 3. The onset of the plateau in AE*, see Figure 3, is closely 
associated with the viscosity transitions in Figures I and 2. Changes in AE* 
below the plateau lead to the temperature dependence of log viscosity/log 
molecular weight slopes below the transition. Conversely, the plateau regions 
for AE* lead to a viscosity/molecular weight slope which is independent 
of temperature above the transition. 

Figure 4--Flow activation energies 
for polyisobutenes in octane 
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Figure 4 is a cross plot of Figure 3, containing additional data. The lower 
molecular weight polymer in Figure 4 is below entanglement conditions at 
all concentrations. Solutions of the higher molecular weight polymer show a 
change in dependence near the composition for the entanglement transition 
given by Figure 1. This may be the result of two contributions to flow 
activation, that for simple viscous flow and also that for activation of 
entanglement deformation. By the method of Hirai 1°, the point of inflection 
in Figure 4 indicates a small energy of formation, 1 kcal or less, for 
formation of the entangled state. This energy of formation is consistent with 
a small, but apparently real, increase in the molecular weight for the 
entanglement transition with increasing temperature. 

For solutions of low polyisobutene molecular weight and concentration, 
AE* is constant from low shear to above 2 × 10 5 dyne/era 2. At higher 
polymer molecular weights and concentrations, notably for entanglement 
conditions, AE* depends markedly on rate of shear. Shear, just as tempera- 
ture, may reduce the contribution of polymer entanglements, leading ix to a 
lower AE*. In some cases, limiting values of AE*, measured at constant 
shear rate, have been approached at both high and low rates of shear 2, ~. In 
accord with theory, AE* at constant shear rate for these polyisobutene 
systems is equal to or lower than AE* evaluated at constant shear stress ~'. 
Indeed, activation energies measured at constant stress for these and for 
many other polymer systems are only slightly reduced by stress up to 
attainable limits. 
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The inflection in A E *  in Figure 4, the onset of plateaux in A E *  in 
Figure 3, the onset of non-Newtonian  flow in Figure 2, the viscosity transi- 
t ion in Figure 1, and a change in the form of reduced variables are thus 
ramifications of the same phenomenon,  the onset at higher molecular  
weights of a flow mechanism dominated by the slippage of polymer 
entanglements.  

The  authors express appreciation to M r  A .  R.  Bruzzone [or aid in 
obtaining experimental measurements.  

California Research Corporation, 
R ichmond,  Calif. 

(Received July 1961) 
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A 

The Degradation of Polyethylene 
Terephthalate by Methylam&e 

Study by Infra-red and X-ray Methods 
G. FARROW, D. A. S. RAVENS and I. M. WARD 

The physical changes taking place during the degradation o] polyethylene 
terephthalate with aqueous methylamine at room temperature have been 
followed by chemical, X-ray and infra-red methods and it is concluded that 
although there is a rapid initial degradation o / the  amorphous regions, extensive 

degradation leads to attack o/both crystalline and amorphous regions. 

PREVIOUS studies of the chemical degradation of polyethylene terephthalate 
(PET) have been concerned with the chemical nature of the degradation and 
little consideration has been given to the physical changes taking place. 
Previous work has also shown that initially the reaction depends on the 
solution of the reagent in the amorphous regions of the polymer and that 
therefore attack is principally confined to these regions 1. It was thought that 
it would be possible, by choice of a suitable reagent, to degrade PET 
extensively and leave a highly crystalline, slowly reacting residue in a way 
similar to the hydrolysis of cellulose 2. This would mean that a detailed study 
of the effect of orientation and crystallinity could be made by various 
physical methods which would give information about the nature of the 
crystalline regions. 

Aqueous methylamine was chosen because it reacts rapidly with PET at 
room temperature thus minimizing side effects due to high temperatures and 
also the reaction of methylamine with esters has been studied previously a. 
The reaction is 

COOCHzCHz÷CH3NH2~'~ ~ 'CONHCH3*HO'CH2CH 2 

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

Sample preparation 
500 g of PET polymer free from delustrant was spun to give small 

diameter filaments ( ~  5 × l0 -~ in.) of low orientation and from this fibre, 
samples with different structures were prepared. These were 

(a) Amorphous, spun fibre 0 per cent crystallinity 
(b) Crystalline, unoriented fibre by 

heating (a) at 200°C for 30 rain 
(c) Drawn fibre of high orientation 
(d) Drawn fibre of high orientation 

and heat crystallized 
(e) A sample of commercial 'Tery- 

lene' yarn containing delustrant 
17 

47 per cent crystallinity 
18 per cent crystallinity 

48 per cent crystallinity 

28 per cent erystallinity 
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Degradation of the samples 
Samples (3g) were degraded for various times in 20 per cent w/v aqueous 

methylamine at room temperature, the samples being shaken throughout 
the reaction. After the reaction the fibre was extracted to constant weight 
with ethylene glycol at 60°C, it having been previously shown that undrawn 
amorphous film was not crystallized by this treatment. The washings and 
the insoluble fraction were retained and the loss in weight measured. 

Infra-red measurements 
Measurements of hydroxyl end-group concentrations were made. The 

samples were examined by a modification for PET of the standard technique 
of incorporation in potassium bromide discs 4. 

About 25 nag of the sample were mixed with 0-4 g potassium bromide, the 
degraded fibre being finely powdered at solid carbon dioxide temperatures. 
The optical density of the - -OH stretching vibration absorption at 
3 543 cm -1 was measured and a calibration was obtained by making similar 
measurements on the series of samples A to L used in the original end-group 
calibration 5. In each sample the intensity of the carbonyl absorption at 
3 430 cm- 1 was used as a measure of the concentration of polymer in the 
potassium bromide disc. This calibration is shown in Figure 1. 

150 

"6 ~ IOO 

0.2 P I 
0.3 0"4 

Optical density 

Figure /---Calibration curve for 
hydroxyl end-grtup measurements 

X-ray measurements 
(i) Crystallinity--The method used for untreated and degraded samples 

has been previously described 6. It consists, in principle, of a comparison 
between the integrated intensity of the crystalline reflections and those of 
the non-crystalline background, considerable refinements of X-ray technique 
being necessary to make this comparison quantitatively valid. 

(it') Low-angle scattering---Specimens were also examined by this method. 
they were made up as random samples of approximately 1 mm diameter by 
compression in a suitable mould 6. This method was used because after 

18 



DEGRADATION of POLYETHYLENE TEREPHTHALATE by METHYLAMINE 

degradation the samples of fibre invariably consisted of small particles 
which were too small to be examined individually. 

The low-angle camera consisted essentially of a small film cassette 1 in. in 
diameter, mounted on a graduated track rail and with a movable platinum 
backstop placed directly in front of the X-ray film. Copper Ks (nickel 
filtered) X-ray radiation was used to irradiate the specimen which was 
mounted directly behind a second set of slits with both horizontal and 
vertical movements. These slits, which were placed between the collimator 
(a stainless steel tube of 0.1 mm diameter) and the low-angle camera, limited 
the secondary X-ray radiation striking the film. The whole assembly was 
evacuated to eliminate air scatter which is prevalent at low angles. Exposure 
times were about 16 hours and a specimen to film distance of 135 mm was 
used which gave a resolution of about 250A. The exposed X-ray films 
(Ilford G) were developed and dried under standard conditions. X-ray 
photographs were also taken without samples so that the necessary adjust- 
ments could be made to the low-angle photographs to account for any 
scatter from the slit system. The exposure times were adjusted to account 
for the absorption of the X-ray beam when the specimen was in position. 
Finally the low-angle photographs were scanned by a microdensitometer 
and resulting traces normalized and corrected for any background radiation. 

Intrinsic viscosity values 
These were obtained by measuring the specific viscosities of one per cent 

solutions in o-chlorophenol and the intrinsic viscosity was calculated from 
the value of the Huggins viscosity slope constant determined by ToddL 

R E S U L T S  
Degradation experiments 

The degradation results for the five types of fibre are given in Tables I to 
5, where percentage weight loss and percentage crystallinity results are 
compared. In the cases of amorphous yarn and heat crystallized unoriented 
yarn intrinsic viscosity results are also included. 

In addition to the insoluble fraction whose weight was determined, a 
glycol-soluble material was obtained whose infra-red spectrum showed 
clearly that this compound is an aromatic secondary amide. The evidence 

Table 1. Amorphous fibre, sample (a) 

Time, h 

0 
1 
2 
2'5 
3 
4 
5 
6 

% toss in weight 

0 
0.3 
7-9 

27.5 
51-3 
58 
63 

X-ray 
% crystallinity 

0 

0 

20 

LV. 

0'55 
0'43 
0-33 
0-34 
0-24 
0"17 
0'09 
0'09 
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Table 2. Heat crystallized tibre, sample (b) 

Time, h 

0 
3 
5 

16 
30 
40 

% loss in weight 

0 
0-2 
0 '4 

32"5 
79"2 
89'6 

X-ray 
% crystallinity 

47 
48 
51 
59 
72 
65 

LV. 

0"55 
0"45 
0"43 
0-20 
0"10 

Table 3. Drawn fibre, high orientation, sample (c) 

X-ray 
Time, h % loss in weight % crystallinity 

0 
5 
8 

16 
24 

0 
0 
2'7 

44 
93 

18 
20 
26 
56 
60 

Table 4. Drawn and heat crystallized fibre, sample (d) 

Time, h 

0 
16 
24 
48 

% loss in weight 

0 
0 

33 
74 

X-ray 
% crystallinity 

48 
50 
60 
66 

Table 5. Commercial 'Terylene', sample (e) 

Time, h 

o 
6 

16 
24 

% loss in weight 

0 
0.3 

44 
89 

X-ray 
% crystallinity 

20 
31 
65 
61 

for this is as follows. There  were several  absorp t ions  which are  typical  of 
the te rephtha la te  residue,  viz. C - - H  out  of  the p lane  de fo rmat ion  absorp t ion  
at  730 cm -1 and C - - H  deformat ion  v ibra t ions  at  872 and  1 025 c m - L  Al so  
absorpt ions  occurred at  1 630 and  1 543 cm-1  which can be assigned to the  

stretching v ibra t ion  and the N - - H  deformat ion  of a secondary  amide.  
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This together with elementary analysis of the recrystallized material (m.pt 
325°C) shows that it is NN" dimethyl terephthalamide. For C10H12N20~ : 

C H N 

Calc. 62"6 6'3 14"6 per cent 

Found 62" 1 6"6 15"3 per cent 

Molecular weight of degraded fragments 
Independent estimates of the molecular weight were obtained from 

viscosity and infra-red measurements on the insoluble fractions. 
In the normal molecular weight range (M~ = 1 to 3 x 104) intrinsic viscosity 

measurements are used, and converted to values of M, using the relationship 
established by infra-red end-group techniques 8, although it is appreciated 
that M~ is particularly susceptible to the smaller molecular weight fraction 
most of which is removed by extraction where degradation is extensive. 

A more direct value of M~ was calculated from the infra-red hydroxyl 
end-group concentrations, assuming that each chain split produces a 
hydroxyl and a methylamide end. Thus the final end-group concentration is 
the initial one plus twice the number of additional hydroxyl end groups. 
Values obtained by these methods are given in Table 6. 

Table 6 

Samp& 

b 
b 
C 

C 

d 
d 

Duration of 
reaction 

h 

16 
40 
16 
24 
24 
48 

Molecular weights 
×10 3 

Infra-red 

8-3 
7.6 
8.1 
9.2 
8-2 
8-3 

LV. 

5.0 

1.1 

Low-angle scattering 
The normalized low-angle curves for the samples [except the amorphous 

sample (a) which showed no low-angle scattering for such exposure times] 
are given in Figure 2. The degraded samples all show a continuous scattering 
pattern. The peak observed at ~ 200A for these samples is an instrumental 
effect and represents the limits of resolution of the low-angle camera. Two 
low-angle photographs [sample (d), original and degraded for 48 hours] 
taken for us at the National Physical Laboratory on a high-resolution low- 
angle camera, based on a design by Franks ~, when analysed gave curves 
almost identical with the corresponding ones in Figure 2. The continuous 
scattering from the degraded specimen was also a maximum at the limits of 
resolution of this camera (--~ 450A under the set conditions). 
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Figure 2--Normalized curves showing low-angle scattering of X-rays by various 
PET samples 

D I S C U S S I O N  
Nature of the degradation 

Examination of Figure 3 together with results in Tables 1 and 2 shows 
that initially some reduction in molecular weight occurs in the first stages 
of the reaction with little loss of weight. This suggests that there is a rapid 
fall in the molecular weight due to attack in the amorphous regions but little 
low molecular weight material is formed and hence the sample weight and 
crystallinity are almost unchanged. In the second stage chain scission now 
produces a much larger amount of extractable (low molecular weight) 
material and there is a rapid fall in sample weight and a rise in the degre~ 
of crystallinity. During the third stage there is a gradual decrease in the 
reaction rate and this may be attributed to a much slower attack on both 
amorphous and crystalline regions in the sample. This is suggested 
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Figure 3--Loss in weight and increase in crystallinity of 
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by the fact that the loss in weight for all the samples is much greater than 
would be expected if only the amorphous regions were attacked and this 
evidence together with the fact that no crystallinity higher than 72 per cent 
could be obtained confirms that in the later stages both regions are attacked. 

These results show that it is not possible to separate crystalline and 
amorphous phases in PET by degradation as has been suggested for 
cellulose ~. A further complication is the induced crystallization occurring 
during degradation which is shown by the presence of crystallinity in 
degraded amorphous fibre (Table 1). 

Comparison of ithe rates of weight loss for samples with various physical 
structures (Figure 4) shows that when weight loss becomes appreciable there 
are only small differences between the reaction rates but there is the expected 
trend to lower rates at higher crystallinities and orientation. However, there 
are much larger differences in the time taken for 10ss in weight to become 
appreciable due to the large variations in the rates of chain scission. Thus 
the order of reactivity; unoriented amorphous: unoriented crystalline: 
oriented crystalline, is similar to that found for the hydrochloric acid 
hydrolysis of PET 1, where the decrease in rate with increasing crystallinity 
was found to be due to lower solubility but the decrease with orientation is 
due to changes in the rate constant. 

Low-angle scattering 
PET fibres of high crystallinity produce discrete X-ray reflections at low 

angles '°. In Figure 2, the untreated, heat crystallized samples [Co) and (d)] 
show a definite broad band of intensity, It is considered that this is princi- 
pally composed of two discrete reflections from the randomized samples of 
PET--one from spacings parallel to the fibre axis occurring at ,~ 120A and 
the other from spacings normal to the fibre axis which give a ring 1° at 

60A. On degradation these discrete reflections apparently disappear and 
are overlapped or replaced by a continuous scattering patternlhe interpreta- 
tion of which is complicated and controversial. It is possible that the 
continuous scattering on the low-angle patterns arises from the dimensions 
of the degraded particles themselves or that these particles, because of the 
action of methylamine, contain holes of molecular dimensions which in 
themselves would give rise to such scattering 11. Beyond this the low-angle 
X-ray patterns do not give any further structural information. 

We wish to thank Mr P. E. Knapp for supervising the preparation of the 
yarns, also Miss J. Bagley and Mrs !. A. Watson for experimental assistance. 

Fibres Division of I.C.I. Ltd, 
Hookstone Road, Harrogate, Yorkshire 

(Received August 1961) 
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A Kinetic Study of the Benzene-induced 
Crystall&ation of 

Polyethylene Terephthalate 
R. P. SHELDON 

A study has been made into some o f  the factors associated with the kinetics 
o f  the benzene-induced crystallization of  polyethylene terephthalate. Four 
thicknesses o f  the film were used at temperatures o f  25", 30", 35* and 40"C 
and in one case at 55"C. The  rate was found  to increase with increase o f  
temperature and within the restricted range studied no tendency towards a 
maximum was detected. Making  the usual assumptions between density and 
crystallinity the mathematical expression relating to the major part of the 
rate curves was found to have the form 

A ' -  V / A ' = C e x p  [ -  (C'/x z) (e -AE/Rr) t] 

where A" and V are the volume fractions of  crystallinity at equilibrium and 
after t ime t respectively, C and C' are constants, x is the specimen thickness, 
T is the temperature on the absolute scale, R the gas constant and E, which 
has the value of  10"3 kcal/mole,  is identified with an activation energy term. 
It  is believed that the crystallization process is diffusion controlled in that it 
probably occurs along a progressive front  accompanying liquid diffusion. 

IT HAS recently been shown that a number of organic liquids will induce 
substantial degrees of crystallization in amorphous polyethylene terephtha- 
late (PET) at temperatures well below those at which appreciable air or 
normal crystallization occurs 1. For  example, a 50 per cent degree is achieved 
within a few minutes by immersion of an 8 mil thick specimen in dioxan at 
25°C, whereas in the absence of organic liquids a temperature of the order 
of 100°C higher would be necessary for a comparable effect. It  is probable 
that this property is by no means restricted to PET but is one characteristic 
of those crystallizable polymers which may, by suitable treatment, be 
obtained in the amorphous form since cellulose triacetate appears to show 
the same behaviour ~ whilst stereoregular polymethyl methacrylate, like 
PET, may only be crystallized with liquids whose solubility parameters lie 
within a certain rang@. 

From the previous work x it was seen that the rates and extent of 
crystallization may vary widely from one system to another and since no 
information is available, so far as the author is aware, upon the kinetics of 
such induced crystallization an investigation has been made using one 
liquid, benzene, preliminary studies having shown that at ambient tempera- 
tures this system produced changes at a rate convenient for measurement. It 
is proposed at a later date to extend the work to other liquids. 

In normal thermal treatment extensive investigations have been carried 
out" and it has been shown that crystallization occurs within a range of 
temperatures intermediate between the glass temperature and the melting 
point as may be expected and the rate curves have the typical sigmoidal 
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characteristics to be expected on the basis of the Avrami treatment which 
considers growth concomitant with nucleation ~. It may also be noted that 
the time exponents of the experimentally derived Avrami equations have 
the values of 2, 3 or 4. 

With the present system, however, the behaviour may be more ditticult to 
predict owing to lack of adequate theory but it appears reasonable to assume 
that the factors which might exert an influence will include such parameters 
as are determined by the nature of the liquid, thickness of sample, tempera- 
ture and previous history of the polymer, e.g. temperature of the melt prior 
to extrusion,, dwell-time, etc. Some information is already available upon 
the first of these points, as previously mentioned 1, in that the density at 
equilibrium may be interpolated from a knowledge of the solubility para- 
meter of the liquid. The contribution due to the history of the polymer has 
largely been ignored, although this aspect is intended to be the basis of some 
future work. 

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

The PET used in these studies was in the form of transparent film of low 
density (1 "340 g/cm a) corresponding to a calculated crystaUinity of 4"2 per 
cent by volume. It was also unoriented showing no evidence of birefringence 
under a polarizing microscope. Four thicknesses were taken, each being 
measured with a micrometer and were fotmd to be 2-1, 2-7, 3-4 a n d  
4-1 x 10 -2 cm, subsequently referred to as A, B, C and D. 

The benzene used as immersion liquid was of A.R. quality and was dried 
and fractionally distilled before use, as were also the carbon tetrachloride 
and ethyl alcohol for the density measurements. 

Procedure 
The experimental procedure was similar to that previously describedL 

Samples of polymer of the various thicknesses were cut into smaU pieces of 
approximately 1 cm 2 in surface area. Four pieces from the four samples 
were weighed on a balance capable of reading to 0"01 mg and introduced 
into test-tubes containing benzene, each tube itself being immersed in a 
thermostatically controlled bath, at a temperature of 25 +0.01°C. After 
predetermined intervals of time the pieces were removed, surface dried and 
transferred to an evacuated desiccator where they remained for at least 
48 hours before being reweighed. The apparent density was determined by 
a flotation method in which alcohol is run in from a microburette to 10 ml 
of carbon tetrachloride until the polymer sample is on the point of sinking. 
Allowance was made for the residual benzene to convert the apparent 
density to a corrected value, the former being interpolated from a calibration 
curve of various mixtures of the flotation liquids and their densities. 

The procedure was repeated at 30 °, 35 ° and 40°C and in the case of 
sample B, at 55°C. The temperature control at this latter temperature was 
of the order of + 0" 1 °C. 

R E S U L T S  
The rate curves showing the increase of density as a function of time are 
shown in Figure 1. Investigation shows that, within experimental error, in 
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those cases where equilibrium has apparently been reached the equilibrium 
density has the value 1"396 g /cm 8, independently of sample thickness and 
temperature. Taking this to be the value for all cases a plot is made of 
log (doo-dt) versus time where d, oo and d, are the density values at 
equilibrium and after time t respectively (Figure 2). The magnitudes of the 
slopes of the straight lines obtained are measures of the rates of attainment 
of equilibrium and thus may be identified with rate constants (Table 1). 
Following the usual kinetic procedure the dependence of rate constant upon 
temperature is obtained by means of a plot of log k versus T-1 where k is 
the rate constant at a particular temperature T (Figure 3). Again by analogy 
with normal kinetic procedure, where an Arrhenius relationship is usually 
valid, an activation energy term and a temperature-independent term may 
be evaluated (Table 2). The relationship between rate constant and sample 
thickness is obtained from a plot of log k versus log (thickness), the thick- 
ness being measured in centimetres (Figure 4). The corresponding slopes 
and ordinate intercept values are given in Table 3. 

It may be relevant at this stage to point out that in view of the similarities 
in the slopes in Figure 3, and yet where a small divergence can have a 
significant effect upon ordinate intercept value, in order to obtain the values 
quoted (Table 2), an average was taken of the slopes followed by extrapola- 
tion from the value of log k at T -~=0 .0030°K -1. In Figure 4 the slopes 
were found to be identical and thus a similar treatment was unnecessary. 
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CRYSTALLIZATION OF POLYETHYLENE T E R E P H T H A L A T E  

Table 1. Rate constants of induced crystallization 

Sample Temp. (°C) k (h -1) Sample Temp. (°C) k (h -1) 

A 
25 0"039 
30 0.046 
35 0" 068 
40 0.096 

25 O' 022 
30 0"025 
35 0-032 
40 0,044 
55 0"092 

C 

D 

25 0-010 
30 0"0125 
35 0"016 
40 0.023 

25 0.006 
30 0.007 
35 0"010 
40 0"014 

Table 2. Activation energies and frequency factors 
of crystallization (k=Ae-AE/a~: 

Sample AE (kcal/mole) A (h -1) 

A 10.6 10.5 × l0 s 
B 9"7 5 '6  × l0 s 
C 10.4 2.8 x l0  s 
D 10-4 1.7 × 105 

Table 3. Slopes and ordinate intercept values from the relationship 
log k = x log (thickness) + log K 

Temp. 
(°c) 

Ordinate 
Slope intercept 

(x) (log K) 
K 

25 3.0 - 6 . 3 1  
30 3-0 - 6 " 2 2  
35 3.0 - 6 ' 1 0  
40 3.0 --5"96 

4.90 × 10 -7 
6.03 × 10 -7 
7.94 × 10 -,v 
1.10 x 10 -e 

Figure 4- -Log  k versus log 
(thickness) 
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D I S C U S S I O N  
The first noticeable feature of the results is that the crystallization rate is 
dependent upon sample thickness, the rate at any one temperature decreas- 
ing with increase of thickness. Also attention is drawn to the apparent 
absence of the sigmoidal type rate curve characteristic of normal crystalliza- 
tion; this appears to be a facet of a more general phenomenon in liquid- 
induced crystallization. If it occurs at all, it must be in a time interval too 
small for normal measurement. Moreover, the curves are of a regular shape 
with no superimposition of one curve seemingly on top of another, indicative 
of a secondary process found in normal crystallizations 4, ~. These features 
alone immediately suggest a different mechanism as might of course be 
expected on other grounds. 

It is interesting to note, as mentioned previously, that at least in the 
temperature range studied, the equilibrium density, and hence presumably 
the equilbrium crystallinity, is independent of temperature. This is useful in 
that it gives a more reliable value for d~  at 25°C which slightly modifies the 
value previously quoted but without prejudicing the conclusions ~. This result 
implies that the maximum degree of crystaltinity at these temperatures is 
the same independent of temperature suggesting that the previous history of 
the polymer has some bearing upon the crystallization process. (Preliminary 
results on samples recently received indicate visual confirmation of this 
hypothesis in that the samples, which were prepared under different melt 
conditions, showed different degrees of brittleness after identical treatment 
with liquid and subsequent vacuum.) 

The results also indicate that the rate increases with increase of tempera- 
ture and that if a situation obtains such as occurs in normal crystallization 
where the overall rate increases to a maximum and then decreases as the 
melting point is approached then in  the present case the system must be 
well below the maximum. On the other hand, as discussed below, if a 
different type of mechanism applies then the variation of rate with 
temperature will not be simply described as above. 

It is shown in Figure 2 that log (doo-dr) is a rectilinear function of the 
time which enables a kinetic study to be made since the slope is a measure 
of the rate at which equilibrium is attained. Careful inspection, however, 
shows that this statement is not entirely true in that, although the derived 
rate equation holds over the major part of the curve, the initial rate 
occurring over the first five per cent or so of the effective time interval is 
greater than would be expected from the equation, since the extrapolated 
zero-time density is greater than the measured value. Figure 3 shows another 
rectilinear relationship, this time between log k and T-1. This relationship 
may be expressed mathematically as k = A e  -~/Rr where A E  is identi- 
fied as an activation energy term although the final equilibrium state does 
not correspond to one usually considered in kinetic studies, and A is sub- 
stantially a temperature-independent constant. The value of the activation 
energy, to which reference will be made later, is roughly the same 
irrespective of sample thickness, and this factor has been utilized in the 
extrapolations for the A values. Figure 4 shows that there is a relationship 
between k and sample thickness (x), of the form k = K / x  s where K is a 
constant which, fo r  the sake of a physical picture, may be regarded as a 
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rate constant for a sample 1 cm thick. To obtain the combined effect of the 
two equations upon the rate of density increase and at the same time 
substituting experimental numerical values we can write 

doo- dt=2-63 x 10 -2 × exp [ -  (23"03/x 3) x e -z~/nr . t] 

Comparison may be made with the form of the equation obtained from 
the Avrami treatment which can be expressed 7 as 

A ' _  V / A ' = e - B t "  

where A', which should not be confused with the A of the Arrhenius type 
equation, is the limiting volume fraction of crystallinity, V is the volume 
fraction after time t, B is a constant and n is an integer having theoretical 
values of 1, 2, 3 or 4 depending on the mode of nucleation and crystalliza- 
tion. Making the usual assumptions between density and crystallinity it may 
easily be shown that 

d ~  - dA, dt - dA, 
A - de - da, and V = dc - da, 

and that 

d~o B at  
A" - V / A "  - doo-  da, 

where dc and dA, are the densities of completely crystalline and amorphous 
PET respectively and have the values 8, 9 1-455 and 1-335 g/cm 3. The 
equation may now be written 

A ' -  V / A "  = C  exp [ -(C'/xZ)(e-ZX~/nr). t] 

where C and C' are constants having values of 0.44 and 23"03 respectively. 
There appears to be a superficial similarity between the two equations but 
the situations are not considered to be strictly analogous since in the present 
case crystallization presumably occurs on a progressive front accompanying 
liqoid diffusion whereas the Avrami treatment is based on random hetero- 
geneous or homogeneous nucleation with subsequent crystallite growth. 
However, the time exponent of unity is, on the latter treatment, indicative 
of diffusion controlled crystallization following heterogeneous nucleation, 
which may well be the behaviour in the present example. 

Perhaps a more reasonable comparison may be made with diffusion and 
for this purpose we can consider the equation for diffusion into a plane 
slab I° 

Coo - C t / C o o  = A "  e-a"otlx" + B,, e -V,  Dt/x, + . . .  

where Coo and Ct are the concentrations of diffusing substance at equilibrium 
and after time t, respectively, A " ,  B " ,  . . .  and a",  b ' ,  . . .  are constants 
peculiar to the system (not to be confused with any previous constants), and 
D is the diffusion coefficient. Ignoring the less signficant secondary terms 
on the RHS, the form of the equation bears a striking resemblance to the 
experimental equation particularly when it is remembered that the diffusion 
equation is derived on the basis of Flick's law type of diffusion with 
constancy of diffusion coefficient, an assumption not always valid for 
polymers 11, and although no evidence is available to contradict this assump- 
tion at the low concentration end of the scale for diffusing substances such 
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as dyes in PET 1~, the same may not be true for the relatively high 
concentrations (,-~ 10 per cent) encountered in these studies. Because of this 
the theoretical equation may have to be modified, the modification perhaps 
accounting for the discrepancy in the thickness indices, and at the same time 
suggesting a better plot for the experimental equation which may thus 
include the initial part of the curves. 

On the basis of this the picture is now possibly one in which the benzene 
presumably induces some relaxation which enables suitable juxtaposition of 
polymer chain units for crystallization to occur. It is not clear at this stage 
to what extent established crystallization will affect further diffusion, nor at 
higher temperatures with suitable diffusing liquid what would be the 
influence of temperature alone. In the present case the activation energy 
mentioned will be associated with diffusion, the value of 10"3 kcal/mole 
perhaps not being an unreasonable one for this system. It  is imagined that 
the value of AE  for any diffusing substance will be strongly dependent upon 
the size and nature of the substance 12. 

The extension of this work to include a wider range of liquids might 
confirm these postulates and at the same time throw more light on the 
mechanism of liquid-induced crystallization. 

The author wishes to thank I.C.1. Ltd, Plastics Division for their generous 
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A New Technique for Following Rapid 
Rates of Crystallization H 

Isotactic Polypropylene 
J. H. MAGILL 

The depolarized light intensity technique has been used to /ollow the crystal- 
lization o/ isotactic polypropylene. Crystallization rate constants o/ the same 
magnitude as recently published literature values derived from dilatometer 
measurements have been obtained. A maximum in the crystallization rate is 
believed to occur in the region of 60 ° to 70°C. Induction times were derived 
from the rate data. The generation o/nuclei is simultaneous or predetermined and 
the morphology spherulitic above about 115°C. Below this temperature nuclei 
are sporadically formed (in time) and the geometry o / t h e  crystallized specimen 

ranges from spherulitic to unidentifiable shapes. 

CONSIDERABLE attention has been focused recently on the crystallization 
behaviour of isotactic polypropylene because of its novel nature and possi- 
bilities in the fibre and moulding fields. Several papers on the isothermal 
crystallization of this polymer have appeared in the literature. Dilatometric 
techniques T M  have been used to study the kinetics of crystallization in the 
temperature range 120 ° to 160°C 1-', but these methods are limited to 
temperatures where the rate constant is less than 10 -3 minutes -s. Spherulite 
growth measurements are restricted to a similar temperature range because 
of a transition in morphology which occurs not far below 120°C. The lowest 
temperature where spherulite growth rates have been measured 5 is about 
112°C. A higher temperature 4 (117°C) for this transition was deduced from 
induction times of the onset of nucleation in films of fused polymer 
isothermally crystallized in a thermostated silicone oil bath. A recent 
publication 14 which appeared after the completion of this present study of 
isotactic polypropylene outlined the utility of the depolarized light intensity 
or birefringence method for determination of melting points and crystalliza- 
tion rates in polyolefins, but no detailed measurements were presented. 

The present paper is concerned especially with measurement of isothermal 
crystallization of isotactic polypropylene using the depolarized light 
intensity technique described in earlier communications 9-al. The method 
embraces a wider crystallization range than has hitherto been mentioned in 
the literature. The rate measurements are discussed together with some 
observations on polymer texture produced on crystallization. 

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

Polymer 
Shell Cadona White isotactic polyproplene was used throughout these 

experiments. The polymer had an initial inherent viscosity of 2"7 dug  
measured at 135°C in 0-2 per cent (w/v) solution of tetralin containing 0-05 
per cent (w/v)~-naphthol as an anti-oxidant. On melting this polymer, 
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mounted between cover slips in silicone oil for ½ h at 270°C, the inherent 
viscosity fell rapidly in the initial stages of heating but showed a gradual 
levelling off at the end of the melt period. The final polymer had an inherent 
viscosity of 1-5 dl/g corresponding to a M~, of 1"96 x 105 which characterizes 
the polymer in the crystallization experiments described below. The ash 
content of the polymer was 0" 16 per cent. 

Apparatus 
The apparatus used consisted of a stabilized light source used to 

illuminate the specimen on the Ktifler hot stage of the polarizing microscope. 
A photomultiplier was placed over the ocular tube of the microscope so that 
the depolarized light from the crystallizing specimen fell on the photo- 
cathode. The cathode ray oscilloscope-camera arrangement which recorded 
the output from the photomultiplier was used to follow the fast rates of 
crystallization. This was replaced by a variable chart-speed Honeywell 
Brown recorder when making measurements at the higher crystallization 
temperatures where the rates were comparatively slow. A more detailed 
account is given in an earlier publication 9. 

Procedure 
Dried sections (ca. 150 to 200~) of polymer chip were mounted between 

microscope slide cover slips of ~ in. diameter. M.S. 550 silicone oil was 
used as an immersion medium to reduce oxidation of the sample during 
melting. Samples were melted on the Gallenkamp hot stage at 270+3°C 
for 30 minutes followed by rapid transfer to the K~Sfler hot stage of the 
polarizing microscope which was maintained to within I+0.5°C of the 
desired crystallization temperature. The rate of depolarization of the light 
by the sample measured during the isothermal crystallization corresponds 
Io the rate of development of crystallinity during the phase change when 
macrocrystalline structures are formed. All measurements were made within 
the linear operating range of the apparatus. 

R E S U L T S  

Depolarized light intensity / time curves (I/t) 
Typical depolarized light intensity/time curves for a range of isothermals 

where crystallizaton is spherulitic are illustrated in Figure 1. Most of these 
results were obtained using the Honeywell Brown recorder. Photographic 
recordings are similar at the corresponding crystallization temperatures. 

Induction time o[ crystallisation r 
Values of ~" defined as the time interval which elapses during which no 

depolarization of the light occurred for a given crystallization temperature 
were derived from I / t  curves. The induction time/temperature relationship 
for isotactic polypropylene is given in Figure 2. The results cover a wide 
temperature range and show a transition in the region of 115 ° to 120°C. 
This transition is more clearly depicted when the results are analysed using 
the Kantrovitz equation 8 

~ * = k ( A T )  -n  
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where r* is the incubation period and A T = T , -  T,; T,~ being the 'melting 
point' and Tc the crystallization temperature. The identification of r with 
the incubation period provides a useful empiricism for the determination of 
morphological transitions as reflected in the change of the ~xponent n. 
When log (AT) is plotted against log r, results on either side of the transition 
lie on straight lines intersecting at a terlaperature corresponding to 115°C. 

Avrami plots 
The depolarized light intensity versus time plots are readily transformed 

to fit the Avrami equation 

where 8 is put equal to (1,-It)/(l,-Io) which is obtained from the l i t  plots 
of Figure 1. Io, It and Ic are the light intensities corresponding to the initial, 
intermediate and final stages of the isothermal crystallization process as 
detailed in previous papers 9-~1. The Avrami ~ in Figure 3 represents the 
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Figure 3--Light depolarization versus time plots for isotactic polypropylene 
at various crystallization temperatures 

fraction of unchanged material remaining after a time t. The parameters k 
and n in the expressioa describe the rate and mechanism of crystallization 
respectively. 

Figure 4 shows typical plots of In [ - I n  (Ic-l,)/(&-10)] versus In t. Some 
results were also analysed by plotting In (l~-lt)/(l,-lo) versus t" where the 
first portion of the plot (Figure 5) was best fitted to an Avrami n of 3 in that 
region where the nucleation was predetermined and subsequent crystal 
growth spherulitic. 

Morphology 
Microscopical examination of samples crystallized above 115°C reveal 

that spherulitic growth occurs from nuclei which are formed simultaneously. 
The number of spherulites per unit volume decreases while their sizes 
increase, as the isothermal crystallization temperature is raised. The precise 
morphology of structures which grow in specimens crystallized below 115°C 
cannot be completely resolved even when the growth process is arrested at_ 
an early stage by rapid quenching of crystallizing samples to -65°C. 
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X-ray diffraction of crystallized films 
Some X-ray measurements by Dr T. C. Tranter (using a 100/~ collimator) 

on spherulites (ca. 1 500~t) grown at 145°C show that there is a high degree 
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of orientation within these spherulites compared with zero orientation in 
the surrounding quenched material. 

Ordinary X-ray diffraction patterns of samples crystallized on the K6fler 
hot stage at 129°C, 108°C and 62°C respectively have the same spacings 
and relative intensities. There is no preferred overall orientation as assessed 
visually--the patterns appear identical in all respects. 

D I S C U S S I O N  
Crystallization kinetics 

The typical crystallization isothermals illustrated in Figures 1, 3 and 4 
are representative of results obtained by this method. Where the growth is 
spherulitic the kinetics are governed by a predetermined nucleation 
mechanism with an Avrami n = 3 in agreement with microscope observa- 
tions and the results of other workers 1, =, 4. The rate constants calculated 
using the equation 

(lo-lOl(lo-io)=e - ~ '  

agree with results obtained from dilatometric data in the literature =. Rate 
values are plotted in Figure 6 together with the corresponding half-times 
of crystallization. 
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An unexpected result in the rate measurements is the change in shape of 
the normalized plots of Figure 3 which gives rise to an Avrami parameter 
of n = 4  on lowering the crystallization temperature. No satisfactory 
explanation can be put forward for this behaviour, but the effects of internal 
stress and rate of equilibration of the specimen to the crystallization 
temperature at large degrees of supercooling probably introduce uncertain- 
ties in the type of nucleation. Because the morphological structures pro- 
duced below this transition temperature are not unambiguously defined by 
microscope observations, calculations of rate parameters were made using 
both n = 4 and n = 2 in the transformed Avrami equation 

k = In 2 / (t½)" 

since both these n values can be identified with changes which are sporadic 
in time 13. In this equation the parameters k and n have their usual signifi- 
cance and t t is the half-time of the rate process equivalent to the light 
depolarization change. On the basis of these calculations isotactic polypro- 
pylene has a maximum crystallization rate in the region of 60 ° to 70°C 
which means that this polymer must crystallize at an appreciable rate at 
room temperature. The maximum in the rate curve has its origin in classical 
theory ~ and arises because of competing factors contributing to the crystal- 
lization process. The effect of viscosity becomes increasingly important 
exerting a retarding and finally a controlling influence over the growth of 
crystallizing birefringent structures as the temperature is lowered. To date, 
no other experimental technique has given any indication of the position of 
this maximum rate although its existence has been postulated 3. 

Other workers 2 have found that when their rate data are analysed 
according to the relationship 

log k = A - (B / T) - (C / T) (Tin / AT) 2 

(where T, T,~ and AT are respectively the crystallization temperature, 
thermodynamic melting point and supercooling; A, B and C are parameters 
peculiar to the given polymer) positive deviations of the rate measurements 
occur at the higher crystallization temperatures C> 135°C). The higher 
values of the measured over the calculated rates can be explained by 
impurities associated with the high ash content of isotactic polypropylene. 
Any increase in the number of nucleation sites will accelerate the overall 
crystallization rate 7. Such effects will be more obvious the higher the 
crystallization temperature as found experimentally. 

The morphological transition temperature 
An analysis of induction times interpolated from the I/ t  curves of 

Figure 1 shows that the change in mechanism of crystal growth occurs about 
115°C. The change in shape of the normalized isothermals (Figure 3) 
together with the microscopical examination of the texture of samples 
crystallized at temperatures around 115°C are in agreement with the con- 
clusion of the induction time experiments. Isothermal crystallizations 
carded out on the K6fler hot stage will differ slightly from those made in 
silicone oil baths" because of different equilibration rates at lower crystal- 
lization temperatures. However, this difference is not more than a few 
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degrees centigrade in the transition region. The minor disagreement between 
the 115°C found in this investigation and the results of earlier workers 4, 5 
may also arise because of differences on the degrees of polymerization of 
the samples and conditions of fusion 12. 

Thanks are due to Dr T. C. Tranter for the ~-ray diffraction measure- 
ments and to Mr C. Mum]ord ]or assistance with the experimental work. 

Research Department, 
British Nylon Spinners Ltd, 
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(Received August 1961) 
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Melting Behaviour and Spherulitic 
Crystallization of Polycaproamide 

(Nylon 6) 
J. H. MAGILL 

The effect of fusion conditions, moisture and polymer relative viscosity on the 
crystallization behaviour of nylon 6 polymer has been obtained from induction 
time measurements which reflect the rate of appearance of birefringent struc- 
tures during isothermal crystallization. These results are discussed in relation 
to other relevant data on 'order in polyamide melts'. Brief mention is also 

made of the morphology of nylon 6 spherulitic structures. 

DURING the past decade considerable attention has been focused on 
crystallization processes in high polymers suitable for extrusion and/or 
moulding purposes. Until recently, however, there was a dearth of literature 
information especially for those polymers of technological interest in the 
polyamide field. The influence of important factors such as melt conditions, 
adventitious impurities, 'crystallite' stability and molecular weight are not 
completely understood even though these factors have profound effects on 
crystallization behaviour and subsequent polymer texture and properties. 

The measurement of induction times (r) for crystallization is a simple 
technique which can be used to study the influence of melt temperature and 
melt time on the crystallization behaviour and morphology of polymers 1. ~ 
The value obtained for ~- depends on the sensitivity of the experimental 
method for the detection of crystallinity. For microscope methods it is that 
period which elapses between cooling the polymer melt film to the crystal- 
lization temperature and the first observation of a birefringent sheaf when 
the specimen is viewed between crossed polars. 

For a given experimental technique, factors which influence v will also 
affect the half-time of crystallization and hence the crystallization rate 
constant. McIntyre 3 has shown that the limit of the microscope method for 
studying spherulitic formation occurs at a time corresponding to about five 
per cent of the total dilatometric change occurring at the same crystallization 
temperature. 

Kantrovitz" on theoretical grounds predicts that the incubation time, for 
the development of spherical nuclei in a condensed system, varies inversely 
as (AT) ~, where AT is the extent of the supercooling. More generally, 
induction time--k(AT) -n where k and n are constants. 

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

The polymers used were unstabilized commercial and laboratory 
preparations. They were initially free from lactam, contained no titanium 
dioxide and had the average chain length characteristics shown in Table 1. 
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Table 1 

Relative viscosity 9"3 16"1 45"6 51"9 

M~ ~ ,  5 000 9 180 17 990 19 300 

Relative viscosity 70"8 73"0 81"0 I00 

M~ ,~, 24 100 24 700 26 000 29 000 

Relative viscosity (RV) measurements were made on 8"4 per cent (w/w) 
polymer in 90 per cent formic acid solution. 

With the exception of the RV/r  measurements, the polymer used in the 
other experiments was RV 70-8 which had a previous known melt history. 
It had an optical melting of 226°C. 

Temperature control 
The melt bath temperature was controlled to +0"5°C using a Sunvic 

Control Type TS1. The crystallization bath was kept to +0"2°C using a 
mercury regulator with a Sunvic electronic controller Type EA3 and pro- 
portionating head. The thermometers were calibrated against Baird and 
Tatlock N.P.L. standardized thermometers, 

Method 
Cross sections of polymer chip, 50~ ~ickness, were mounted between 

cover slips using MS. 550 silicone oil. After a specified time in the melt bath 
they were rapidly transferred ( <  1 sec) to the crystallization bath for the 
required crystallization period after which the samples were quickly 
quenched in acetone-solid carbon dioxide at -65°C. In this way the 
crystallization was arrested and the induction time was ascertained by 
microscope examination between crossed polars (at x 340). The induction 
time was taken as the crystallization time required just to produce a 
birefringent sheaf in the quenched sample. The measurements were repeated 
two or more times for each set of experimental conditions. 

A similar experimental procedure was used for polymer sections dried at 
160°C for 3 h at 10 -s mm of mercury pressure. These specimens were 
stored over phosphorus pentoxide and later mounted between cover slips 
using dried MS. 550 silicone oil when required. 

All induction time results are accurate to about + 10 per cent. 

R E S U L T S  
Effect of melt temperature on induction time 

Figure 1 shows the dependence of induction time of crystallization on 
crystallization temperature and illustrates the effect of melt temperature, for 
30 minutes melt time, on the value of r for various crystallization 
temperatures in the range 170 ° to 210°C. 

When these results are plotted in the form log r versus log (AT) (Figure 2) 
a transition is noted in the region of 190°C for the higher melt temperatures. 
Above this temperature the slope n is 7; below it n=3. This transition 
temperature moves to higher values as the melt temperature is lowered 
towards the optical melting point. At crystallization temperatures on the 
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higher side of  this observed transition, nucleation of spherulites is sporadic 
in time; below it, the spherulitic nucleation is simultaneous or predeter- 
mined in time. This change in mechanism was verified by microscope 
observation of crystallized films. 

Influence of melt time on induction time of crystallization 
Figure 3 illustrates the dependence of r on melt time (minutes), for a 
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crystallization temperature where the growth occurs from sporadically 
formed nuclei. A similar trend is shown in Figure 4 where the nucleation is 
simultaneous in nature. 

Influence ol moisture and melt time on r 
The ~-/melt time relationships for both dried and undried polymer sections 

are illustrated in Figure 3. All samples were crystallized at 211°C after 
fusion at 259°C. 

When undried spherulitic samples were placed in the crystallization bath 
at 210°C and upwards, the positively birefringent spherulites were readily 
transformed, within 5 to 10 sec, to a granular highly birefringent matrix not 
unlike that associated with the formation of negative spherulites 5 in nylon 
6.6. If the samples and MS. 550 silicone oil are carefully dried beforehand, 
spherulites persist and the visual structure remains unchanged. 

X-ray diffraction patterns (by Dr T. Tranter) of randomized samples 
treated in this way revealed that the crystalline perfection in the heated 
dried specimens was significantly higher than that in the heated undried 
samples. The unheated undried polymer (used as a control) showed a 
perfection similar to that of the heated dried material. 

Dependence of induction time on relative viscosity 
The RV/~- relationship for unstabilized nylon 6 (Figure 5) indicates a 
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Figure 5--RV/r relationship for unstabilized nylon 6 polymer (melt 
temperature 259"C, crystallization temperature 211 *C) 

distinct levelling off for the higher RV polymers for the range studied. This 
plot was obtained for the sporadic nucleation region (211 °C), after melting 
at 259°C for 30 minutes. Under these fusion conditions the high RV 
polymers show a downward trend while the low RV polymers show an 
upward movement towards an equilibrium RV level commensurate with 
these fusion conditions. However, the RV changes involved on melting are 
not of sufficient magnitude to alter significantly the general trend observed 
in Figure 5. 
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Attempts to grow negatively birefringent spherulites 
All attempts to grow negatively birefringent spherulites from crystallized 

samples containing positively brefringent spherulites failed. Experiments 
using melted films for crystallization temperatures in the same range, 205 ° 
to 225°C, have also proved unsuccessful, but birefringent entities of the type 
illustrated in Figure 6 were obtained. In these structures the refractive index 

Figure 6---Birefringent structures formed at 218°C. 
Magnification ×300: reduced 8/10 on reproduction 

for light polarized parallel to the smaller dimension of these 'arc-like' 
structures is greater than that polarized at right angles to this direction. 

DISCUSSION 
Effect of fusion conditions on course o[ crystallization 

Figure 1 shows an enormous temperature dependence of the induction 
time for the higher crystallization temperatures where nucleation is sporadic. 
For a particular melt temperature this dependence is considerably less 
pronounced at lower crystallization temperatures where the nucleation 
process is simultaneous (verified by microscope examination). The induction 
time versus melt temperature relationships indicate that after 30 minutes 
fusion at temperatures above 260 ° 'melting' is substantially completed. 
Below about 260°C there is a definite dependence of the nucleation rate on 
melt conditions. The induction time decreases in magnitude and the 
incidence of nuclei increases as the fusion temperature is lowered. The 
marked dependence of morphological structures on experimental melt 
conditions have also been found by Heckelhammer 8 but the results are not 
detailed. 

Increasing the fusion temperature results in a lowering of the temperature 
of the transition from predetermined to sporadic nucleation 7, 8. For nylon 6 
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this behaviour is reflected in the change of slope in Figure 2. The experi- 
mentally determined value of 7 for sporadic nucleation is not in agreement 
with the theoretical estimate of 4 for spherical nuclei 4. According to 
Mandelkern et al. 1° this apparent discrepancy is explicable on the basis that 
the measured induction time cannot be identified with the incubation period 
necessary to produce stable nuclei. However, a relationship between the two 
quantities is likely to exist and the substitution of the measured induction 
time for the incubation period does indicate that lowering of the fusion 
temperature is accompanied by an increase in the temperature of the tran- 
sition from sporadic to simultaneous or non-random nuclei formation. This 
treatment of results is also helpful in depicting changes in the mechanism of 
nucleation and gives answers in substantial agreement with microscope 
observations on crystallized structures obtained at the same crystallization 
temperatures. 

The position of the transition temperature in the above analysis is 
dependent on the value for the thermodynamic melting point Tin, assigned 
to the polymer. The value of 226°C used in this work is in reasonable 
agreement with that determined elsewhere 11-13. 

Influence oJ melt time on course of crystallization 
The results in Figure 1 refer to melt times of 30 minutes but shorter melt 

times are important and can give rise to heterogeneous nucleation. Figures 3 
and 4 show the induction time versus melt time relationshps corresponding 
to sporadic (211°C) and simultaneous (186°C)nucleation respectively. As 
expected, there is a considerable difference in magnitude of the ~- values for 
these two temperatures, but the trend in r is the same in both instances. It 
is only after melt periods of some five minutes that r becomes insensitive to 
the time of melting and that such conditions of fusion are conducive to 
homogeneous nucleation. On the basis of these results, the heterogeneous 
nucleation noted by Burnett and McDevit la in their study of the kinetics of 
spherulitic growth is immediately explicable since they only melted their 
samples at 300°C for 30 seconds. 

Influence of moisture on nylon 6 crystallization 
Moisture is a prime factor affecting the crystallization behaviour of 

condensation polymers and recently considerable attention has been 
devoted to transition and crystallization phenomena in polyamidesl~-lL The 
onset of nucleation in primary spherulitic crystallization from the melt is 
accelerated by moisture as shown in Figure 3. The unpublished results of 
McLaren and Palmer 16 on the kinetics of spherulitic crystallization in poly- 
hexamethylene adipamide show a similar trend. 

Secondary crystallization processes and molecular re-arrangements in 
these polyamides are also facilitated by moisture 1'~, iv, 18 Annealing in 
water promotes the crystal transition which occurs in the crystalline state ~4. 
In the present work moisture has been found to accelerate the rate of 
secondary processes in films of quenched nylon 6. 

On the contrary, rapid heating of undried crystalline spherulitic samples 
of nylon 6 involves the fast effusion of moisture from within the structures 
and causes disordering on the macroscale (disruption of spherulites) and 
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rnicroscale (decreases in crystalline perfection). Such a process has not been 
mentioned previously in the literature. 

Effect of molecular weight on induction time for crystallization 
The Mn or R V / r  relationship for nylon 6 polymer (Figure 5) shows a 

similar trend to that noted earlier for 6.6 nylon 1. For crystallization at equal 
degrees of supercooling, limiting r values are reached at M~s of 11 500 and 
13 000 for nylon 6 and 6.6 polymers respectively. 

Spherulitic growth rate dependence on molecular weight has been noted 
for polyamides TM 1~, 19 In these polymers, measurements cannot be made on 
narrow molecular weight fractions because of segment interchange and the 
re-equilibration processes which occur in the melt. For this reason, results 
can only be correlated with corresponding M~, relative viscosity or melt 
viscosity data. The viscosity of the respective supercooled polymer melts will 
assume a very important role at low crystallization temperatures. Strong 
amide-amide dipole interactions will also exert a controlling influence over 
the configurations adopted by molecules in the melt prior to the onset of 
crystallizationSO, 51 

Morphology of nylon 6 spherulites 
All known experiments in the literature TM 3o, ~1 and in this work show that 

only positively birefringent spherulites are found in the crystallization of 
nylon 6. 

Order in polyamide melts 
An analysis of viscosity data of melts of non-polymeric hydrocarbon 

molecules~2, 23 suggests that cybotactic groups or clusters persist far above 
the melting point in the molten state. Although a wide variety of states of 
aggregation is possible only a limited number will be conducive to crystal 
formation. For unbranched chain substances such as paraffins and polymers, 
crystallization is facilitated by the segmental behaviour of the molecules. 

The application of numerous techniques has been instrumental in 
acquiring information about both solid and liquid phases in poly- 
amides12.20, 51, 2~, 25. The magnitude of the volume change on fusion or 
crystallization of polymers ~ (ca. 10 to 15 per cent) suggests that molecular 
configurations in the solid cannot be greatly extended in the liquid phase. 
Furthermore, that crystalline platelets having the optical and structural 
properties of single crystals have been grown directly from the melts of 
several polyamides 2r gives further support to this concept. 

Although the origin of the nucleation process in the formation of 
spherulites is not clearly understood, it is believed to stem from suitable 
molecular orientations prevalent in the melt. It  is conceivable that this order 
will be reflected in the incubation times for crystallization or in the observed 

results. 
It would appear that the now discarded theories of Tammann 2s, revised by 

Morgan 9 and by Stuart 29, on the persistence of some states of aggregation 
in the melts, should be re-introduced to explain the intricate behaviour of 
these polyamides in the liquid and supercooled states. Such order will have 
its origin in molecular chain folding or coiling as well as in chain alignment 
in melts of nylon 6 and 6.6. 
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Elucidation of the more precise nature of this state of aggregation may 
come from a study of the melt using X-ray diffraction techniques. 

The author thanks Mr C. Mum]ord and Mr J. A. Nixon for assistance 
with the experimental details. He is also indebted to colleagues at British 
Nylon Spinners Limited lor helpful discussion. 

Research Department, 
British Nylon Spinners Ltd, 

Pontypool, Mon. 
(Received September 1961) 
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Thermodynamic Properties of Dilute 
Solutions of Polymethyl Methacrylate 

in Butanone and in Nitroethane 
EDWARD F. CASASSA* and WALTER H. STOCKMAYER~ 

Solutions of methyl methacrylate polymers, [ractionated and unfractionated, in 
the two good solvents butanone and nitroethane have been studied by light 
scattering. The experimental molecular weight dependence of the second virial 
coefficient A2 is compared in considerable detail with theoretical treatments. 
,4 rough qualitative test is also obtained of a relation between the second 

coefficient and the third. Ternary systems composed of two polymer fractions of 
[ar different molecular weight in butanone do not show a maximum in the 
second coefficient as a [unction of solute composition--a result contrary to the 

prediction of the only pertinent theory. 

DURING the last two decades much effort has been devoted to the develop- 
ment of a quantitatively adequate statistical mechanical theory of the large 
deviations found in polymer solutions from the ideal thermodynamic 
behaviour represented by Raoult's law. Despite the considerable successes 
achieved by the lattice theory of Flory x and of Huggins 2, by treatments 
based on molecular distribution functions 3, and by various combinations, 
refinements, and simplifications of both approaches, the inherent complexity 
of the problem has so far prevented the achievement of a rigorous and 
complete treatment for sufficiently detailed models. For this reason, the 
comparison of theory and experiment is still a matter of importance in 
appraising the adequacy of approximations made in the various derivations. 

In this paper we describe a study by the light scattering method of the 
thermodynamic properties of dilute poly-(methyl methacrylate)---PMMA-- 
solutions in two good solvents, butanone and nitroethane. Specifically, we 
have measured the second and third virial coefficients for a number of 
fractionated and unfractionated polymers covering a hundredfold molecular 
weight range. In addition we have determined the dependence of the second 
coefficient upon composition for a heterogeneous solute obtained by mixing 
in various proportions two polymer fractions of widely differing molecular 
weights. 

M A T E R I A L S ,  A P P A R A T U S ,  A N D  E X P E R I M E N T A L  
P R O C E D U R E S  

Polymers 
The methyl methaerylate polymers used in this work were of diverse 

origins identified as follows: (a) Polymers 5, 7, 8 from the Rohm and Haas 
Co., unfractionated high conversion products prepared with a chain transfer 

*Present address : Mellon Institute, Pittsburgh, Pennsylvania, U.S.A. 
1"Present address : Dartmouth College, Hanover, New Hampshire, U.S.A. 

53 



E. F. CASASSA and W. H. STOCKMAYER 

agent; (b) Fractions 2-3, 9-3, separated by conventional precipitation tech- 
niques from other members of the series of Rohm and Haas polymers and 
supplied to us by the M.I.T. Plastics Laboratory; (c) Sharpened fractions 
2-3S, 5-3S, 5-5S, prepared by us from fractions of series (b) by fractional 
precipitation with hexane or methanol from butanone solutions, the upper 
and lower ends of the distribution being rejected; (d) Polymer D, unfraction- 
ated high conversion polymer from E. I. du Pont de Nemours and Co., 
prepared by 'pearl polymerization' with lauryl mercaptan as a chain transfer 
agent; (e) Polymers I, II, III, unfractionated, low conversion (9 to 12 per 
cent) polymers prepared by us with lauryl mercaptan. 

Solvents 
Butanone and nitroethane were obtained in the purest grades com- 

mercially available. Both solvents were dried and distilled before use. The 
butanone boiled at 80°C and the nitroethane at 112 ° to 114°C. Butanone 
was stored in the dark at about 5°C until used since samples left on the 
laboratory shelves developed a slight yellow colour and fluoresced red upon 
irradiation with green light. 

The photometer 
Since the light scattering photometer used in this work was closely 

modelled after a design published by Zimm4; it is only necessary to mention 
a few modifications made by Stanley 5. As in Zimm's apparatus, the light 
source was a mercury arc operated from a 60c/s  a.c. source. Scattered 
light was detected by a photomultiplier tube (IP21), and a portion of the 
incident beam, by an ordinary phototube (929). The two photocurrents, 
necessarily consisting of 120c/s pulses from the mode of operation of the 
are, were compared in a potentiometer circuit, and the out-of-balance current 
was amplified by a tuned a.c. amplifier and then registered by a suitable 
null detector. The 'magic eye' valve originally specified as the null detector 
was, however, found to be much too insensitive and was replaced by an 
oscilloscope. With this change it became evident that because of capacitance 
effects in leads, the two photocurrents were not combined exactly out of 
phase in the potentiometer and a null reading was not obtained. A phase 
shifting network was therefore incorporated into the circuit and adjusted 
to make a true balance possible. 

The conical sample cell used by Zimm was replaced by a similar but 
much larger one of about 25 ml capacity. The advantage of this cell lay in 
the fact that the photamultiplier could view scattering only from an illumin- 
ated volume at the centre of the cell, to the exclusion of light refracted from 
the glass surfaces as the beam entered and left the cell. The outer jacket 
containing thermostating fluid surrounding the cell, which was also of conical 
form in Zimm's design, was replaced with a crystallizing dish. The cylin- 
drical symmetry of this new arrangement eliminated downward refraction 
of the incident beam in passing through the thermostat and cell and thus. 
obviated the need for a prism to keep the beam direction horizontal. 

Preparation of solutions 
The ordinary procedure in making light scattering measurements was to  

use a series of five solutions increasing in concentration by factors of about 
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two, with the most dilute chosen to have a turbidity roughly double that 
of the solvent alone. 

The essential removal of dust from polymer solutions and solvent was 
accomplished by filtration under nitrogen pressure through an 'ultra-fine' 
sintered glass filter, directly into a light scattering cell, which had previously 
been thoroughly rinsed with portions of the same solution. There was no 
evidence, even for the polymer of highest molecular weight, that solution 
concentration was changed by the filtration: after repeated filtration the 
turbidity of the solution had not decreased, and the filter showed no sign 
of plugging. 

Light scattering measurement~ 
All light scattering determinations were made at 25°+0"5°C with 

unpolarized 5 461 A light. Since solvent and solutions were all run at the 
same time, six cells were needed. Before use, cells were checked by 
measuring the fluorescence scattering from fluorescein solutions in order to 
ensure that all were optically equivalent and did not have flaws producing 
spurious asymmetry in the angular dependence of scattered intensity. 

In order to compensate for drifts in signal intensity, measurements were 
always carried out by a method of repeated comparison between samples 
or between a sample and a standard. Measurements repeated on three 
successive days, with one series of polymer solutions, showed that the 
relative scattering determined in this way at the 90 ° angle on the same 
solution in the same cell could be reproduced to at least +0'25 per cent 
over the range of turbidities encountered in this work. At angles of 45 ° 
and 135 ° precision was somewhat lower, presumably owing to greater and 
more erratic contributions from stray light; but it appears that the dissym- 
metry, the ratio of 45 ° to 135 ° scattering, could ordinarily be reproduced 
with an error of one per cent at most. 

Since the photometer does not measure absolute light intensity directly, 
it is necessary to compare unknown solutions with a standard. For this 
purpose purified dust-free benzene in a sealed cell was used; and its 
scattering power at right angles to the incident beam (Rayleigh's ratio) was 
assumed to be 16"3 x 10 -s, the value determined by Carr and Zimm G. In 
treating data, solvent scattering was always subtracted from the solution 
scattering; thus the effects, presumed constant, of stray light were auto- 
matically eliminated. With the turbidity standard, however, for which the 
total intensity was required, an estimate of stray light had to be made. 
By comparing the apparent ratio of transverse scattering from water and 
from benzene with the correct value, assumed to be 0"054, it was determined 
that 4-06 per cent of the total measured intensity from benzene was due 
to stray light. 

In principle, data must also be corrected for the depolarization of 
scattered light induced by the anisotropie polarizability characteristic of 
most molecules. Appreciable depolarizations were found in this work; but 
an analysis of the geometry of the photometer optical system and com- 
parison of the observed depolarization of benzene with the published values 
indicated that the effect was entirely spurious, arising largely from the 
slightly divergent form of the incident beam. Consequently no correction 
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was required. It seems likely that the depolarization is similarly negligible 
for most polymers; hence the all too common uncritical application of 
corrections for measured depolarization probably introduces much larger 
errors in measured molecular weights than would the complete neglect of 
the effect. 

Finally, two other sources of experimental error that were also taken 
into account must be mentioned. The photomultiplier was found to be more 
sensitive to horizontally than to vertically polarized light by a factor of 
1-025 at 5461 A. This fact introduces a small error in the comparison of 
the scarcely depolarized scattering at right angles due to the polymer 
solution with the scattering of benzene, which shows a larger depolarization 
effect. Another source of difficulty in the comparison of solutions with the 
standard lies in the fact that benzene has a considerably higher refractive 
index than the polymer solutions studied in this work. Since the cell and 
the liquid filling the thermostat around it act as a lens, the illuminated 
volume observed by the photomultiplier depends on the refractive indices 
of the sample and of the outer bath. Moore 7 has worked out the correction 
to be made when the thermostat fluid has a refractive index of about 1"4 
(a value close enough to the indices of butanone and ethyl acetate, the 
liquids actually used). Because the incident beam leaving the sample cell 
was intercepted by a piece of absorbing glass immersed in the thermostat 
liquid, no correction was required for the effect of the considerable back- 
reflection of light from a glass/air interface 8. 

Refractive index increment 
The refractive index increment (the derivative of refractive index with 

respect to solute concentration)was determined by comparison of solutions 
with solvent in a Brice~Phoenix differential refractometer 9.1°. Measure- 
ments made with polymer concentrations of about 0.01 and 0-02 g ml -~ 

indicated, as expected, a value independent of concentration. For the 
PMMA-butanone system an average of several determinations gave 
0.111 mlg -1 at 250C for the green line of the mercury arc, 5461 A, with 
uncertainty estimated at no more than +0.002. The same refractive 
increment was found by Cohn and Schuele 11 under identical conditions 
and by Bischoff and Desreux 1~ at 28°C and 4880A. A value of 0.109 at 
the same temperature and 5 461 A, apparently in agreement within experi- 
mental uncertainty, was determined by Jose and Biswas is. A few other 
values both somewhat higher and lower have also been reported 1~. A result 
of Bhatnagar and Biswas ~4, lower by an order of magnitude, has now been 
explained by an experimental error ~3. 

A refractive increment of 0"094 was used for solutions in nitroethane. 
This value was not determined independently but was chosen so as to 
make molecular weights of the polymers best agree in the two solvent 
systems. 

Intrinsic viscosity 
Values of the intrinsic viscosity of some of the polymers in nitroethane 

are cited below in Table 2. They were determined in conventional Ostwald- 
Fenske viscometers at 25"0"C. Kinetic energy corrections were applied, 
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The data for two fractions and six unfractionated polymers ranging in weight 
average molecular weight Mr from about 1 x 105 to 2 x l0 s obey the relation 

[7] =5"70 x 10-SM~ °'' ' 

Two results at lower molecular weight indicate a smaller exponent. If this 
is assumed to become 0-50 in a sharp transition ~-~3 the critical point lies 
at a molecular weight of about 60 000. 

D I S C U S S I O N  A N D  I N T E R P R E T A T I O N  O F  T H E  
E X P E R I M E N T S  

Analysis  oJ light scattering data 
For the purposes of the present treatment we write the virial expansion 

of the equation of state relating to Rayleigh scattering from a solution of a 
heterogeneous solute in the form 

K e  1 
R (0) = 2~ M,P, (0) w~ + 2"42c + 3,43c s + . . .  (1) 

i 

,42 = M?~ 2 ~ Bi~M~Mjwiwj 
J 

K = 2~:2n 2 (dn/dc)  s/N)~ ~ 

where M~ is the molecular weight of the polymer species i comprising a 
weight fraction w~ of the solute. The total polymer concentration c is in 
units of mass per unit solution volume. The excess scattering (reduced 
intensity for solution less contribution from solvent) at an angle O from 
the direction of the incident beam is denoted by R (0); and the intensity 
distribution normalized to unity at 0--0, for an isolated molecule of species 
i is given by P, (0). The second and third terms of equation (1) in which we 
identify As, ,43 with the second and third virial coefficients, respectively, 
are in general only approximate l°, but become exact subject to either of 
the sufficient conditions that the dimensions of the solute molecule be small 
compared with the wavelength of light or that the angle O approach zero. 
In the constant K, N is Avogadro's number; X the wavelength of the 
incident light in vacuo; and n, the refractive index of the solution. The 
assumption is implicit that all solute species have the same refractive index 
increment dn /dc ,  an approximation certainly acceptable for high polymers 
differing only in molecular weight. 

In this investigation, measurements of scattered radiation were made at 
only three angles: 45 ° , 90 ° and 135 ° . Since this information does not 
provide an adequate basis for completely empirical extrapolation of the 
data to 0--0, the determination of the weight average molecular weight is 
probably best carried out with the aid of assumptions concerning the form 
of P (O) and of the molecular weight distribution. We assume that P (0) for 
each polymer species is given by s° 

P (0) = 1 - {u + t~-u s + . . .  

u = (16~SnS/X ~) (sS> sin s (~)  

which is the correct form for a strictly random-flight chain with mean 
square radius of gyration (s~). Integrating this P(O) over an assumed 
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molecular weight distribution 4,21 such that the weight fraction of polymer 
of molecular weight in the range dM is given by 

f (M r ) dM = Z + I Z+~ M z (:-M--~ ) ~. exp[ - (Z+I )M/M,~]dM (2) 

we obtain an averaged P (0) at 90° 

Pc~I (90)= (~I~ f P (90) M f(M) dM) -~ 

_ _ q  + q2 [ 1 Z - l ]  
= 1 +  2cos9 ~ - e ° s ~ ( ~ ) -  8 ( ~ - 2 )  +" "" 

where the dissymmetry q + 1 is defined by 

q+ 1 =JR (9)/R (~-9)] 
with 9 in this work always 45 °. The parameter Z characterizes the dispersity 
of the molecular weight distribution. For Z = 1 equation (2) reduces to the 
polyester type distribution ~, which also applies to vinyl polymerization at 
low degrees of conversion with termination by chain transfer to solvent~; 
while for Z = oo the polymer is homogeneous. 

In treating experimental data, the series forms for Kc/R  and p%l were 
approximated by their first three terms: 

Kc 
R (90) - A ~ + 2A2c + 3A sC 2 (3) 

Azl=pz(90)  M~, 

p~l (90) = 1 + 0"7071q + ,4q 2 (4) 

where A=0.146 when Z = I ;  0"075 when Z=5 ;  and 0"038 when Z=20.  

Table 1. Light scattering measurements for PMMA in butanone at 25°C 

Polymer A t x l 0  s A~×106 Aa×10 a P-1(90) Mw×10 -5 AaMw/[~]* 
code ml g-Z ml 2 g-3 z 

Unfractionated polymers 
I 48.5 4.02 1.4 1.00 0.206 95 
HI 24.4 3.78 1.3 1.00 0.411 108 
D 7.67 2.39 1.9 1.04 1.36 96 
II 4.42 2.22 2.8 1.06 2.41 104 
S 2'77 2.09 2.4 I .  16 4.19 115 
7 1-71 1-77 2.9 1.27 7-42 114 
8 0" 963 1.39 6.1 1.67 17.3 114 

Fractions 
2-3 7 '91 3 "04 - -  1-03 1 "30 120 
2-3 8" 23 2" 82 1.8 1" 01 1.22 110 
9-3 0'679 1.07 17 1 "87 27-6 100 
9-3 0"712 1' 10 9"0 1 "78 25' I 100 

Sharpened fractions 
2-3S 7.38 2-83 1.7 1.01 1.37 114 
5-5S 5" 06 1.98 2.2 1.02 2.02 89 
5-3S 2" 13 1.57 8.6 1.15 5.37 92 

*The intrinsic viscosity was calculated by equation (13). 
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Rather arbitrarily, these values of Z were assumed, respectively, for the 
unfractionated samples, for the ordinary fractions, and for the sharpened 
fractions. The experimental values of c /R  (90), obtained ordinarily at five 
different concentrations, were fitted by a quadratic expression in c. Since 
the least-squares method for determining the quadratic coefficients is 
laborious arid, although completely objective, involves the arbitrary 
assumption of a normal distribution of errors, it seemed just as well to 
use the somewhat simpler trial and error procedure of adjusting parameters 
until no trend was discernible in a plot of the deviations from the trim 
function. Greater weight was given subjectively to data at the higher 
concentrations, in accordance with experimental precision. From the three 
parameters of the quadratic function, A~, A3 and MwPz (90) were obtained. 
The value of Pz (90)at  infinite dilution was determined by extrapolation of 
a plot of 1/q versus concentration to infinite dilution since this relation is 
nearly linear ~. 

Table 2. PMMA in nitroethane at 25°C 

Polymer At × 106 A2 × 104 A3 x 103 Pz a (90) Mw x 10 -5 [vl] A2Mw 
code 100 ml g-X [~] 

I 45"4 5.51 2"4 1.00 0.220 0.116 104 
III 24-8 4-38 3-2 1.01 0.410 0'170 106 
D 7.44 3"09 3'9 1 "05 1 '42 0"379 116 
II 4.28 2"72 6'7 1 '05 2'45 0.573 116 
7 1-79 2.05 10.1 1.28 7.16 1.28 115 
8 1-04 1.68 14.7 1.78 17.1 2"39 120 
2-3S 9.09 3'38 3"9 1 '04 1.14 0.322 120 
5-3S 2-06 1.73 18.8 1.16 5.64 1.06 92 

The assumptions involved in equations (3) and (4), while not satisfactory 
generally, are completely acceptable if the dissymmetry is not too much 
greater than unlty. For  all the polymers studied here of molecular weight 
less than 10L experimental errors are probably greater than any inaccuracy 
in these expressions. For  the three polymers of highest molecular weight, 
the adequacy of the treatment may be less certain, but the conclusions to be 
drawn from the results could scarcely be changed. Furthermore, since the 
molecular weight distribution of the samples is not known, a more elaborate 
and more accurate treatment of the data does not appear worthwhile. The 
use of 90 ° measurements alone to determine A2 seems justified since no 
significant difference was found when, with the highest molecular weight 
polymers, 45* measurements were tried instead. We have not calculated 
molecular radii of gyration from our angular scattering data since readings 
at many angles are needed to provide reliable values. 

The second virial coefficient for fractiortated and un~ractionated polymers 
Results obtained by the foregoing analysis are given in Tables 1 and 2, 

and the second virial coefficients are shown plotted in Figure 1. 
For  both butanone and nitroethane as solvents, the familiar decrease in 

A2 with increasing molecular weight is apparent, the experimental results 
for unfractionated polymers in both eases being fairly well fitted by 
A2 ~ M -°'25. More precisely, least-squares fitting of the results for whole 
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Figure /--Second virial coe~¢ient for polymethyl metha- 
crylate in butanone OAk and in nitroethane C)A. Circles 
indicate whole polymers; triangles, fractions. Results of 
Bischoff and Desreux on four fractions in butanone n .  
Computation of the three theoretical relations (for the 
butanone system) shown is described in the text: for the 
Flory-Krigbaum-Orofino (FKO) curve, f is unity; for 
the others, 0"4913. Duplicate measurements on fractions 

2-3 and 9-3 are indicated 

polymers in butanone gives an exponent of -0.242 and the corresponding 
value for nitroethane (with the point at lowest molecular weight not 
included) is -0-257. Empirically an expression of this form has been 
found to hold in a variety of systems over a wide molecular weight range. 
The magnitude of the negative exponent parallels roughly the solvent power, 
and in the present cases is nearly as large as one ever finds. It appears 
qualitatively from Figure I that the apparently random errors are distinctly 
larger for solutions in butanone than for those in nitroethane and that the 
nine points for fractions follow a much more erratic course than do the 
results on whole polymers. The first effect may very well be due to absorp- 
tion of small amounts of atmospheric moisture by butanone and the latter 
suggests that some of the fractionations may have given products of peculiar 
molecular weight distribution. It has been observed before that PMMA is 
difficult to fractionate effectively 12,1',~2.2s and it has been suggested that 
incipient crystallization is responsible. It is even conceivable that fractiona- 
tion may effect separation with regard to variation in stereospecific structure 
as well as in molecular weight. It definitely seems that the experimental 
uncertainties are larger than errors of measurement inherent in the 
apparatus and must reflect real differences in the solutions under study. 
It is not possible to conclude from the present data whether A2 differs for 
fractions and whole polymers of the same weight average molecular weight; 
but if one speculates that fraction 2-3, and fraction 2-3S derived from it, 
are abnormal, the other fractions would appear to give lower values than 
the unfractionated samples. It should be recalled, however, that the second 
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virial coefficient from osmotic pressure for acetone solutions of PMMA has 
been found the same for fractions as for whole polymers at a given number 
average molecular weight le. We have also entered on Figure 1, four points 
obtained by Bischoff and Desreux 12 for high molecular weight PMMA 
fractions in butanone. These virial coefficients appear higher than ours, 
considerably so in comparison with our fractions of similar molecular 
weight. 

Although comparison between experiments on unfractionated polymers 
and theoretical predictions for homogeneous species must be taken with 
considerable reserve, they are still of interest in view of the lack of an 
adequate treatment of the effect of a distribution in molecular weight. In 
Figure 1 we show curves computed according to three theories: that of 
Flory and Krigbaum 2~'2~ as expressed in an approximate closed mathe- 
matical expression by Orofino and Flory ~ (FKO), a rather different 
development by Casassa and Markovitz (CM) ~', and a refinement of the 
latter method by Casassa (CM II) ~7. All the theories in question give A o 
in the form 

A2 = YF (X) (5) 

The common 'single contact' factor Y, invariant to molecular weight but 
temperature dependent, is multiplied by a function F, which decreases 
monotonically from unity with increasing molecular weight to approach 
zero asymptotically. The theories are concerned essentially with the pre- 
diction of a form for F. 

The parameters necessary for determining the theoretical curves exhibited 
in Figure 1 were derived from viscosity measurements treated according to 
the method of Flory and Fox 1' ~. Specifically the characteristic temperature 
0 and the entropy of mixing parameter +, (to use the symbolism adopted 
by these investigators) were obtained from viscosity/temperature data and 
the relation 

~5 _ ~s = 2Cmf¢, (1 - O/T) M '/2 (6) 

from Flory's theory T M  of chain configuration. The molecular expansion 
factor ~ at temperature T was found from 

~8, = [,7] / [~]0 (7) 
where ['7]e represents the intrinsic viscosity in a solvent for which 0 ~ T. 
The molar volume of solvent and the partial specific volume of solute are 
denoted by V1 and ~ respectively. The constant Cm was also obtained from 
viscosity data and assumed to be independent of solvent, thus a quantity 
characteristic of the polymer and temperature. In the original derivations of 
Flory and Fox the factor [ is always unity; but Stockmay& ~ has more 
recently suggested on theoretical grounds that a value of 0-4913 should be 
preferred. 

For PMMA in butanone, the actual numerical values we utilized are as 
given by FoxS2: 

0 = 175 ° K rex = 0"075 C,, = 0"0457 
V~ = 90 ml ~ = 0-821 g ml- 

Curves are shown in Figure 1 for this system only, since the necessary 
information does not exist for PMMA-nitroethane. 
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In terms of these thermodynamic and configurational constants, the single 
contact term in A2 is written 

Y=~I  (1 - O/T) (~/V1) 

No additional information is needed for determining the function F. In 
the FKO treatment this is given by ~s 

F (X)Fxo ~ (4/~1/2X) In (1 + ~1/2X/4) (8) 
where 

X=-(4C,~1/~ 3) (1 -e /T)M~/2  = (2/l) (~2_ 1) (9) 

the last equality implying acceptance of equation (6). Then with X related 
to M through e and equation (6), the same constants being used as in 
computing Y, one can evaluate A~ according to equation (5), For the CM 
theory the procedure is the same except that now F (X) is given by 27 

F (X)~,~ ~ [1 - exp ( -  1 "093X)] / 1 "093X (10) 

For statistical mechanical treatments, it is usually convenient and it has 
more or less become standard to use a variable z, which may be defined 
in terms of Flory's thermodynamic parameters by 

z = (4/33/2) Crumb1 ( 1  - O/T) M x/2 
hence 

X = 3~/2z1~" 

In the CM II modification 2' of the CM theory, the function of equation (10) 
is retained but a different variable X" is introduced 

X ' =  1 "507 (a~ - 1) 

The expansion factor a2 used here refers to a cluster of two interacting 
molecules and is related to the experimentally accessible quantity e by 

a 5 - a s =(134/105) z 
and 

a~ - e~ = 2.043 z 

In this last derivation of the molecular weight dependent part of A~, the 
choice of f=0-4913 is implied; hence, for the sake of consistency, this 
value is used in calculating the other factor Y. 

The FKO theory with {= 1 predicts quite well the magnitude of A2 but 
the slope is not negative enough. The FKO curve for/=0"4913,  which we 
have not shown, would give a much less satisfactory result: a value of A2 
much too large at molecular weights above 50 000 with the slope only 
slightly improved. The CM theory, on the other hand, gives an A2 
decidedly too small but a molecular weight dependence which is fairly 
realistic for f=0.4913. The use of the larger f with this theory would 
worsen the agreement with experiment, giving A2 smaller than that shown 
and a decrease with molecular weight somewhat too slow. The best repre- 
sentation is given by the CM II  theory: the virial coefficient is still predicted 
to be too small, perhaps by some twenty per cent, but the molecular weight 
dependence is fairly well reproduced. Although we regard the fact as of 
little significance, this theory does agree almost precisely with the data 
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on the three fractions of highest molecular weight. Qualitatively our results 
are in agreement with findings reported on other good solvent systems 
studied osmotically: polystyrene in toluene 27'~s'33, polyisobutene in cyclo- 
hexane ~r'28,33, and PMMA in acetone 16. Light scattering studies 17 on the 
system last named have given results exhibiting the same general character. 
The major apparent defect of the FKO treatment is always the prediction 
of an insufficient molecular weight dependence while the CM and CM II 
theories give A2 in some degree too small. Again, the FKO theory always 
gives reasonable results only with [ as unity while the other treatments 
strongly favour 0"4913. 

It should perhaps be emphasized that this agreement of theory with 
experiment, such as it is, has been obtained by methods completely 
independent of the thermodynamic measurements. No adjustable parameters 
have been introduced to impose agreement at any particular point. By 
inserting an arbitrary scale factor in equation (9), and thus requiring merely 
a proportionality between X and ~ -  1 in the FKO theory, it is sometimes 
possible to rectify the inadequate molecular weight dependence ~3 of A~; 
but for both the systems discussed here, this procedure would require very 
large, physically meaningless values of X. For the other theories, relatively 
modest adjustments of this kind would serve the purpose. Our method of 
deducing the theoretical A2 is open to the objection that the results do 
depend on both the theory of intrinsic viscosity and on the configuration 
theory through equation (6) and therefore do not indicate unambiguously 
the adequacy of the various forms for F. The most questionable of our 
assumptions is perhaps the form of equal.ion (6) linear in MX/2, as in fact 
( ~ 5  ~3)/M1/2 is usually found to increase somewhat with M and perhaps 
to go through a maximum a'3"'~. 

Although the theories examined above do not exhaust pertinent deriva- 
tions concerning the second virial coefficient-~-4°; we choose to limit the 
present discussion to these possibilities except for a few comments passim 
on some of the others. Krigbaum et al. ~° have developed a theory capable 
of reproducing the full range of behaviour from the FKO theory to the 
CM II theory through variation of a parameter appearing in the molecular- 
weight dependent function in addition to X. Another of the thermodynamic 
theories, by Isihara and Koyama 37, is practically equivalent to. the FKO 
treatment even though the formalism is quite different. Their replacement 
of a simple Gaussian segment density distribution about the molecular 
centre of mass by a more correct sum of Gaussians (one for each chain 
segment) makes only insignificant changes numerically over the normal 
range of physical applicability. A recent assertion 41 that the Isihara-Koyama 
theory is in good accord with experimental data on PMMA in a number 
of solvents while the FKO theory fails by comparison, hangs upon two 
rather infelicitous assumptions: that f is best taken as 0-4913 in the FKO 
theory and that the variable X' in the Isihara-Koyama theory is propor- 
tional to z rather than to z / ~  as in the FKO treatment. It is quite true that 
the molecular expansion is not mentioned explicitly in the Isihara-Koyama 
derivation; but the logical necessity of including it implicitly has been 
pointed out "~. 

63 



E. F. CASASSA and W. H. STOCKMAYER 

Recently Kurata, Stockmayer and Roig 43 have developed a new theory 
of chain configuration. Since they propose a different relation in place of 
equation (6) and a smaller exponenff 2 in equation (7), the evaluation of 
thermodynamic parameters from viscosity measurements would be affected 
although the structure of the FKO and CM theories would not be altered 
per se. On the other hand, in relating ~2 of the CM II theory to ~, we did 
assume the form of equation (6). 

In the final column of Table 2 are shown values of the dimensionless 
ratio A2Mw/i[~] for PMMA in nitroethane. If only the unfractionated 
polymers are considered, this quantity appears to be nearly constant, 
probably increasing slowly with molecular weight. Empirically, of course, 
this fact merely reflects the approximate dependence of A2 and [,/] on 
M -°'25 and M °'75 respectively. It is interesting that constancy of this ratio 
would be predicted for the asymptotic behaviour of A~ at high molecular 
weight according to all the theories discussed above and also to an earlier 
one developed by Flory 3~ on the basis of a very simple model, a repre- 
sentation of a polymer molecule as a sphere containing chain segments 
uniformly distributed. In the CM theory, for example 

0.228~ 3 
F (X)o• ,~ 0-914/X= Cm~b 1 (1 - O/T) M 1/2 (11) 

Then, with the relation 
,'[~/] =K1M1/2a ~ 

and equation (5), this leads to 
A2M /{~] ~ 0"228:f~ / K1C,~V, (12) 

a result which, it is to be noted, is not affected by uncertainty about the 
proper value of f in equation (6). The CM function F attains essentially 
asymptotic behaviour at rather small values of X--equation (11) is in error 
by less than two per cent for X > 4---in contrast to the FKO function 
which attains a similar dependence only in a much higher range of the 
variablee~, ~7. 

Since we have made no intrinsic viscosity measurements in butanone on 
the polymers studied here, a direct determination of A2Mw/[~] cannot be 
presented. However, to calculate the values given in the last column of 
Table 1, we have used a relation (for fractions at 30"C) established by 
Cohn-Ginsberg et al.~ 

{,/]=6"83 x 10-SM °'2 (13) 
which agrees very well with other published work ~a'". The results obviously 
resemble closely those for PMMA-nitroethane. Lest it be thought that 
these systems necessarily exhibit almost asymptotic behaviour, we note that 
putting K~ from equation (13) into equation (12) gives A2M/',[rl],,~550. 
The CM II theory requires merely the replacement of a* in equation (11) 
by ~--~(1.60)° '~;  hence the numerical constant in equation (12) is 
increased by a factor of 1-33. In the analogous form of the FKO theory the 
constant is also somewhat increased, by a similar factor 1.38. 

The third virial coefficient 
Empirical values of the coefficient A~ determined by fitting the quadratic 

expression, equation (3), to 90* light scattering data are shown in Tables 
64 



THERMODYNAMIC PROPERTIES OF POLYMETHYL METHACRYLATE 

Table 3. The third virial coefficient 
g in butanone g in nitroethane 

Polymer Experiment Theory Experiment Theory 

I 0-42 o. 10 o. 36 o. 16 
III 0.22 o. 12 0.41 o. 19 
D 0.24 0.18 0.29 0-24 
II 0.24 0.20 0.37 0.26 
5 0.13 0.22 
7 0.12 0-25 0.34 0.30 
8 0 . 1 8  0 . 2 9  0 . 3 0  0 . 3 3  

2-3 0.19 0-17 
2-3S 0.15 0.18 0.30 0.23 
5-5S 0-28 0.20 
5-3S 0.65 0.23 1.1 0.29 
9-3 0.54 0.21 
9-3 0,30 0-21 

1 and 2. For  comparison with theory an appropriate quantity is g = A 3 / A ~ M ,  
which is listed in Table 3 for the polymer samples studied in this work. 
The theoretical values for butanone solutions were obtained from a relation 
between g and ~ developed by us 4~ some years ago with ~ from equation (6) 
and the constants given by Fox 3~. The same method was used for the 
PMMA-nitroethane solutions except that the relation 

~ _ ~3 =4"4 x 10-~MX/2 

for this system was derived from direct light scattering measurements of 
molecular radii of gyration by Moord .  Since this equation depends on 
but two somewhat discordant observations, it is to be regarded as only an 
approximation. 

As an aid in extrapolating thermodynamic measurements to. infinite 
dilution, Flory et al. 2~'4~ originally suggested that g be assigned the value 
5/8, correct for hard sphere molecules. For  'soft' spheres, however, the 
ratio must be less than this. With the aid of a probably unrealistic but 
mathematically tractable intermolecular potential function and an approxi- 
mate graphical method of matching its parameters to those of the Flory-  
Krighaum model, we found g to increase slowly from zero for ~= 1 to 
approach the asymptotic hard sphere value only for ~ of somewhat larger 
magnitude than one would expect to find even for very high molecular 
weight (uncharged) polymers in good solvents. Another theory by Koyama 3~ 
gives practically indistinguishable results. The present experiments agree 
with the theory in indicating that the hard sphere model is altogether 
inadequate, but at low molecular weights the theoretical g seems too small. 
It  must be remembered that this comparison is of necessity very crude: not 
only does the theory itself very obviously lack in rigour, but the apparent 
A3 has been used without regard to the effects of a distribution of molecular 
weight, of dependence on scattering angle, and of the possible inadequacy 
of a virial expansion cut off at the c 2 term. 

In fitting light scattering data for good solvents by a quadratic expression, 
as in equation (3), Flory 1 has proposed to set g equal to 1/3 as an 
improvement over the hard sphere value. If this arbitrary g is sufficiently 
accurate, a plot of [ K c / R  (0)] 1/~ against c (with intercept M -1/~ and slope 
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A~I[M3Pz (0)]11 ~) can be fitted by a linear relation to higher concentrations 
than can the more conventional plot with Kc/R (O) as the ordinate. The 
present experimental results support this suggestion as a g of 1/3 appears 
to lie within the considerable experimental uncertainty in the majority of 
cases. 

Mixtures of two ]ractions 
Although a useful theoretical derivation of the second virial coefficient for 

heterogeneous polymers appears as a difficult (and still largely unrealized) 
task, the simplest example of a mixture of two polymer species differing 
only in molecular weight in a single solvent has been worked out for the 
FKO theory 25. The theory predicts, perhaps surprisingly, that under some 
conditions As may pass through a maximum as the relative proportions of 
the two solute species are varied. (The rigorous statistical method of Zimm ~, 
carried to the approximation of double intermolecular contacts, reveals no 
maximum in A:2 but the result is applicable only in the neighbourhood of 
the 0 pointer.) Considerable interest attaches, therefore, to evaluation of 
this aspect of the theory by comparison with experiment. Only a very few 
measurements on such mixtures have been reported: polyisobutene-cyclo- 
hexane and polystyrene--toluene systems investigated osmo;ically showed 
maxima as expected33; but PMMA fractions in acetone, studied both by 
osmotic pressure and light scattering, yielded data, which on close analysis 
proved indecisive for assessing the realit3~ of the predicted maximum ~,49. 
In the present study we have made measurements on three mixtures of 

Table 4. Mixtures of fractions 2-3 and 9-3 in butanone 

A1 (90) × 10 e 
w4 Expt Calc. 

Az (90)× 104 Bz4× 10 a 

0 8"07* 2"93* 
0"0588 5"25 4-98 1"91 1'50 
0'0597 4'91 4"95 2'09 1'90 
0"177 2'88 2'81 1'47 1.68 

1 0-696* 1"08" 

*Averages from two determinations: see Table 1. 

fractions 2-3 and 9-3 in butanone to obtain the results given in Table 4 
and also presented graphically in Figure 2 together with theoretical relations, 
the evaluation of which is described below. 

Before discussing our results, it is necessary to remark that the variation 
of apparent A~ with scattering angle cannot generally be ignored if angular 
dissymmetry is large and the two polymer components are of widely 
different molecular weight. Denoting the lower molecular weight polymer 
by subscript 2 and the higher by subscript 4, we write 

A2 (O) = B~,M~P~ (8) ~ + 2B2,M~P2 (0) M,P, (0) w2w, + B,,M~P~ (0) w~ (14) 
[M2P~ (0) w~ + M,P, (8) w,] ~ 

where w2 and w4 represent the weight fractions of components 2 and 4 in 
the solute so that w2 + w4 = 1. This relation is a generalization of the single 
contact approximation 19 to a polymer mixture s, so. The apparent virial 
coefficient A~ (8) converges at 0=0  to the purely thermodynamic expression 
for A2=A~ (0) in a mixture of two solutes. 
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Figure 2--Second virial coefficient for mixtures of fractions 
2-3 and 9-3 in butanone. C urve  A is for the FKO theory 
with f=  1; curve B for the same theory forced to fit the 
experimental data for the binary systems and with/'=0-4913. 
Tho dashed line is determined by experimental parameters 
Bzz, B24, B44, respectively 2-93 x 10-% 1"69 x 10-% 1"08 x 10 -4 

i 
10 

The three coefficients B2z, B,, and B24 characterizing the thermodynamic 
interactions among components may be obtained from measurements with 
three solute compositions. Most simply, measurements on the two binary 
systems of polymers 2 and 4 in the solvent yield M2Pz(O), M,P, (0), Bz2 
and B,4, from intercepts and slopes of Kc/R (0) versus c; and then measure- 
ments on any one ternary system give the remaining unknown, the cross- 
coefficient B24. The values of Bz4 given in Table 4 were determined in this 
way, the properties of each of the two binary solutions being taken as the 
average of two determinations. A partial check is possible since the inter- 
cept [M2P~ (0) w~ + M,P, (0) w,] -1 for a ternary system can be calculated 
from the binary system intercepts. It is a quite simple matter to show "° that 
the condition for the appearance of a maximum in As is that B2, be larger 
than both Bz2 and B~,. For B24 intermediate between Bz2 and B,4, Az is a 
monotone function of w. The interpretation of measurements representing 
various compositions to evaluate B.~, according to equation (14) provides 
a much more sensitive means of establishing the reality of the maximum, 
which, if it exists at all, is not usually very marked, than does a completely 
empirical examination of data. In other words, the imposition upon the 
experimental data of a definite analytical form that can be accepted as 
correct reduces the uncertainty of interpretation. 

The calculated values of B24 give an average value of 1 "7 x 10 -~ and thus 
indicate that a maximum in A2 cannot exist in this system. This result is 
interesting in that the Flory-Krigbaum theory predicts B2, to be greater 
than B~2. In the present case the theory is unequivocal since a sufficient 
condition is merely that M~/M2 be greater than 4-24 with B~2 and B4, 
positive, irrespective of particular values of the thermodynamic parameters 
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contained in X. For the two fractions used here, however, this ratio is 21. 
Aside from the sparsity of our data and the possibility of a difference in 
stereoregularity of the two polymers, the only doubtful consideration 
remaining is the effect of heterogeneity of the individual fractions. We have 
no way of determining this, but it is easy to show that the form of 
equation (14) is unaffected. If the fractions are in fact heterogeneous, the 
quantities MP(O) and B determined experimentally actually represent 
averages over the values for the individual species present. 

The two solid curves presented in Figure 2 show theoretical relations 
based on the FKO theory. In one instance (curve A) with Fox's 3~ constants 
and [ as unity, we made a completely independent evaluation generalizing 
the FKO variable X in equation (9) to the case of interaction between unlike 
polymers by the expression ~5 

M~M4 2/3 M~ 2/3 

and then using B~, = YF (X~4) in equation (14). Repeating this treatment 
with [ as 0"4913 led to a similar curve lying above the one shown but gave 
no better semblance of conformity with the empirical results. 

To calculate the other curve we again adopted Fox's constants to deter- 
mine Y but forced the theory to fit the experiments for the binary systems 
by letting F(X) equal A2/Y for these. Then making use of equations (8) 
and (15) to find X2~, X,4, and thence X~4 and F (X~4), we again invoked 
equation (8) to obtain B24. This last scheme failed with [ = 1 for then F (X~0 
was found to be greater than unity and consequently X22 was negative, a 
physically meaningless result for a system in a good solvent. With f as 
0'4913, however, this difficulty was avoided, and curve B of Figure 2 
refers to this case. For the calculations of X24, average molecular weights 
M~--1-26 x 105 and M4=2"64 x 10" were used. 

The theoretical interaction coefficients determining curve A are 
B22=l '90x 10-", B24=2"16 x 10 -4, B~4=1-54 x 10-4; and for curve B the 
calculated cross-coefficient is B24=3"30 x 10 -4. These plots illustrate, as we 
indicated above, that sufficient experimental precision to permit direct 
unambiguous observance of a maximum in graphs of A.2 against w would 
often be difficult to attain. For the virial coefficient from osmotic pressure 
the situation is somewhat different: the equivalent function is parabolic in 
form with a broader maximum less compressed toward low concentrations 
of component 4 and thus probably easier to discern empirically 2~ from a 
limited number of experimental points. 
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I 
Properties of Dilute Polymer Solutions 

Osmotic and Viscometric Properties of 
Solutions of Conventional Polymethyl 

Methacrylate 
T. G Fox*, J. B. KINSINGERt, H. F. MASON and E: M. SCHUELE 

This is the first report of  a series on the properties of  dilute solutions of con- 
ventional polymethyl  methacrylate designed to characterize the chain length 
and its distribution, the intramolecular chain interactions and the thermo- 
dynamic interactions with solvent and their effects on the chain dimensions, 

and to establish the accuracy and reproducibility of such data. Herein [~]/Mn 
relations in benzene at 30 ° are established for  both [ractionated and unfrac- 
tionated polymers f rom ebulliometrie determinations in benzene for Mn from 
200 to 6 × 103 and from osmotic pressure measurements in two or more solvents 

for Mn from I04 to 7 × 105. Evidence is presented that the values of  Mn so 
obtained are generally accurate and reproducible within an uncertainty o] 

three per cent. The observed curvature and its molecular weight dependence 
in osmotic pressure~concentration relations is in general accord with 

theoretical expectation. The identity of  [,/]/Mn relationships found for unfrac- 
tionated polymers prepared both with and without added chain trans[er agent 
indicates that both have the same molecular weight distribution and that dis- 
proportionation is the predominant mode o f  termination of  methyl  methacry- 

late radicals at 60 ° . 

INVESTIGATIONS of the properties of dilute polymer solutions can provide 
data on the polymer chain structure, average degree of polymerization, and 
average chain conformation. The data on chain length and structure 
generally provide information on certain vital details of the polymerization 
mechanism. The data on chain conformation contribute to the characteriza- 
tion of intrachain interactions and of the thermodynamic interactions of 
segments of the polymer chains with their surroundings. Such knowledge is 
useful in the interpretation of the hydrodynamic, thermodynamic, and 
mechanical properties in bulk and in solution. Consequently it is important 
to obtain precise measurements of dilute solution properties of wen- 
characterized polymers over wide ranges in the pertinent variables. 

In view of the difficulties in duplicating the results of such measurements 
in different laboratories 1, it is of particular importance to demonstrate the 
validity and reliablity of the data. It was with these objectives in mind that 
the work reported in this and in subsequent communications was initiated 
several years ago. Polymethyl methacrylate, chosen as the first polymer for 
investigation in this and in the two companion papers ~ was prepared by 
conventional free radical polymerizations in bulk or in benzene at 50 ° or 

*Present address : Mellon Institute, Pittsburgh, Pennsylvania. 
1"Present address : Department of Chemistry, Michigan State University, East Lansing, 
Michigan. 

71 



T. G FOX, J. B. KINSINGER, H. F. MASON and. E. M. SCHUELE 

60 ° carried to low conversions (generally 8 to 32 per cent). The results are 
therefore characteristic of 'conventional polymethyl methacrylate', believed 
to consist of monomer anits united head-to-tail in random sequence of 
syndiotactic and isotactic placements of nearest neighbours occurring with 
probabilities of ca. 0"77 and 0"23, respectively3. It should not be assumed 
that the parameters obtained in these investigations will necessarily be 
characteristic of other stereochemical forms of this polymer 3a. 

Extensive osmotic measurements at 30 ° with different osmometers, 
membranes and solvents on eight well-fractionated polymethyl methacrylate 
samples ranging in number average molecular weight, M,, from 12 000 to 
725 000 provide a rigorous test of the validity of the osmotic techniques. 
Ebulliometric molecular weight determinations were made on seven other 
fractions of M, from 200 to 6 100. These data, together with intrinsic 
viscosity data on the fractions, establish over a wide range for fractionated 
polymethyl methacrylate the molecular weight dependence of both the 
intrinsic viscosity, [,/], and the second virial coefficient, U~. Comparison of 
the molecular weights with the results of light scattering measurements 2 
provides information on the efficiency of the fractionation procedures. 

Similar data were obtained on two series of whole polymers ranging in M~ 
from 160 000 to 650000, prepared to low conversion in bulk polymeriza- 
tions at 60 ° with 2,2'-azobisisobutyronitrile (AIBN) as the initiator. 
Comparison of the data on the whole polymers with those on the fractions 
yields information on the effect of molecular weight heterogeneity on [7] 
and on P2. 

The whole polymers in one series were polymerized with various amounts 
of the chain transfer agent n-butyl mercaptan, such that the chain transfer 
reaction was the predominant mode of chain termination. For such 
polymers, the expected molecular weight distribution is known ~, e.g. the 
ratio of Mw/M,=2, where Ms is the weight average molecular weight. In 
the other series of polymerizations no mercaptan had been added, so that 
the molecules were terminated chiefly by a biradical reaction, either dis- 
proportionation or combination. Since termination exclusively by combina- 
tion yields a narrower distribution', i.e. M~/Mn=I'5, comparison of the 
osmotic-intrinsic viscosity data on the two series provides a basis for choice 
between the alternate possible modes of biradical termination. Confirmation 
of this choice is afforded by comparison of these data with the [~]/Mw 
relationship for polymethyl methacrylate ~ as well as comparison of the 
osmotic data with light scattering data on six of these whole polymers. 

The present results are discussed in relation to the existing related 
experimental and theortical relationships in the literature. 

E X P E R I M E N T A L  
Preparation of polymers 

Twenty polymers were prepared by polymerization (Table 1) of methyl 
methacrylate with AIBN or (in two cases) benzoyl peroxide as initiator. 
Polymers prepared as materials to be fractionated were generally isolated 
from reactions carried to low conversion (8 to 32 per cent) by dropwise 
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addition to a five- to ten-fold excess of rapidly stirred precipitant, either 
methanol or Skellysolve B (a commercially available mixture of low boiling 
paraffmic hydrocarbons), and dried in vacuo at 110 °. The four lowest 
molecular weight polymers prepared in reactions carried to high conversions 
were not precipitated; instead, the solvent benzene and/or residual 
monomer were evaporated under vacuum. The large excess of AIBN 
employed in two cases was precipitated by cooling the concentrated 
solutions and was then filtered out. 

The second and third sets of polymers (Table 1) prepared as materials 
for molecular weight distribution studies were polymerized to low con- 
version (ca. I0 per cent) and were isolated in such a manner (cf. seq.) that 
the lower molecular weight polymer species would not be lost. Polymeriza- 
tion conditions were chosen such that the molecular weight would not be 
too high for accurate osmotic molecular weight determinations, and not so 
small that an appreciable fraction of the shorter polymer chains would 
diffuse through the osmotic membranes. 

Dimethyl e-methylene-e'-methyladipate (methyl methacrylate dimer) was 
prepared by a modification of the method described by Albisetti et al. 5. 
Methyl methacrylate containing 0.1 per cent hydroquinone was pumped 

Table 1. Deta i l s  of  polymer iza t ions  

A1BN Reaction 
Desig- conc. Solvent time, h, and Conv. )kt v x 10 -a Precipi- 
nation m/l x 102 conc. temp., °C % tant§ 

Polymers  for f rac t ionat ion  

M M A  2 1 (BPO)* - -  3 /30 ° 8 (700) M e O H  
M M A  4 1.2 - -  4 /50 ° 15 660 M e O H  
M M A  I 4 (BPO)* 0 . 8 5 t  5 .5/50 ° 27 200 M e O H  
M M A  3 4 0.,85t 3 /50 ° 32 120 M e O H  
J K  14 0 .10  63 *+ 24 /60 ° 95 28 N o n e  
J K  4 1  0"17 215 ~ 48 /60 ° 95 15 None  
J K  16 3 .0  9 .4  t 2"3/60 ° 80 - -  None  
J K  17 4 .6  20 I 3 '  5/60 ° - -  1 • 28 None  

Whole  po lymers  polymerized wi thout  chain transfer  agent  

A I N  2 0 .26  - -  - -  /60 ° 11.0 1 260 M e O H  
J K  4 0 ' 3 4  - -  1 .0  /60 ° 7 .4  1 000 SS 
A I N  4 0 .47  - -  - -  /60 ° 11.6 891 M e O H  
A I N  5 0.61 - -  - -  /60 ° 11.9 870 M e O H  
J K  3 0 .76  - -  0 .65/60 ° 6" 8 690 SS 
A I N  A '  2-8 - -  - -  /60 ° 10.3 363 M e O H  
JK 5 3 .0  - -  0-5 /60 ° 9 .8  316 SS 

Whole  polymers  polymerized with n-butyl mercap tan  

J K  8 0 .04  2.3:~ 4 .5 /60  ° 9 .2  800 SS 
N B M  1 0"0026 2-4.t 4 /60 ° 7"4 690 SS 
J K  7 0-04 3.9:~ 4 /60 ° 7 .7  562 SS 
N B M  2 0 .026 5.0.t 4 /60 ° 7-4 385 SS 
JK  6 0 .04  6.3:~ 5 /60 ° 10.2 355 SS 

*Benzoyl peroxide (BPO) was used as initiator in these preparations. 
tMolar  ratio, benzene: M M A .  
~Bmy! mercaptan, m/Ix 10 ~, 
§MeOH designates methanol; SS, SkeUysolve. 

73 



T. G FOX, J. B. KINSINGER, H. F. MASON and E. M. SCHUELE 

under pressure through a coil held at 325°C. The pressure was maintained 
at 1 500 lb/in ~ and the average holding time in the coil was 4-5 rain. The 
conversion of methacrylate to high boiling products was 26.5 per cent of 
which 80"8 per cent was dimer, 15"1 per cent trimer, and the remaining 
4 per cent unidentified high boiling products. Tentatively the trimer has 
been assigned the structure 5 

CH2 COOCH~ CH3 
If I P 

CHa OOC--C---CH~CH~---CH--CH~CH2---CH---COOCH~ 

The methacrylate dimer was hydrogenated to the saturated analogue whose 
properties have already been described s. 

The tetramer of methyl methacrylate was prepared by refluxing methyl 
methacrylate dimer containing 0" 1 per cent hydroquinone for four hours at 
245 ° to 250°C under a blanket of nitrogen. Conversion of dimer was 45 per 
cent of which 74"5 per cent was tetramer and 25 per cent higher polymers 
of methyl methacrylate. The tetramer of methyl methacrylate boils at 199 ° 
to 202°C/0"4 mm, nD ~5 1"4649. A probable structure is 

CHs OOC--CH(CH2)~CH--CH2--CH---CH2--CHCOOCH3 
I I I I 

CH~ COOCH3 C=-CH2 CH3 
I 
COOCH3 

The viscosity average molecular weights, M~, listed in Table 1 were 
calculated from the intrinsic viscosities (in dl/g) at 30 ° in benzene by the 
relationship 

log M~ =(log [,7] + 4"28)/0"76 (1) 

established in the companion paper s" . 

Isolation of whole polymers 
The following considerations indicate that the present whole polymers 

can be isolated satisfactorily without appreciable loss of low molecular 
weight species by precipitation at room temperature by the addition of a 
dilute acetone solution of the polymer to a tenfold excess of Skellysolve B. 

At room temperature approximately ten per cent by weight of a low 
conversion unfractionated polymethyl methacrylate of M~ of 20 000 was 
found to be soluble in a 10:1 ratio of Skellysolve/acetone, when from 4 to 
40 g of this polymer was ~uilibrated with 1 1. of the mixed solvent. 
Assuming the polymer had tile expected 'random' chain distribution for 
vinyl polymerizations propagated by monoradicals and terminated by a 
transfer reactionL and assuming the number average degree of polymeriza- 
tion of the polymer to be 100, it can be shown by a method illustrated most 
recently by Valentine e that the chains of n ~ 50, where n is the degree of 
polymerization, constitute nearly ten per cent by weight of the mixture. If 
as a first approximation we assume from this that only chains of n ~ 60 are 
soluble in this mixed solvent, we can again employ Valentine's method to 
estimate the fraction of chains soluble in the precipitation in this medium 
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of an MMA polymer of known distribution. Thus for polymers having the 
'random' distribution and having M~ of 150 000 to 600 000 the error in M~ 
introduced by the solubility of the shorter molecules (n < 60) is estimated 
Io range from four to one per cent respectively. Such errors are not serious 
in the present instance. 

Four of the whole polymers were isolated with a tenfold amount of 
methanol as the precipitant. Assuming (on the basis of the observed 
solubility of fractions) that chains of n <~ 200 are soluble in this mixture, the 
error in M, due to this preferential solubility is between three and ten per 
cent for 'random' polymers of M~ from 650 000 to 200 000. Thus methanol 
should not be used in isolating the whole polymers of methyl methacrylate 
in the low molecular weight range. 

Since the osmotic membranes used proved to be sufficiently impermeable 
to polymer chains to permit accurate molecular weight measurements of a 
lraction with M~ as low as 12 000, clearly such membranes can be used to 
determine the M, values of the present whole polymers of Mn ~ 167 000 
with negligible error from the diffusion of the small species. 

Fractionation 

Seven polymers were fractionally precipitated by successive addition of 
non-solvents to their solutions at 30 ° according to the general technique 
described earlier 7. Certain of the separated fractions were redissolved and 
then refractionated. In the high molecular weight range, third fractionations 
were generally carried out. In three cases the yield of polymer was so small 
that two similar fractions were mixed to provide a sample for the dilute 
solution studies. Usually the whole polymers were first fractionated from 
solutions of initial concentration of ca. 0-1 per cent into three to five sub- 
fractions. The solvent employed for the higher molecular weight polymers 
(M r :~ 55 000) was generally acetone with either methanol or 1 : 1 mixtures 
of methanol and water as the precipitant. In the low molecular weight range 
the most effective solvent-precipitant combination found was carbon 
tetrachloride-Skellysolve, although acetone--Skellysolve, acetone-water, and 
benzene--Skellysolve combinations were also employed in the moderate 
molecular weight range. 

Out of some sixty fractions prepared in this way eleven 'best' fractions 
were chosen for this study. The details of the fractionations are available 
on request. 

Intrinsic viscosities 

Solution viscosity measurements made at several concentrations were 
extrapolated by plotting versus the concentration c both the reduced specific 
viscosity ~,p/c and the corresponding value of (In ~) /c ,  where ~ =  1 + ~,p 
is the relative viscosity. The common intercept at c=0  was taken as [,1]. 
Ubbelohde viscometers having flow times for benzene at 30 ° of ca. 70 see 
or 250 sec employed for the high and low molecular weight polymers, 
respectively, were calibrated and used in the manner described previouslyL 
The kinetic energy correction was always applied. Concentrations were so 
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chosen that the specific viscosities generally ranged from 0'2 to 0"8. In the 
range studied here ([7] ~< 2"5), the correction for non-Newtonian behaviour 
was found to be negligible ~b. Temperature control of +0 '02 °C was 
achieved with a water bath and a thyratron relay. 

Osmotic techniques 
The osmometer, a modification of the Schulz-Wagner type 8 (Figure 1), 

Figure /--Diagram of osmometer: A, 28/15 spherical 
socket joint, ground optically fiat on bottom; B, 9 in. 
precision bore (1 ram.) capillary; C, steel shim stock 
band; D, stainless steel plates; E, 6 bolts; F, Niehrome 
wire and stainless steel suspension hanger; G, 7/15 
joint; H, membrane; I, vent for air trapped under cell 

i.__/ "--H 

consists of a glass cell (A) and capillary containing the solution in contact 
with the membrane (H). The assembly is suspended in a large glass tube 
containing enough solvent to immerse the cell almost completely. A 
matched reference capillary tube (B) is employed to correct for the capillary 
rise of the solution. Two stainless steel plates (D) pulled together by six 
bolts (E) hold the membrane against the polished flat bottom surface of the 
cell. The upper plate rests against the outer wall of the cell; the base of the 
lower plate has six concentric circles cut into its upper side, with 28 holes 
punched through the troughs to provide access to the solvent. A thin disc of 
porous filter paper inserted between the membrane and the lower plate 
protects the surface of the membrane from any sharp edges on the latter. 
The membrane acts as its own gasket in sealing the cell. A glass joint (G) 
permits removal of the capillary for filling or emptying the osmotic cell. 
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After filling the cell and putting the capillary in place, the joint G is sealed 
by mercury poured into the space about it, provided first that no air bubbles 
are visible in the cell. The cell was always rinsed several times with the 
solution before filling, and the concentration was determined by method of 
residue after the osmotic pressure measurement was complete. Temperature 
control was obtained by immersing the tube containing the solvent and cell 
into a large water bath whose temperature was held with the aid of a 
thyratron relay at 30"5 ° +0'003°C for short periods, and to +0"01 ° over a 
period of months. The osmotic pressure, expressed here as cm of solution, 
represents the difference in height of the liquid levels in the two capillary 
tubes, measured with a cathetometer reading directly to + 0"01 cm. 

The basic premise of osmometry is that the membrane is permeable to 
the solvent but not to the solute. It is necessary to demonstrate that this 
condition is met for the given polymer-solvent-membrane system. With truly 
semi-permeable membranes the molecular weight calculated from the limit- 
ing equilibrium osmotic pressure extrapolated to infinite dilution should be 
a characteristic of the polymer independent of time, of the membrane, and 
of the solvent. Consequently confidence in the validity of the results is 
heightened if the same molecular weight is obtained with different 
membrane-solvent combinations. For this reason with few exceptions we 
adopted the procedure of employing at least two different solvent-membrane 
combinations on every polymer sample studied. 

The membranes investigated in our preliminary work included these 
types: polyvinyl alcohol 9, Carter-Record x°, bacterial cellulose 11, Ultracella 
Filters1% and wet regenerated cellulose treated according to the method 
described by Flory 13. Of these, the latter two were found most convenient 
and suitable for this investigation. The Ultracella membranes are available 
in three grades, 'dense', 'very dense', and 'super dense', which we will 
designate as UC-d, UC-vd, and UC-sd. The wet regenerated cellulose 
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Figure 2--Equi l ibra t ion  curves at 30 ° for  various 
so lven t - -membrane  pairs 
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membrane (obtained from the Sylvania Division of American Viscose and 
designated as No. 300) is referred to as type F. Since the rate of penetration 
of solvent depends on the membrane-solvent pair (Figure 2) we shall always 
prefix the name of the solvent to the membrane designation. 

A measure of membrane permeability to solvent is obtained by filling the 
osmometer with solvent and determining the rate of approach of the driving 
head to zero height. This qualitative test is used to screen membrane and 
osmometer assemblies for leaks. The permeability to the polymer may be 
characterized by plotting the osmotic height versus time when the osmo- 
meter is charged with solution to a level below the equilibrium osmotic 
height, Ideally, the liquid should rise to its equilibrium position and there- 
after remain constant. Actually, diffusion of low molecular weight polymer 
through the membrane will cause a decrease in height versus time. Thus the 
rate of decrease of osmotic height versus time for a standard polymer con- 
centration (Figures 3 and 4) is a measure of the permeability of the 
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Figure 3---<)smotic equilibration curve at 30* for poly- 
methyl methacrylate with acetone-F membranes.  Concen- 
trations from top to bottom are 1"5, 1-3 and 2"0 g/100 ml 

membrane to the low molecular weight components of the sample. This rate 
is dependent on the membrane-solvent pair and on the molecular weight 
and molecular weight distribution of the polymer. In the present instance, 
the toluene-F membranes were suitable for polymer fractions of M, as low 
as ca. 10 000, whereas the acetone-F membranes were suitable for whole 
polymers of M--'~ at least as low as 50 000. It was observed that although the 
super dense Ultracella membranes were less permeable to toluene than the 
F membranes, they were more permeable to the low molecular weight 
polymers. 
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In practice, curves such as those shown in Figures 3 and 4 were obtained 
and the osmotic height extrapolated linearly to zero time (the time of 
charging of the osmometer). The data were reported here only if the slope 
of this line was ~< 0'4 per cent per hour. This criterion of acceptability is 
such that the error introduced by the linear extrapolation will be small in 
the present case. 

Ebulliometric Mn determinations 
The Hansen-Bowman 1" modification of the Menzies-Wright ebulliometer 

was used with a highly sensitive thermocouple in the place of the water-filled 
differential thermometer. Copper-constantan thermocouples (e.m.f. of about 
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Figure 4---Osmotic equilibration curves at 30 ° for a frac- 
tion of polymethyl methacrylate of M ~ = 1 5 7 0 0  with 
toluene-F membranes.  Concentrations from top to 

bottom are 1"18, 0'64 and 0"32 wt % 

6"05 mV per degree) were made from 3 mil wires and mounted in a glass 
tube of 4 mm outside diameter bent at the base similar to the Menzies 
differential thermometer. A Liston-Becker amplifier, capable of amplifying 
the output of this thermoeouple to permit detection of differences of as little 
as 0.0002°C between the solution and vapour junctions of the couple, was 
employed. An Esterline-Angus graphic milliammeter was used to record 
the amplified output. 

The ebulliometric technique used was the external standard method 
involving a comparison of the boiling point elevation produced by the 
addition, of equal molar quantities of the sample being studied and the 
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standard to equal volumes of the same solvent. Benzil (M=210) was most 
commonly used as the standard. The number average molecular weight 
was calculated from the following relationship 

g sample x M, standard x change due to 
addition of standard (in chart units) 

M, sample = 
g standard x change due to addition of 
sample (in chart units) 

It  was not necessary to extrapolate the concentration versus At  data to zero 
concentration since the extreme sensitivity of the instrument allowed us to 
work with solutions of sufficiently low concentrations to approach ideality. 
This method made possible the measurement of molecular weights in the 
range of 1 000 to 10 000 with + 5 per cent accuracy. 

Solvents 
The solvents used were redistilled at a high reflux ratio in a 60 in. 

column packed with stainless steel helices. The first and last sixths of the 
distillate were discarded. 

R E S U L T S  
Osmotic data 

Osmotic measurements (Appendix) were obtained on eight fractions and 
twelve low conversion whole polymers, generally at five or more concen- 
trations in each of two solvents, acetone and acetonitrile. Often different 
osmometers were employed in measurements at the different concentrations 
in a series. Data were obtained in a third solvent, toluene, in one instance. 
Since toluene-F membranes proved to be least permeable to low molecular 
weight polymer, measurements on the three fractions of lowest molecular 
weight (M, < 20 000) were made exclusively in this system. 

Plots of ~/c versus e (Figure 5) are best represented by curved lines in 
accord with the theoretical relationship 1~ 

/ c = RT/M, (1  + I~2c + 1~3c ~ + . . . )  (2) 

Here ~ = hp is the osmotic pressure at polymer concentration c (g/rnl of 
solution), h is the corresponding height (era of solution), R is the gas 
constant (8"4783 × 104 g c m  mole -1 deg-1), T is the absolute temperature, p 
is the solution density (g/ml), and I~2 and r3  are virial coefficients. It is 
apparent that the data covering the widest range in concentration must be 
represented by curved lines. On first inspection it appears that those data 
covering relatively narrow concentration bands may be represented by either 
straight or curved lines. However, the values of M,  obtained for a given 
fraction by linear extrapolations to infinite dilution are different for different 
solvents, indicating that such linear representations are not reliable for the 
precise evaluation of M, and of the virial coefficients. 

Guidance in extrapolating properly data on ~ versus c is provided by 
theoretical considerations relating the virial coefficients in equation (2) x*-17. 
Thus it is expected ~7 that I '3=gI~ where the coefficient g is a slowly 
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Figure 5---~/c versus c at 30 ° for polymethyl methacrylate 
solutions in toluene Ot, acetone O,  or acetonitrile C). The  
curves are drawn according to equation (3) with the para- 
meters of Tables 2 and 3. Here ¢ = hp where h is in cm of 
solution, p is solution density in g/ml ,  and c is g polymer/  

ml of solution 

increasing function of r2---one that is about ¼ in a good solvent and 
vanishes as r2  goes to zero. Since the third term is important here only as 
it aids in the accurate evaiuation of the preceding terms, and since it makes a 
negligible contribution to the poor solvents throughout the concentration 
range covered osmotically, it suffices to take for g its appropriate value in a 
good solvent 1T, i.e. 0"25, and to treat it as a constant. Neglecting higher 
terms, equation (2) can be reduced to 

(c) ~'~ (RT~/=[1 1 ) ~ RT = \ ~ . . ]  \ +2I-'2c c ~ 3 M . -  (3) 

Thus, as suggested by Berglund-Larsson ts and illustrated subsequently l°, 
plots of (~/c) 1/2 versus c should be linear, with values of M.  and r2  obtain- 
able from the intercept and slope of the line. 
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Table 2. Data on polymethyl methacrylate fractions 

Osmotic Mw × 10 -a 
Designation [~] in benzene 3¢n x 10 -a F~ in acetone, from light Mw[M, 

at 30 °, dl/g cma/g scattering2a 

XF 1B+F2 1.80 
3F1D 0.89 
3F5B & C 0.58 
3M1 0.278 
JK14M2B 0.281 
JK14M4C 0.145 
JK 41 F2 0.121 
JK 14M5C & D  0.111 

JK 16 F4 0.089 
JK 16 F5 0' 074 
JK 16 F8 & 9 0.058 
JK 16 F l l  & 12 0.053 
JK 17 0.039 
Tetramer* 0.022 
Trimer* 0.019 
Dimer* 0.011 
Saturated dimer* 0.011 

Osmotic 

726 95 
278 46 
166 33 
66 15 
64 12.3 
20"2 
15.6 
12.3 

EbuHiom~r~ 

6-10 
5.25 
3.43 
2.53 
1.28 
0'393 
0.300 
0-199 
0"194 

865/=7 1 "194-0"01 
3604-5 1 "304-0"02 
223d:2 1 "344-0"01 

814-1 1"234-0'02 
76:k5 1"194-0.08 

22=t=1 1 '41 4-0"07 

*Strictly speaking these do not represent members of the homologous series since their structures do not 
correspond to the head-to-tail arrangements of monomer units characteristic of the macromolccular species. 

Table 3. Data on unfractionated polymethyl methacrylate 

Osmotic 
Desig- [~] at 30 ° in F2 in Mn x 10 -a J~w X 10 -a 
nation CoHe, dl/g acetone, osmotic from light .~w/M-, 1.05 Mv/J~n 

cma/g scattering za 

Polymerized with n-butyl mercaptan 

J K 8  1"63 61 402 8804-10 2"194-0"03 2"09 
NBM 1 1 "45 61 382 1.90 
JK 7 1 "22 49 285 (492) (1 "73) 2"07 
NBM 2 0 "91 35 209 1 "94 
JK 6 0"86 37 179 3704-20 2"064-0" 12 2"08 

Polymerizecl without transfer agent 

AIN 2 2" 27 88 647 2.05 
J K 4  1-86 77-5 517 1 1004-100 2-134-0"20 2-04 
AIN 4 1" 80 65 457 2"05 
AIN 5 1- 71 68 434 2" 10 
JK 3 1 -40 51 "3 332 7504-30 2.264-0.09 2.18 
AIN A' 0.88 35 "0 201 1.90 
JK 5 0'80 28.8 162 3704-20 2.284-0.12 2"05 

Av. 2.114-0.14 
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Plots of (=/c) x/2 versus c for the present data are in all cases linear, as 
illustrated in Figure 6, and for a given polymer yield values ol M. which are 
independent of the solvent within an experimental uncertainty of- + 3 per 
cent. Thus. we have employed such square root plots and equation (3) to 
determine all of the values of M. and F2 given here (Tables 2 and 3), 

Viscosity~molecular weight data on ]ractions 

The solution viscosity and ebulliometric data were obtained by well- 
established techniques and normal concentration dependence was always 
observed 2. The resulting values of [7] in benzene at 30 ° for M. obtained 
either osmotically or ebulliometrically, and for P=. are tabulated (Table 2) 
for fractions of po!ymethyl methacrylate. Values of light scattering 
molecular weights (Mw) obtained elsewhere 2a are also given. 

A log-log plot of [~/] versus M. [Figure 7(a)] is represented by two straight 
lines intersecting at M. = 44 000 corresponding to the relations 
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Figure 7(a)--Log-log plot of observed values of p/] 
versus Mn for polymethyl methacty|ate fractions in 
benzene at 30% O, osmotic and 0 ,  ebulliometdc 

determinations of M .  

Figure 7(b)--~Comparison of literature values of [~/] 
versus M .  (points) for polymethyl methacrylate frac- 
tions in benzene at 30 ° ~ t h  the present results (full . 
fine): • Sch6n and Schu]z 21, Q Baxendale et al. 2s, 

Schulz and Dinglinger 24, L1) Bischoff and D e s r e u x  2 ° ,  

and x Doll 22 
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[7] = 6"27 x lO-SM. °'~s M. t->/44 000 (4-1) 

and PMMA fractions in benzene 
at 30 ° 

[1] = 10"4 x 10-'M~ °~° M. ~ 44 000 (4-2) 

Deviation from the linear approximation of equation (4-2) occurs at the 
lowest molecular weight investigated (200); the data for the trimer and 
tetramer are adequately represented by equation (4-2) even though their 
structures are not truly representative of the higher members of the 
homologous series. 

Comparison of the present results with comparable results of earlier 
workers is afforded by Figure 7(b). The excellent agreement with the most 
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recent work 2°~z2 and the observation that the present data on low molecular 
weight polymers may be represented by a single line independent of whether 
the values of M. were obtained osmotically or ebulliometrically provide 
evidence for the validity of the number average molecular weight values. 
The deviations of the results of the very early work of Baxendale et al? s and 
of Sehulz and Dinglinger ~' from the present findings is not tmexpected in 
view of the greater molecular weight heterogeneity which doubtless 

0'3! 

Z 
01 

t I 
5.2 55 58 

log M. 
Figure 8--Log-log plot of observed values of [~] 
versus Ma in benzene at 30* for whole polymers of 
methyl methacrylate, prepared with • and without O 

added chain transfer agent 

obtained in their less extensive fractionations. Even in the repeated 
fractionations carried out here, the ratio (Table 2) of M~o (from light 
scattering to M. is generally 1"2 to 1"4, in accord with the results obtained 
by others 2°, ~5 who have also attempted careful and repeated fractionations. 
Evidently it is more difficult to get fractions of M~o/M, <~ 1.1 with poly- 
methyl methacrylate than for less polar polymers such as polystyrene and 
polyisobutylene ze. 

Viscosity/molecular weight data on whole polymers 
The results of the viscometric, osmotic and light scattering studies on the 

twelve low conversion whole polymers prepared both with and without 
n-butyl mercaptan are summarized in Table 3. Data for both series plotted 
as log [7/] versus log M. fall on the same straight line (Figure 8) correspond- 
ing to the relationship 

[,/] = 8"69 x 10-SM. °'re unfractionated polymethyl (5) 
methacrylate in benzene at 30 ° 

In such a relationship for a series of polymers of a given molecular weight 
distribution the value of the exponent will be independent of the 
heterogeneity in chain length, but the value of the coefficient will be a 
characteristic of the distributional Since a single value of the coefficient is 
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observed to apply to both series of whole polymers prepared with and 
without a chain transfer agent, it follows that the two series undoubtedly 
have similar molecular weight distributions. This will be so if biradical 
termination at 60 ° occurs predominantly by, disproportionation, when 
M,o/M. for both series of polymers will be 2.0, and the ratio of the 
coefficient in equation (5) to the coefficient for a series of polymers homo- 
geneous in molecular weight should be 1"642r, ~a. Thus the ratio of the 
coefficients in equations (5) and (1) should be approximately 1 "64; in accord 
with this the ratio found is 1 "67. Similarly the ratio of 1 "05 M J M .  should 
be 2"0; correspondence to this within +5 per cent is observed for eleven 
of the twelve whole polymers studied (Table 3). The ratio of M~,/M. 
obtained in six cases by direct comparison of light scattering and osmotic 
data (Table 3) averages 2"11, in satisfactory agreement with the above 
findings within the wider fluctuations inherent in the light scattering 
measurements2L 

In summary, the coincidence of the [q]/M. data for the two series of 
polymethyl methacrylates indicates that they have the same molecular 
weight.distribution such that M,o/M. = 2"0. The fact that observed values of 
Mw/M. (or of the related ratio 1"05 MJM.) based on light scattering and 
osmotic measurements are 2"0 within experimental error, is indicative of 
the accuracy of the absolute molecular v~eight scales which rest on the 
experimental techniques described here and in the companion paper 2b. 

Molecular weight dependence of the virial coefficient 
Values of 1"2 in acetone versus M. for the whole polymers and for the 

fractions are given on a log-log plot in Figure 9. They may be represented 
by a single line corresponding to the linear relationship 

I~2(dl/g)=A2M.=2.63 x 10-SM. °'r8 PMMA in acetone at 30 ° (6) 

Data on 1~2 reported by others 2°, ~2, 22 for polymethyl methaerylate in 
acetone (Figure 9) are generally ten to twenty per cent higher than given by 
equation (6). In all of the prior investigations values of A2 were obtained 
from linear representation of ~/c versus c plots, whereas the present results 
require that a non-linear relationship such as equation (2) must apply. It is 
readily shown that use of a linear relationship, although it may present 
adequately data covering a limited concentration range, leads to erroneously 
high values of 1-'~ and of M.. The errors thereby introduced in 1-'2 are 
appreciable (ca. 5 to 20 per cent) even at concentrations sufficiently low that 
only negligible errors in M. arise. Precise determinations of I'2 require even 
more care in choosing a proper extrapolation procedure than does the 
precise determination of M.. 

DISCUSSION 
Biradical termination mechanism 

The conclusion that disproportionation is the predominant mode of 
biradical termination in the free radical bulk polymerization of methyl 
methacrylate at 60 ° is in agreement with the findings of Bevington, Melville 
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and Taylo# '° who report that polymethyl methacrylate formed at 60 ° by the 
action of AIBN labelled with 1~C in the methyl group contains an average 
of 1"08 initiator fragments per molecule, i.e. that disproportionation occurs 
about six times as frequently as combination. It is also in accord with the 
findings of kinetic and molecular weight studies ala, as discussed by O'Brien 
and Gornick slb. 

Alleii and co-workers s2 working with unfractionated polymethyl metha- 
crylate prepared at 60 ° with laC labelled AIBN or benzoyl peroxide report 
[ ~ ] / M n  values which almost exactly fit equation (5), thereby supporting the 
present results which indicate that biradical termination occurs pre- 
dominantly by disproportionation. However, their finding of between 1"24 
and 1.27 initiator fragments per molecule, corresponding to disproportiona- 
tion occurring only 1'5 times as often as combination, is in only fair 
agreement with this conclusion. This apparent inconsistency could be 
explained easily for initiation by benzoyl peroxide, wherein initiator 
fragments may be incorporated in the polymer directly by termination, and 
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Figure 9--Log-log p]ot of ~2 versus M~, obtained 
from the present osmotic data for po]ymcthy] 
methacry[ate fractions C) and whole polymers • Lq 
acetone at 30 °. The other points represent similar 
data from the literature: 4E) Bischoff and 
Desreux ~°, × Schulz and Doll 2a, (~ Chien et al. 2~ 

not just by initiation. Thus their data s2b indicate that phenyl radicals 
represent about 40 per cent of all the initiator fragments in the polymer, 
while Bevington 83 concludes that phenyl radicals are extremely inefficient 
in initiating polymethyl methacrylate chains. A high rate of cross- 
termination between phenyl radicals and polymeric methyl methacrylate 
radicals would not be unexpected in view of the results of copolymerization 
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studies a4. The above-mentioned inconsistency may not exist when the 
initiator is AIBN, since the results of Allen and co-workers s2 employing 
tagged AIBN agree within experimental error with those of Bevington et aL so 
for the higher molecular weight samples, at least if only the direct evidence 
based on comparison of osmotic molecular weight determinations with 
radioactive counts is considered. The single discrepancy is in the case of a 
rather low molecular weight sample, where diffusion of polymer through the 
membrane in the osmometer could have been the source of an error. 

It is not clear why Allen and co-workers regard the agreement between 
their [,7][M~ data and the previously quoted 3~b findings of the present work 
as 'fortuitous'. Their criticism of osmotic data as being 'incorrect' when 
curved x /c  versus c plots obtain is obviously not justified. The linearity 
evidenced in such plots of their own data, obtained at very low concentra. 
tions (0.3 to 1-0 g/100 g) where curvature is so slight that its neglect will 
not measurably affect the extrapoiated values of M, is, of course, no certain 
guide to the concentration dependence expected for more concentrated 
solutions. 

Baysal and Tobolsky ~s using the method employed here for determining 
the mode of biradical termination from viscosity-molecular weight data in 
chloroform on unfractionated and fractionated polymers concluded that 
radical combination is the predominant termination mechanism at 60 ° . 
However, four out of five of their polymers were of such relatively low 
molecular weight (ca. 10 ~ to 2"5 x 105) that an appreciable number fraction 
of the lower molecular weight species would have been lost in their isolation 
by precipitation in acetone-methanol mixtures, and/or by diffusion through 
the osmotic membranes. Their fifth sample was of relatively high molecular 
weight (ca. 9 x 105) where precise determination of the low osmotic pressure 
is difficult. 

The second virial coefficient 
Theoretical equations for the molecular weight dependence of the second 

virial coefficient A~ are compared in Figure 10 with the experimental data. 
Viscometric information was interpreted according to a method described 
previously 35 to obtain the parameters needed in numerical evaluation of the 
parameters occurring in three different theoretical treatments by Flory, 
Krigbaum and Orofino (FKO) x~, 1,, 86, by Casassa and Markovitz (CM) 8', 
and by Casassa (CM II) sa. The theories agree in requiring that A2 be given 
by a molecular weight-independent factor--in fact, the virial coefficient 
according to the familiar Flory-Huggins lattice theoryXS--multiplied by a 
function which decreases slowly from unity to approach zero asymptotically 
as the molecular weight becomes indefinitely large : the only difference is in 
the form of this function. Thus 

/I~ = YF(X) (7) 

where Y is the constant factor, and F(X) is the molecular weight-dependent 
function. 

88 



PROPERTIES OF DILUTE POLYMER SOLUTIONS I 

First to evaluate the constant factor 

(8) 

we use the viscometrically derived values of the entropy parameter ~b~ and 
the theta temperature together with the partial specific volume of 
polymer ~ and the molar volume of solvent. These are obtained in the 
third paper ~b of this series from the equation 

2CMfMI/~ 
(9) 

where the expansion factor ~ has been evaluated from the experimental ratio 

~=[~]/[n]~ (lO) 

Here [,7] is the viscosity for a polymer of molecular weight M in the solvent 
of interest, and [,/], is the viscosity in a solvent at the critical miscibility 
temperature O. In practice the experimental values of (~  - ~) /M ~/2 are not 
quite constant and independent of M as equation (9) requires; consequently, 
the 'best value' for this ratio has been chosen in evaluating the constants on 
the LHS of this equation. The factor f is usually taken as unity but we 
include it here to show the effect of using a value of 0"4913 suggested on 
theoretical grounds by Stockmayer s9 [this is equivalent to multiplying the 
apparent value of ff~ in equation (9) by 2036]. 

The FKO and CM theories then require respectively evaluation of the 
functions 

and 

Here 

4 (1 + ~x/2 F(X),KO = ~/~I/--~X In ~ X) (1D 

1 - - e  - 1'093X 

F(X)o~ = 1"093X (12) 

X = 4Crumb1(1 - O / T)M I/z 
~3 (13) 

where the constant C,, is given in a subsequent paper ~b and the value of ,,a 
is obtained by solution of equation (9). Alternatively one could use 
equation (10) to obtain ~s, and by combining equations (13) and (9) 
X=(2 / f )  (~2_ 1). Numerically the two methods would give almost the same 
result, the differences arising from the fact that the ratio (~-~8)/M~/2 
determined experimentally as described above is not quite constant. We 
have consistently used equation (9) in the theoretical calculation of the 
A2/M curves of Figure 10. 

In a modification (CM II) of the earlier theory, Casassa s8 suggested that 
Y be obtained as before, but that the expansion factor used to determine 
the molecular weight dependence should be ~2, that deduced theoretically for 
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a cluster of two molecules from .~. A given a related to molecular weight as 
above determines a~ by 

~ - as = 1 "601(a ~ - ~ a )  ( 1 4 )  

The variable X is now given by 

X =  1 "507(~ - 1) 0 5 )  

but F(X) is still expressed by equation (12). 
Examination of Figure 10 indicates that taking j as 0-4913 instead of 

unity improves agreement with experiment except in the case of the FKO 
theory where A~ is made much too large. The CM theory gives a value 

1 0  s " , lO 6 

Figure /0--Comparison of log-log plot A~ versus M~ observed for 
heterogeneous whole polymers Q and fractions O of polymethyl 
methacrylate in acetone at 30 ° with theoretical curves calculated as 
described in the text for f=  1 (sofid lines) and for f=0"4913 (dashed 
fines). Values of the parameters used in the calculation of the 
theoretical curves are: 0=218°K, ~bz=0'069, Cm=5"63X10 -2, 

V1=73 ml, and ~=0"84 g/ml eb 

which is always too low, very much so for f = 1. T h e  CM II theory probably 
affords the most satisfactory agreement both in magnitude and slope of As 
though it too falls below the experimental points. 

The insistence o n  a linear dependence of ~ - ~  on M 1/~ is a rather 
arbitrary feature of the evaluation we have just described, but it does serve 
the purpose of making Y invariant with respect to M as is required by the 
thermodynamic theory. Eliminating ~bl(1-O/T) from Y by using equation 
(9) we can write 

( ~  _ ~ s ) ~  

Y =  2V~C,~jM~/2 (16) 

Use of the empirical ~ determined by 2v 

[1/] = KM1/%t s (17) 

then gives a value of Y (hence of ~P~) generally dependent on molecular 
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weight. In the present case the empirical relations for the polymer fractions 
in acetone 2a 

[7]=7.7 x 10-~M °7° (18) 
and in a 0 solvent 2b 

[,fl3=4.8 x 10-'M °'~° (19) 

lead to a value of Y which increases slightly with the molecular weight. At 
high molecular weights (106), the resulting virial coefficients, with the same 

used in the function F(X), do not differ much from the FKO and CM 
curves shown in Figure 10; but at low molecular weights the values are 
much smaller and actually pass through a broad maximum. The agreement 
with experiment is therefore definitely poorer than that indicated in 
Figure 10. 

It should be recalled that the theoretical treatments for As all refer to 
homogeneous polymers for lack of any adequate formulation for hetero- 
geneous solutes. Our conclusions therefore must surely be regarded 
with some reservations in connection with whole polymers, but the fact that 
A, is found to be essentially the same for the whole polymers and fractions 
is encouraging. 

We are indebted to Mr O. Kohler and Mrs Sorensen for the ebulliometric 
data, to Mrs H. Desman 1or the fractionations and the intrinsic viscosity 
measurements, to Mr G. Agnew and Dr C. H. McKeever who prepared the 
methyl methacrylate dimer, trimer and tetramer, and hydrogenated the 
dimer, and to Mrs E. Cohn-Ginsberg for assistance in the preparation of this 
manuscript. We are grateful to Dr E. F. Casassa for his suggestions which 
have been incorporated in the discussion of the second virial coefficient. 

Rohm and Haas Company, 
Philadelphia, Pennsylvania, U.S.A. 

(Received September 1961) 

R E F E R E N C E S  
x FRANK, H. P. and MARK, H. F. I. Polym. Sci. 1951, 6, 243; 1955, 17, 1 
2a Corn,~-Gn,~sn~G, E., Fox, T. G and MASON, H. F. Polymer, Lond. 1962, 3, 97 

Fox, T. G. Polymer, Lond. 1962, 3, 111 
aa FOX, T. G, Gootm, W. E., ORATCH, SERGE, HUGGETI', C. R., KINCAID, J. F., 

SPELL, A. and STROUPE, J. D. l. Polym. Sci. 1958, 31. 73 
b COLEMAN, B. D. JY. Polym. Sci. 1958, 31, 1955 
* BovEY, F. A. I. Polym. Sci. 1961, 46, 59 

4 FLORY, P. J. Principles of Polymer Chemistry, Chap. VIII. Cornell University Press: 
Ithaca, N.Y., 1953 

5 ALmsETrl, C. J., ENGLAND, D. C., HOOSED, M. J. and JOYCE, R. M. 1. Amer. chem. 
Soc. 1956, 78, 472 

•VALENTtNE, L. J. Polym. Sei. 1955, 17, 263 
7 Fox, T, G and FLORY, P. J. J, Amer. chem. Soc. 1948, 70, 2384 
s WAGNER, R. H. lndustr, Engng Chem. (Anal.) 1944, 16, 520 
9 HOOKWAY, H.T. and TOWNSEND, R. l. chem. Soc. 1952, 3190 

10 CARTER, S. R. and RECORD, B. R. J. chem. Soe. 1939, 660 
J l MASSON, C. R., MENZlES, R. F., CRUICKSnAr¢~, J. and MELVnLE, H. W. Nature, 

Lond. 1946, 157, 74 
MASSON, C. R. and ME~LVILLE, H. W. I. Polym. Set. 1949, 4, 337 

91 



T. G FOX, J. B. KINSINGER, H. F. MASON anti E. M. SCHUELE 

12 MONSTER, A. Z. phys. Chem. 1951, 197, 17 
12 FLORY, P. J. J. Amer, chem. Soc. 1943, 65, 372 
~4 HANSON, W. E. and BOWMAN, J. R. Industr. Engng Chem. (Anal.) 1939, 11, 440 
16 FLORY, P. J. Principles of Polymer Chemistry, p 533. Cornell University Press: 

Ithaca, N.Y., 1953 
le FLORY, P. J. and KRIGBAUM, W. R. I. chem. Phys. 1950, 18, 1086 

FLOR¥, P. J. J. chem. Phys. 1949, 17, 1347 
tl STOCIOIAYI~R, W. H. and CAsAss^, E. F. J. chem. Phys. 1952, 20, 1560. 
xs BERGLUND-LARsSON, U., quoted by: FLORY, P. J. Principles of Polymer Chemistry, 

p 280. Cornell University Press : Ithaca, N.Y., 1953 
~9 KRIGBAUM, W. R. J. Amer. chem. Soc. 1954, 76, 3758 

KRIGBAUM, W. R. and FLORY, P. J. J. Polym. Sci. 1952, 9, 503 
20 BXSCHOFF, J. and DESREUX, V. Bull. Soc. chim. Belg. 1952, 61, 10 
~x SCH6N, K. G. and SCHULZ, G. V. Z. phys. Chem. (N.S.), 1954, 2, 197 
2~ DOLL, H., quoted by: MEYF.~OFF, G. and SCHULZ, G. V. Makromol. Chem. 1952, 

7, 294 
SCmJLZ, G. V. and DOLL, H. Z. Elektrochem. 1952, 56, 248; 1953, 57, 841 

~a BAXEm3ALE, J. H., BYW^TER, S. and EVANS, M. G. I. Poylm. Sci. 1946, I, 237 
24 Scm.rLz, G. V. and DINGLnqQER, A. J. prakt. Chem. 1941, 158, 136 
26 MEYERfOFF, G. and SCHULZ, G. V. Makromol. Chem. 1952, 7, 294 
ze KRI~BAUM, W, R. and FLORY, P. J. J. Amer. chem. Soc. 1953, 75, 1775 
z7 BAMFORD, C. H. and DEWAR, M. J. Proc. Roy. Soc. A, 1948, 192, 329; 1949, 

197, 356 
~6 BAYSAL, B. and TOBOLSKY, A. V. J. Polym. Sci. 1952, 9, 171 
2e CHIF~, J.-Y., SHIH, L.-H. and Yu, S.-C. I. Polym. Sci. 1958, 29, 117 
30 BEVINGTON, J. C., MELVILLE, H. W. and TAYLOR, R. P. J. Polym. Sci. 1954, 14, 463 
ala ARNETr, L. M. J. Amer. chem. Soc. 1952, 74, 2031 

b O'BRIF2~, J. L. and GORN[CK, F. J. Amer. chem. Soc. 1955, 77, 4757 
3~ ALLEN, P. W., AYRBY, G., MEas~rr, F. M. and MOORE, C. G. J. Polym. Sci. 1956, 

22, 549 
b AVREY, G. and Moog8, C. G. J. Polym. Sci. 1959, 36, 41 

33 BEWNOTON, J. J. Polym. Sci. 1958, 29, 235 
34 FLORY, P. J. Principles of Polymer Chemistry, p 202. Cornell University Press = 

Ithaca, N.Y., 1953 
~5 FLORY, P. J. and Fox, T. G. Ji Amer. chem. Soc. 1951, 73, 1904 
8~ OROFINO, T. A. and FLORY, P. J. J. chem. Phys. 1957, 26, 1067 
67 CASASS^, E. F. and MARKOVrrz, H. J. chem. Phys. 1958, 29, 493 
36 CASASSA, E. F. J. chem. Phys. 1959, 31, 800 
~9 STOCKMAYER, W. H. J. Polym. Sci. 1955, 15, 595 

92 



PROPERTIES OF DILUTE POLYMER SOLUTIONS I 

APPENDIX 
Detailed osmotic data on solutions of polymers of methyl methaerylate 

Sample desig- 
nation and result 

100 cp -1 100 cp -1 
g sample Sample desig- g sample 

, 
100 g soln ~/c* nation and result 100 g soln ~[c* 

XF1B + Fa 
in acetone 

~%=738 000 
F2=95 cma/g 

in acetonitrile 

Mn=714 000 
F2=15 

3FtD 
in acetone 

~ . = 2 7 8  000 
F~=46 

in acetonitrile 

Mn=278 000 
Fz=-6  

3Mr 
in acetone 

~ = 6 5  000 
F~=15 

in acetonitrile 

~ n = 6 7  000 
F~=-4 

JK14M2B 
in acetone 

~ = 6 4  ooo 
F~=12.3 

in acetonitrile 

M~=63 000 
F2=-8 

*Here ~ = h  p where 

Fractionated polymethyl methacrylate 

0-6254-0.004 
0.649+0.003 
0" 660 4-0.003 
0" 830 4-0.002 
1" 174+0.003 
1 "2644-0.005 
1 "4244-0.003 
1 '960+0.004 
2.6004-0.001 
2.6144-0.006 
3-4854-0.01 

0" 867 4-0.002 
1 '3154-0.003 
1 "9774-0-004 
2"477+0.003 
2"49 4-0"04 
3' 377 4-O. 009 

0"9124-0.005 
0"9144-0.01 
1" 969 4-0.002 
1- 978 :E0' 01 
2.65 4-0.01 
2"7104-0.002 
5.98 +0.04 
0'6064-0.001 
1" 1624-0.002 
2-08 ±0.001 
3"26 4-0.02 

0'3394-0.003 
0"6814-0.006 
0- 828 4-0.003 
1 "2794-0.001 
0" 1524-0.002 
0"3114-0.005 
0' 519 4-0" 002 
0'7234-0-004 
1.06 4-0"02 
1 '5364-0.006 

0'4834-0-006 
0.7164-0.004 
0" 866 4-0" 005 
1"297 4-0.05 
0.7604-0.02 
0"7664-0.001 
1 "0094-0.001 
1 "4844-0.001 

49" 6 3FsB&C 
51-1 in acetone 0.3534-0.1303 161.5 
49-9 Mn=166 000 0.3534-0-003 161-5 
56.6 F~=33 0.4334-0.002 175.1 
71-5 0.441+0.006 177.0 
74-3 0.4434-0.006 169.5 
80"8 0.6234-0.01 178.3 

102" 5 1.1494-0.003 196.0 
137.3 1.2414-0.007 207-5 
138.2 1-29 4-0.06 208.5 
184"4 1-5374-0.003 226.0 
36"9 1 "6194-0.003 221.3 
32-7 1 "9694-0.003 242"5 
25"3 2'0574-0.02 248.0 
24.65 2"702+0.006 280"8 
23.7 3"69 4-0'03 337.5 
22"5 3.74 4-0"02 344.0 

in acetonitrile 0"4834-0.001 151.3 126.0 
125.9 .~n = 166 000 0"6304-0'002 152"3 
171 "0 F~=5 0-9754-0.004 152-8 
170"5 1 "072+0-004 143.5 
208"8 1 "4594-0.001 135"9 
210"0 1 "9004-0.003 144-7 
397 '0 2"5684-0.01 136"2 

3-3004-0.003 137"5 
86"7 JK14M4C 
85' 1 in tolueno 0"2784-0.001 1263 
81 "5 
77.9 ~%=20 000 0'3284-0.001 1278 

F2=8"5 0"490+0.003 1287 
0"7714-0.002 1323 

413.0 0"9504-0.01 1305 
428 "0 1 '2964-0.003 1357 
435 '0 JK41Fa 
448-0 in toluene 0.2044-0.002 1657 
381 "8 ~ n = 1 5  660 0"3154-0.001 1680 
379' 5 F~=8.1 0"322±0.001 1690 
378'0 0-6384-0-001 1705 
382.0 1 "1784-0.001 1798 
367 '0 JK14M~C&D 
377'0 in toluene 0-3404-0-001 2103 

~ n = 1 2  300 0.440±0.003 2178 
414.0 F2=5.7 0"5724-0.001 2150 
427.2 0.7364-0.002 2159 
434.2 
447-8 
411.0 
405 "0 
408-3 
4 0 4 " 0  Continued Overleal 

in cm of  sointion and p is the density in g/ml; c is in g/nil. 
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A p p e n d i x - - - c o n t i n u e d  

100 cp -1 100 cv -t  
Sample desig- g sample . Sample desig- g sample 

nation and result I00 g soln" ~/c* nation and result 100 g soln ~/c* 

Whole polymers 

Unfractionated polymethyl methacrylate polymerized with butyl mercaptan 

JK8 NBM No. 1 
in acetone 1.3694-0.002 105.6 in acetone 0.8614-0.001 97.6 
M,~=402 000 1.9494-0-003 135.5 . ~ = 3 8 2  000 1.2364-0.002 113.2 
F2=:61 2.0264-0.001 141.7 F2=61 1.8004-0.004 140.6 

2.2984-0.004 152.3 2-7534-0-006 186.6 
3.8394-0.001 238.2 

in acetonitrile 0.6424-0.005 68'6 
in acetonitrile 1.1804-0-001 61.0 Mn=382 000 1 "5824-0'001 63'3 
Mn =402 000 1"5724-0"001 55'95 F e = - l ' 7  2'2864-0'01 68'3 
F2 __=_ 5 2"2334-0-001 56"85 3 "0944-0"001 59"5 

3"2964-0'01 52"95 

JK7 in toluene 3.1844-0.005 297.4 
in acetone 0.9004-0.007 112-25 M'n=382 000 3"1794-0"004 295"8 
.~,~ = 285 000 1'0684-0"002 126"3 2"0524-0'004 198"3 
r a = 4 9  1.8164.0.000 160.2 1-9984-0.004 191.7 

2.5284-0.004 197.1 1.72 4-0.02 167.1 
3.7524-0.002 265.6 1.3484-0.002 145.4 

1.0754-0.001 125-6 
in acetonitrile 1.2424-0.004 88.6 0.8934-0.005 108.4 
.M,~ = 285 000 1.3084-0.004 90.2 
F~=-2  2.4714-0.001 84.6 NBM No. 2 

2.794d:0.004 85.5 in acetone 0-5744-0.001 142.1 
4.0524-0.002 83.9 ~n----208 600 0"6554-0-002 143"0 

JK6 F8=35 1 "0934-0'001 160"2 
1 "1904-0"004 165"6 

in acetone 0.8924-0.004 168.2 2.2754-0.003 216.2 
~rn = 179 000 1'5134-0"004 195'0 
Fa-----37 1"7854-0"007 214"6 in acetonitrile 0.6344-0-002 123.0 

2.2274-0.004 229.8 
3.5184-0.001 308.0 ?¢7n=208 600 1"35 4-0"01 117"7 
3"5244-0'005 307"2 F8=-3  1 "4024-0"001 117"6 

1"66 4-0"01 117"8 
2 "7744-0"001 115 "3 

in acetonitrile 0.8044-0.002 141.7 
~ , ; =  179 000 1.2824-0.002 144.3 
Us-----1-3 1.8464-0.003 142.5 

2.2464-0.009 140.7 
3.44 4-0.04 139.8 

Continued 0 verleaf 

*See footnote, page 93. 
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Appendix---continued 

100 cp -1 100 cp -1 
Sample desig- g sample Sample desig- g sample 

nation and result 100 g ~ ~/c* nation and result 100 g soln ~r / c * 

Unfractionated polymethyl methacrylate polymerized without transfer agent 

AIN No. 2 JK3 
in acetone 0.4094-0.001 49.2 in acetone 0-8574-0.001 
M,,=647 000 1.7684-0.008 104.1 /~n=332 000 0.9484-0.005 
F~=88 1.8374-0.003 111.0 F~=51-3 1-93 4-0-05 

3.08 4-0.02 172-0 2.10 4-0.02 
3.56 4-0.03 

in acetonitrile 

M,, =647 000 
F2 =-9  

JK4 
in acetone 

~ . = 5 1 7  000 
F~ =77" 5 

in acetonitrile 

~T~ = 517 000 
1"2=-4 

AIN No. 4 
in acetone 

Mn =457 000 
F~=65 

in acetonitrile 

Mn:457 000 
Y~-----10 

AIN No. 5 
in acetone 

A~,, =434 000 
F~=68 

in acetonitrile 

Mn =434 000 
F~------4 

0.6744-0.001 38.58 
1.26 4-0.03 34.05 

1.1634-0-001 87.7 
1-67 4-0.02 113-2 
2.02 4-0.03 133.7 A I N A '  
2.8494-0-003 170.7 in acetone 
3-9754-0.003 243.7 ~n=201 000 
4.08 4-0.02 245.3 F~=35 

in acetonitrile 1.0194-0.003 
~n=317 000 1.6754-0.003 
Fe=-36 2-08 4-0'01 

2"08 4-0'06 
5-00 5:0-05 

0.8824-0.001 48.75 
1-8734-0.001 46"45 in acetonitrfle 
2"99 4-0.007 48"17 Mn=201 000 
3-81 4-0'02 45"12 F2=--4 

0"6694-0"001 74"7 
1"1724-0'005 94"7 JK5 
2"3524-0"003 146"7 in acetone 

A~n=162 000 
0"72 4-0.02 52.8 F2=28"8 
1"11 4-0.01 49.50 
2.25 4-0.03 45.33 

in acetonitrile 
0.7314-0.001 80.7 3,~n=162 000 
1.2884-0.003 104.1 F~=- I .4  
2.1124-0-001 142.0 

0.7694-0.004 59.85 
1.3424-0.002 55.9 
1.9974-0.002 53-08 

0' 724 ±0.002 
1.6914-0.001 
2.3474-0-003 
2.5804-0.005 

0-736±0"001 
1.597±0.004 
2.591 4-0.004 

1-2444-0.002 
1.6104-0.001 
2.101 4-0" 001 
3" 148 4-0- 002 
3' 1624-0.001 

1. 399 4-0" 003 
2"071+0.001 
2-5044-0.002 
3-7304-0.006 
3.7604-0.008 

94"5 
108"7 
144.6 
155"5 
236"2 

76.5 
65" 1 
66"8 
65 "4 
46"0 

150"8 
192"0 
222"0 
237.4 

126"3 
114.7 
112.0 

197 '8 
218' 1 
242' 8 
299 -0 
309 "0 

151 "6 
151 "6 
156'9 
149"6 
155 '6 

*See footnote, page 93. 
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Properties of Dilute Polymer Solutions H 
Light Scattering and Viscometric Properties of Solutions 

of Conventional Polymethyl Methacrylate 

E. COH/q-GINSBERG, T. G Fox* and H. F. MAsoN 

Light scattering determinations o/ molecular weight and coil size made at 
room temperature with three different cells at two wavelengths o/ incident 
light and in two solvents (acetone and acetonitrile) on Jourteen fractions and 
six whole polymers o~ polymethyl methacrylate ranging in molecular weight 
/rom 2"7X10 a to 2"5×10 e provide a basis /or estimation o/ the validity and 
reliability of such measurements. It is concluded that the absolute scale /or 
Mw may be high by a /actor o/ 1"05+_0"05. Values o/ q~×lO -zl o/ 2"3+_0"2 
and 2"6+_0"4 obtained in acetone and acetonitrile, respectively, agree with 
the 'best value" o/ 2"1 suggested earlier, within the uncertainty (ca. 15 to 
20 per cent) arising from the experimental uncertainty in [,/1_, M and (~)a/2. 
The close agreement between [~]/M w relationships established herein for 
conventional polymethyl methacrylate fractions at 30 ° in benzene, for M from 
200 to 2"5 × 10 ~, and in eight other solvents, with similar results from other 
laboratories demonstrates that reliable and reproducible dilute solution 

measurements of [~] and of Mw are indeed possible. 

IN THE preceding paper 1 the validity of techniques for determining the 
number avreage molecular weight, M n, by osmotic pressure measurements 
on dilute solutions of conventional polymethyl methacrylate was investiga- 
ted. In the present work it is intended to put to similar test determinations 
of the weight average molecular weight, Mw, by light scattering measure- 
ments on dilute solutions of these same polymers. 

Herein are described light scattering measurements at room temperature, 
made with three different cells at two different wavelengths of incident light 
and in two different solvents, on fourteen fractions and six unfractionated 
polymers ranging in weight average molecular weight (Mw) from 2-7 x 10 ~ 
to 2'5 x 106. The consistency of these data obtained under different condi- 
tions affords a measure of their reliability and reproducibility. Comparison 
of the ratio of M~/Mn for six unfractionated polymers with the value 
expected from kinetic considerations provides an indication of the validity 
of the absolute molecular weight scale in the present work. Intrinsic 
viscosity-molecular weight relations at 30 ° are also established for poly- 
methyl methacrylate fractions in benzene and in eight other solvents. 
Comparison with published [~]/M~ relationships based on other methods 
for determining M,o provides further test of the significance of the present 
absolute molecular weight determinations. 

*Present address: Mellon Institute, Pittsburgh, Pennsylvania. 
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E X P E R I M E N T A L  

Preparaiion of polymers and fractionation 
The preparation of conventional polymethyl methacrylate samples 

employed in this study and their isolation and fractionation has been 
described in the preceding communicationL Two additional polymers were 
prepared and fractionated by similar techniques for this study. 

Intrinsic viscosity measurements 
Data were obtained at four or five concentrations in each case, with the 

viscometers and by techniques described previously 1. The data are repre- 
sented satisfactorily by the Huggins equations 2 

(~.p/ c)=[~] + k [~pc 
(1) f 

In ,/Te,/c = [7] - k'[~] ~c ) 

where the parameters k + k ' = 0 ' 5 .  The mean value of k = 0 3 6 + 0 " 0 5  found 
for polymethyl methacrylate in benzene and in other solvents studied here 
is in agreement with values obtained previously s for other polymers in 
thermodynamically good solvents. 

Light scattering measurements 
Light scattering measurements were made  in a Brice-Phoenix light 

scattering photometer' ,  with three different light scattering ceils, the Brice 
dissymetry celP, the Cornell celP and the Witnauer cellL The photo- 
meter-cell combinations were calibrated with the Cornell Turbidity 
Standard 7 (the Debye Polystyrene Standard) in toluene and methylethyl 
ketone. 

The Brice--Phoenix differential refractometer 8 was used to measure the 
incremental change of refractive index of the solute with concentration. 
The refractive index increment, dn/dc, for polymethyl methacrylate in 
acetone at 25°C was 0"136 and 0"134 at wavelengths of 436 m/~ and of 
546 m/~ respectively 9. Corresponding values of 0"140 and 0"137, respec- 
tively, were found for dn/dc in acetonitrile at the same temperature. 
Values of dn/dc for polymethyl methacrylate in acetone at 546 m/z 
ranging from 0"107 to 0-134 have been reported 1°. However, different 
workers using different values of dn/dc obtain similar [,/]/M--~ relationships, 
indicating that there may exist differences in the purity of the solvents and [ 
or  polymers employed in the different laboratories. 

In each case light scattering measurements were made at four or more 
concentrations. Both the solvent and solutions were clarified by filtration 
through ultrafine sintered glass filters under positive pressure of dry 
nitrogen. Unpolarized light was used at two wavelengths, 436 m/~ (blue) and 
546 m~ (green), for all measurements. In the Brice dissymmetry cell, the 
scattering ratio (intensity of light scattered at angle 0/intensity of incident 
light) was obtained at 0=45 ° , 90 ° and 135 ° . Values of the excess scattering 
ratio at 90 °, $9o., over that of the solvent, and of the dissymetry ratio, 
Z4s. = $45o [$13s., were obtained for each concentration. With the Cornell cell 
and the Witaauer cell the scattering ratio was obtained at five degree 
intervals from 45 ° to 135 ° relative to the direction of the incident light. 
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The quantity c/S~, where c--concentration in g/dl ,  was plotted versus 
sin2~ and extrapolated to zero angle, in order to obtain the value of c/So. 

Treatment of light scattering data 
Values of the weight average molecular weight were calculated from the 

equations 

K* (c/ So)c-~o = 1/Mw ) 

K* = [2~2n (dn 2 / dc) 2 / ~oN] K0 I (2) 

where Ke is a function of 0 and may be considered as an instrument 
calibration constant, N is Avogadro's number, )t o is the wavelength of the 
incident light in air, and n is the refractive index of the solution. Theoretical 
considerations employed in the extrapolation of osmotic data to infinite 
dilution 1. 11 suggest that 

(c/So) = [(c/So)c_~o e-1  (0)] [1 + 2P2P(O)c + 3gF~P(O)c 2 + . . ]  (3-1) 

where P(O) is a correction factor interpolated from a plot of tabulated values 
of lIP(O) and dissymmetries at infinite dilution. Previously we assumed 
that g=0"25. Here it is convenient to assume that g=P(O)/3. Then 

(c/So) 112 =[(c/So)c~oP-l(O)] 1t2 [1 + P(O)U2c] (c/So) <~ 4 (c/So)c->O (3-2) 

It  is expected that plots of (c/Se) 112 versus c should be linear and in accord 
with equation (3-2) should yield an accurate measure of (c/So)c-~oP-1(0) and 
an approximation to F2 which does not differ significantly from that 
obtained from the previous treatment of osmotic pressure data, provided 
that the limits specified in equation (3-2) are observed and a lso  that the 
dimensions of the polymer chain are not too large, i.e. provided P(O) is not 
too far from unity. 

Values of (c/So)c_~o obtained by application of equation (3-2) for the 
extrapolation of (c/So) 1/2 observed at different concentrations in the Cornell 
or Witnauer cells were inserted directly into equation (2) in the calculation 
of Mw. With the Brice cell, values of (c/So)c_~o employed in equation (2) 
were computed from the (c/So)(1/Pgo,) obtained as the intercept of plots of 
(c/$9o,) 112 and from the tabulated values r of l/P90 o corresponding to the 
dissymmetry at infinite dilution. Values of the latter were obtained from 
plots of Z45. versus c for low values of Z4s o. At higher values of Z45. more 
linear plots were obtained by plotting 1/(Z4s*- 1) versus c. 

For  the Cornell cell, the values of (c/So)~_~o were multiplied by a factor 
of 1"25 to correct for attenuation in the incident and scattered light (see 
discussion iri Appendix.) 

Values of the mean square radius of gyration, ~,  and of the corresponding 
mean square end-to-end distance, r ~ =s2/6, were obtained for Z45. ~ 1-05 
from tabulated values r for randomly coiled polymer chains corresponding 
to the observed dissymmetry ratio at infinite dilution. The Zimm method 
was used to calculate values of s 2 and r ~ from angular scattering measure- 
ments in the Cornell and Witnauer cells. The values thus obtained were in 
reasonable agreement with those obtained by the dissymmetry method 
outlined above in the several instances in which checks were made. 
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Determination of molecular weight 
Light scattering measurements were made at room temperature in the 

Brice dissymmetry cell on fourteen fractions of polymethyl methacrylate in 
acetone (Tables 1 and 2) and on six of these fractions in acetonitrile (Table 
2). Similar determinations (Table 3) were made on five whole polymers in 

Table 1. Results on polymethyl methacrylate fractions 
Light scattering data in acetone (Brice cell) 

[~],  dllg, Osmotic] 
Designation in benzene M~w X 10 -5 (r2) 1/2 in ~ M~n M w / g n  

at 30 ° P2  x 10 -5 
Blue Green Blue Green dl/g 

4 M 2 B  3" 6 2 4 . 8  2 5 . 2  1400 - -  3" 90  - -  - -  
2 3 F 2  3" 10 2 0 '  1 2 0 . 8  1256 - -  1 "79 - -  - -  
4 M I A - A  2 . 4 0  1 3 . 9  14"5  938 937  
X F I B + F 2  1 -80  8 . 6 2  8 " 7 2  741 757  7-.03 7 . 2 6  ~ . 1 9  
3 F I D  0 . 8 9  3 . 6 2  3 . 5 6  - -  - -  0 - 4 9  2 . 7 8  1 . 3 0  
3 F 5 B + C  0 . 5 8  2 . 2 5  2 . 2 1  - -  - -  0 . 3 5  1 . 6 6  1 - 3 4  
3 M I  0 . 2 7 8  0 - 8 2 2  0 . 7 9 5  - -  - -  0 . 1 5 6  0 . 6 6  1 -23  
1 4 M 2 B  0-281  0 . 7 1 3  0 . 8 1 1  - -  - -  0 . 1 1 0  0 " 6 4  i ' 1 9  
1 4 M 2 C  0 . 2 4 6  0 '  683 0 '  570  - -  - -  0" 11 - -  
4 1 F 2  0 . 1 2 2  0 . 2 1 0  0 . 2 2 9  - -  - -  0 - 0 3 8  0 - 1 5 6  1 -41  
4 1 F 6  0 . 0 5 8  0 . 0 9 3 2  0 ' 0 9 8  - -  - -  0 . 0 2 6  - -  - -  

4 2 F 2  0 " 0 6 4  0 " 0 5 0 5  0 -0 4 9 1  - -  - -  0 . 0 2 0  - -  - -  
4 2 F 3  0 " 0 5 9  0 . 0 3 8 1  0 . 0 4 2 8  - -  - -  0 . 0 1 5  - -  - -  
4 2 F 1 0  0 " 0 5 0  0 . 0 2 6 5  0 . 0 2 7 3  - -  - -  0 . 0 0 9 7  - -  - -  

T a b l e  2. C o m p a r i s o n  o f  l i g h t  s c a t t e r i n g  d a t a  o l ~ t a i n e d  o n  a c e t o n e  a n d  a c e t o n i t r i l e  

s o l u t i o n s  o f  p o l y m e t h y l  m e t b a c r y l a t e  f r a c t i o n s  

Acetone (Brice cell) Acetonitrile (Brice cell) 

Designation [q] ,  dl/g, ~¥w (r~) x/2 q'  D1], dl/g, l~w (rs-) '/2 ¢ 
at 30 ° x 10 -5 in , ~  x 10 -~1 at 30 °* x 10 -5  in ,t~ x 10 -!1 

4 M 2 B  2 ' 3 1  2 5 . 0  1400 2 . 1 4  0 " 6 2  2 4 - 2  706  4 ' 2 3  
2 3 F 2  2 . 0 1  2 0 . 5  1256 2 . 0 6  - -  - -  - -  - -  
4 M I A - A  1 - 5 5  1 4 . 2  938  2 . 6 6  0 " 4 7  1 4 . 6  6 0 8  3"05  
X F 1 B + F 2  1 .11  8 . 6 5  749 2 . 2 6  0 ' 3 6 9  9 . 4 4  545 2 . 1 5  
3 F I D  - -  3 . 6 0  - -  - -  - -  4 . 0 5  - -  - -  
3 F 5 B + C  - -  2 . 2 3  - -  - -  - -  2 ' 3 3  - -  - -  
3 M I  - -  0 . 8 1  - -  - -  - -  0 . 8 2 5  - -  - -  

*Ca lcu la t ed  f r o m  ~ a n d  e q u a t i o n s  in  Table 5. 

Tab l e  3. R e s u l t s  o n  w h o l e  p o l y m e r s  o f  m e t h y l  m e t h a c r y l a t e  

Light scattering data in acetone 
[q] ,  dl/g, ( Cornell or Witnauer cell) Osmotic x 

~ c o r r . *  M n  M'w/ M n  Designation in benzene __ ( r~  112 in ~,~ x 10 -:ax 
at 30 ° Mw x 10 -5 x 10 -5 

Blue Green Blue Green 

J K 4  ! - 8 6  10"9  1 1 -0  1 2 1 0  1 200  1"72  5 , 1 7  2 ' 1 3  
J K  3 I "40 7 ' 8 5  7 . 2 6  1 0 8 0  9 0 6  1 -73  3 - 3 2  2 . 2 6  
J K  5 0 '  80  3 . 8 9  3" 64  - -  - -  1- 62  2" 28  
J K  8 1 "63 8 " 7 9  8"93  - - 6 3 4  600  - -  4 - 0 2  2" 19 
J K  7 1 ' 2 2  4 . 9 2  . . . .  2 . 8 5  1 "73 
J K  6 0 ' 8 5 7  3 . 8 4  3 ' 4 9  - -  - -  - -  1 . 7 9  2 - 0 7  

[ n ]Mw 1 

corr. (~)3/2 y 

1 !. 
I P ( Z + 3 + 2 E )  I F ( Z +  1) 

Z + I  M'w 
= =  ; E=~(a--½)=O'066 

z u .  
a ~ 0 . 7 0  f o r  a c e t o n e ,  cf .  Table 5. 
[~ ]  i.n a c e t o n e  c a l c u l a t e d  f r o m  DI] i n  b e n z e n e  f r o m  respec t ive  e q u a t i o n s  i n  Table 5. 

100 



PROPERTIES OF DILUTE POLYMER SOLUTIONS II 

---2 '0 

1'2: 
I I I 

0 0.5 
sin 2 1720 

Figure /--Extrapolation to 0 = 0  ° for the scattering of 
blue light in the Cornell cell by unfractionated poly- 
methyl methacrylate of M,o=l.1 × 10 e in acetone at 

25 ° at various concentrations (cf. Figure 2) 

the  Cornel l  cell and  on one whole polymer  in the Wi tnauer  cell. Typical  
plots showing extrapolat ion of data to zero angle and  to infinite d i lu t ion 
a re  shown in Figures 1 and  2. 

0 

1-2 
Figure 2--Extrapolation of scat- ~. 
tering data from the Brice cell 
(upper plot) and from the Cornell 1"0 
cell to infinite dilution. Data 1-5 
given for the scattering at 25 ° of 
blue light by acetone solutions of 
a fraction of polymethyl metha- 
crylate of M~=8"Sx105 (upper ~'% 
curve) and of _a similar whole 

polymer of M~= 1' 1 x 106 

1"0 
0 

Conc. g/d[  of solut ion 
1 2 
I I 

I I 
0"2 0"4 

Conc.g/dl of solut ion 
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As indicated in Figure 1, plots of (c/So) versus sin2½0 were adequately 
represented by straight lines, although occasionally the data suggested 
curvature toward lower values at low angles. In all cases, plots of (c/So) 11~ 
or (c/$9oo) 112 versus c were linear, in accord with equation (3-2). Molecular 
weight values determined on a given sample with blue and with green light 
agree within four per cent. Larger deviations (ca. 5 to 10 per cent)occur 
with measurements on unfractionated polymers and polymer fractions of 
M < 80 000. Comparison of molecular weights determined on the same 
sample in acetonitrile and in acetone yields an average ratio of 1"04 + 0-04. 
These results indicate an uncertainty of about + 4 per cent in the present 
values of Mw, with somewhat greater uncertainty (+ 5 to 10 per cent) for 
values of Mw < 80 000. 

In the preceding paper 1 it was shown that the two series of unfractionated 
polymers investigated here have the same [~]/M~ relationship, and it was 
concluded that the expected value of the ratio of Mw/M~ is 2-0. The 
average value of this ratio for the six samples in Table 3 is 2-11 +0"14. 
Assuming that the actual ratio is as expected and that the absolute 
molecular weight scale for osmometry is correct, it appears that the present 
absolute weight average molecular weight scale may be high by a factor 
of ca. 1"05+0"07. 

Values of Mw/M, range from 1"2 to 1"4 for six of the fractions in 
Table 1. We have commented previously ~ on the difficulty experienced by 
several investigators in obtaining fractions of conventional polymethyl 
methacrylate which have Mw/M~ < 1-1. The discovery ~ that conventional 
polymethyl methacrylate prepared by free radical polymerizations under 
conditions such as those employed with the present polymers is almost 
stereoregular enough to crystallize from a moderately concentrated solution 
in a thermodynamically borderline solvent may provide a clue to the 
difficulty encountered in obtaining sharp fractions. Conceivably some partial 
and imperfect crystallization may be induced in the polymeric gel precipita- 
ted from the mother liquor thus preventing the escape by diffusion of the 
occluded soluble low molecular weight species and the attainment of true 
liquid-liquid equilibrium on which the isolation of sharp fractions depends. 

The significance of the 1~2 values obtained from the slopes of plots of 
(c/$9o0) 1/~ versus c is not altogether certain, since no wholly satisfactory 
theoretical treatment exists for the effect of large dissymmetry on the 
apparent value of 1~2 at angles other than 0 °. Nevertheless, it is noted that 
the values in acetone at 30 ° (in dl/g) are adequately represented by the 
relation ~z=2"16x10-si~w °'Ts. The 1~2 values from light scattering 
measurements are about 20 per cent lower than those calculated from 
osmotic pressure measurements ~ for fractions of the corresponding number 
average molecular weight, and are generally 20 per cent or more lower than 
similar data reported in the literature. Comparison of the observed values 
of A2 versus M with the predictions of the theoretical treatment of 
Casassa is (designated CM II in the preceding paper ~) is shown in Figure 3. 
Agreement of the theory for l=0"4913 with the present data is excellent. 
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Figure 3--Log-log plot of A,_ versus M w from light scattering data on solutions 
of polymethyl methacrylate fractions in acetone at 30°: O present data; 
• Fattakhov et a/.lS; ~ Bischoff and Desreuxl~; [] Chien et al.17; • Cantow 
and SchulzlS; x7 Cantow and Schulz x8 (sedimentation-diffusion). The solid 
line was computed by the theory of Casassa 13 employing the procedure and 

parameters described in the preceding paper, with f=0-4913 

Determination of coil size 
Values of r" determined from the dissymmetry ratios in blue and green 

light appear  to be in somewhat better agreement for the fractions (Table 1) 
than for the whole polymers (Table 2). For  the latter, values of (1"2) 1/2 
average about five per cent higher in blue l ight  than in green light, which 
is within the apparent uncertainty of + 5 per cent in these data. Values in 
Table 2 of the 'universal '  factor • x 10 -21 defined 3, 11 as 

= [,/] M/(r2) 312 (4) 

average 2-3+0-2  in acetone aiad 3"1 +0"7 in acetonitrile. The former is in 
good accord with the 'best value'  of 2"1 established in studies of other 
systems 8. 11. The • value in acetonitrile is reminiscent of Krigbaum's  
observation that the value of • is higher in thermodynamically 'borderline'  
solvents 1'. For  two of the present samples the values of • obtained in the 
two solvents agree within ten per cent, whereas for the third they differ by a 
factor of nearly two. I f  the latter value is disregarded, the average value for 

in acetonitrile (2 .6+0 .45)x  1021 agrees with that for acetone within the 
previouslyment ioned uncertainties of five per cent in (-r2) 1/~ and four per 
cent in Mw. Clearly the uncertainties in the experimentally determined 
values involved in the calculation of • are such that the reproducibility in 
the determination of the value of • by the present techniques is no better 
than + 15 or 20 per cent. Values of • in acetone computed from the data 
on unfractionated polymers (Table 3) corrected for heterogeneity are some- 
what  lower (ca. 1 "7 x 1021) than the corresponding result for the fractions. 

Intrinsic viscosity relationship in benzene at 30 ° 
A log-log plot of the values of [7] determined on. fourteen fractions in 

benzene at 30 ° versus the corresponding values of M~ determined above 
(Table 1) may be represented (Figure 4) by two intersecting straight lines 
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corresponding to the equations 

[~/] = 5.2 x 10-~M~o °'r6, M~ 1> 35 000 

[,/]= 19"5 x 10-4Mw °''1, Mw ~< 35 000 

(5-1) 
Polymethyl methacrylate 
fractions in benzene at 30 ° 

(5-2) 

Deviations from the lines average less than two per cent in M,o. Further- 
more, use of equation (5-1) to calculate the viscosity aVerage molecular 
weight M, from the intrinsic viscosities in benzene observed for the whole 
polymers (Table 3) yields an average value of M~o/Mv = 1 "05 as expected on 
the basis of their molecular weight distribution. The good agreement of the 
present result of equation (5-1) with earlier work 16, 19 is also illustrated in 
Figure 4. The agreement between the molecular weight over a 100-fold 

lOG ~ I01 

16 100 

~ , , ~  

11~102 • I I [ I I0 -1 
10 3 10 4 I0 s I0 e 10 

Figure 4--The [~]/M w relation of equation (5) (full lines) for fractions of con- 
ventional polymethyl methacrylate in benzene at 30*. In this work (upper 
curve, left ordinate) the molecular weights were obtained by light scattering, 
O, or (for the dimer, trimer and tetramer) ebulliometrically 1, O. Data (lower 
curve, right ordinate) of Bischoff and Desreux le, V, and of Cantow and 
Schulz 19, [] by light scattering and of Meyerhoff and Schulz 2°, 21, A, from 

sedimentation-diffusion measurements 

range based on light scattering investigations in three laboratories and on 
the ultracentrifugal determinations of Meyerhoff and Schulz 2°, 21 provides 
further strong evidence for the reliability and accuracy of the weight averse  
molecular weight values obtained by the present techniques. The [,j]/M,,, 
relationship for conventional polymethyl methacrylate in benzene at 30 ° 
has now been investigated for values of 'M from 200 (the dimer) to nearly 
-8 000 000. 

Intrinsic viscosity-molecular weight relationships at 30 ° in other solvents 
Molecular weight values ranging from 63 000 to 2 600 000 of twenty one 

fractions of polymethyl methacrylate were calculated by equation (5-1) from 
104 



PROPERTIES OF DILUTE POLYMER SOLUTIONS II 

5 

eo 

10 c 

10" 

5 

i . . . . .  

lO 5 lO 6 

Figure 5--Log-log plot of 01] versus Mr for conven- 
tional polyrnetlayl rnethacrylate fractions in various 
solvents at 30 °. For curves 1 to 8, respectively, the sol- 
vents for the [,/] measurements are chloro~form, dichlor- 
ethane, rnethyle'thyl ketone, methyl methacrylate, toluene, 

acetone, rnerhyl isobutyrate and acetonitrile 

observed values of [7] in benzene at 30 ° . Intrinsic viscosities of various of 
these fractions were determined in eight other solvents (Table 4). Plots of 
[~/] versus M., on a log-log scale (Figure 5) are represented by straight lines 
conforming to the relation 

[,/] =Kxm~ (6) 

Values of the parameters Kx and a corresponding to these straight lines are 
given in Table 5 together with corresponding data from the literature. With 
one or two exceptions, the agreement between the [,1]/Mw relationships 
determined for a given system in different laboratories is gratifying evidence 
that reliable and reproducible dilute solution measurements of [,7] and of M~ 
of polymethyl methacrylate at least are indeed possible if carried out with 
reasonable care and appropriate techniques. 

The present viscosity data were not corrected to zero shear rate, 
consequently the parameters in equation (5) and in Table 5 refer to 
viscosities obtained at the shear rates (3 000 to 6 000 s ee -0  which prevail 
in the Ubbelohde viscometer used here. This shear range is typical of 
viscometers commonly employed in viscosity measurements of dilute 
polymer solutions. Correction to zero shear rate would usually yield slightly 
larger values of a and lower values of K1 in Table 5. Such corrections, which 
are appreciable (>/ 2 per cen0 for [7/] >~ 2, are made in the subsequent 
papers where the results are compared with theory. 
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PROPERTIES OF DILUTE POLYMER SOLUTIONS II 

Table 5. Parameters of viscosity/molecular weight relations for polymethyl methacrylate 
in various solvents at 30°: [~] =K1Ma 

Solvent Present work Literature 
a /(1 × 105 a Kx × 105 Ref Mw x 10 -5 

Chloroform 0.80 4.3 

Dichlor- 
ethane 

Benzene 
0.77 5.3 
0-76 5-2* 
0-41 195 t 

Methyl- 
ethyl ketone 0.72 6.83 

Methyl 
methacrylate 
(monomer) 0.72 6.75 

Acetone 0.70 7.7 

Toluene 0.71 7' 0 
Methyl iso- 

butyrate 0.67 9.9 
Aeetonitrile 0.50 39- 3 

0'82 4'88 22 0"6 -10 
0'80 4'8 16 0"6 -2 
0"80 4"85 20 0.75-70 
0"83 3"4 23 4 -30 

0.68 17 24 0"3 -100 

0.73 8'35 20 0.75-70 
0.76 7"24 22 0"6 -10 
0"76 5-5 21 0.25-70 

19 0.25-70 

0.72 6" 8 24 0" 3 -100 
0" 72 6' 8 16 7' 6 -14 
0.72 7.1 23 4 -30 

0.76 3.90 20 0.7 -70 
0-70 7-50 24 0-3 -100 
0.73 5.15 21 0.25-70 
0.70 7.5 16 0"6 -14 
0.69 9.6 23 18 -35 
0-73 7.1 23 4 -30 

*~'w~> 35 ooo t~,,, <~35 ooo 

C o m p a r i s o n  o f  the  present  exper imenta l  da t a  on the [ 7 ] / M  re la t ionships  
for  po lyme thy l  me thaery la te  in var ious  solvents wi th  the pred ic t ion  of  an  
a p p r o x i m a t e  theoret ica l  t r ea tment  presented  ea r l i e#  is m a d e  in the  th i rd  
pape r  of  this  series ~*. A fur ther  discussion of this compar i son ,  and  par t icu-  
la r ly  of  the  difference in the  [~I]/M re la t ionships  found  for  low and  high 
molecu la r  weight  po lymethy l  me thacry la te  in benzene [cf. equat ions  (5) 
above  and  equat ions  (4) of  the preceding paper] ,  wil l  be given elsewhere 2~. 

We are indebted to H. W. Desman, M. Rich and Dr J. B. Kinsinger Jor 
assistance in the preparation and [ractionation oJ the polymers and [or the 
intrinsic viscosity measurements. We are grateful to D. Conlon and to 
Dr I. F. Woodman for helpful comments offered during the early stages oJ 
this work. 

Rohm and Haas Company, 

Philadelphia, Pennsylvania, U.S.A. 

(Received September 1961) 
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APPENDIX 27 

The galvanometer deflection g~ corresponding to scattered light of intensity 
i0 reaching the photomultiplier tube when incident light of intensity lo 
traverses a cell containing a solution of turbidity ~- is 

ge ,~" lore  -~(t~ +t~ 

where the last factor expresses the attenuation of the incident and scattered 
light travelling the paths l~ and 12, respectively. Normally I0 is also measured 
by sampling some portion of the incident light passing directly through the 
cell, where 

go ~ Io e-T(l'+t'~ 

For symmetrical cells such as are usually employed, 12 + 12=I~ + 13 and 
~ ge/go directly, i.e. the attenuations which obtain in measuring both le 

and I0 being identical cancel out of the calculation of r~. 
For  a Comell cell of relatively large dimensions, the attenuation factor 

may be large. Furthermore, because of the light trap, it is not possible to 
sample the incident light passing directly through the cell. Instead, the cell 
is removed and a galvanometer reading go is obtained on a portion of the 
incident light passing directly through an opal filter. Thus 

r = kl  (go/go) e ~tl'+t~ 

The proportionality constant, k ,  is obtained from the observed value of 
(gdgo) ,  for a standard solution of known turbidity r,, so that 

~" = [(golgo)l(golgo),] . r , .  e-CT,-')tl,+t~ ~ 

In the limit of infinite dilution for the solute, r = 0 and 

(c l ~)o = (c l ~)o e~,~'~+'2 ' 

where (c/r)*o=[(go/go) - t . ( g * / g o ) , . c / r , ] o  is the 'apparent' value for the 
turbidity ratios uncorrected for attenuation. The CorneU cell used occasion- 
ally in the present work had dimensions of l~=6.1 cm and 12=2"8 era. The 
correction factor, e',¢t~+t2 ~ , would therefore be about 1-25. Since ( c / S e ) ~ o  is 
proportional to (c/r)~_~0, the 'apparent' values of ( c /S~)~o  were multiplied 
by 1"25. Experimental verification of this was obtained by direct comparison 
of molecular weight on polymethyl methacrylate fractions and on other 
polymers measured in both the Cornell and Brice cells. 
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Properties of Dilute Polymer Solutions 
Intrinsic Viscosity~Temperature Relationships 
for Conventional Polymethyl Methacrylate 

III 

T. G FOX 

Intrinsic viscosity/temperature relationships from 0 ° to 120"C determined in 
a variety of solvents on sixteen fractions of conventional polymethyl methacry- 
late ranging in molecular weight from 105 to 2"6×10 e yield, through com- 
parison with existing theory, information on both the intrachain forces and the 
thermodynamic interactions with the solvent, and their effect on the 
average dimensions of the polymer coil. The observation that the viscosity 
at the critical miscibility temperature O is 4"8×10-4M 112 independent of 
temperature, from 30* to 70 ° at least, indicates an average linear dimension for 
the polymer coil twice that expected for free rotation about the chain bonds; 
the observed temperature independence indicates that the trans and gauche 
minima in the potential energy profile on rotation have the same energy. 

The heat of mixing and the O-temperature for polyisobutylene, polystyrene, and 
polymethyl methacrylate in different solvents are shown to be generally related 
to (and to increase with) the d(~erence between the Hildebrand solubility 
parameters for the polymer and the solvent, and other unknown factors which 
in specific instances play a dominant role. The abnormally low entropy of 
mixing observed for these solutions indicates a high degree of local order in 
the packing of solvent molecules and polymer segments as a result of specific 
interactions dependent on the chemical and geometrical structure of the 

polymer-solvent pair. 

THE RESULTS of an approximate theoretical treatment of the effects of 
intramolecular interactions of polymer chains in infinitely dilute solutions 
on their conformation and intrinsic viscosity are summarized in the 
equations 1-s : 

{r/] = KM1/2c& (1-1) 

~ - 2 3 = 2Cm~bc(1 - 0 / T) M 1/2 (1-2) 

K = ~b (~/M)~/2 (1-3) 

¢' = [,7] M/(;~)  ~ (Z-4) 
C,,= 1-4 × 10 -~" '-~2/VI) ~ / K  (1-5) 

Here i[~] is the intrinsic viscosity in the given solvent of molar volume 
V1 at temperature T for a flexible chain molecule of molecular weight M 
and partial specific volume Sv, and ~ represents the ratio of (~)1/2, the root- 
mean-square end-to-end distance for the polymer coil in the given solvent 
to (f0) t/*, the corresponding dimension in a solvent at the temperature 
T =  O where the net thermodynamic interaction between the solvent and 
the polymer segments is zero. Values of the entropy parameter ff~, the 
critical miscibility temperature O, and the constant C,, are, as illustrated by 

*Present a d d r e s s  : Mellon Institute, Pittsburgh, Pennsylvania. 
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application of these equations to extensive ;[tl]-T-M data for a variety of 
polymers ~, specific for the solvent-polymer pair. Such data indicate K to 
be a constant characteristic of the polymer and of the temperature, while 

appears to be a universal constant, of 'best value' 2-1 x 10 ~1, for long 
flexible chains. 

Herein it is intended to establish [,1]-T-M relationships for conventional 
polymethyl methacrylate fractions in various solvents, and to test the 
applicability of the above equations to these data and to the [~I]/M relation- 
ships of the preceding paper'. Intrinsic viscosities were measured on polymer 
fractions in sixteen solvents at temperatures ranging from 00 to 120 ° and 
in three solvents at their respective theta (O) temperatures (ranging from 
31 * to 71OC) determined from critical miscibility studies. Application of the 
procedure outlined earlier ~'~ for fitting the above equations to such data 
provides both a test of the adequacy of the relationships and an evaluation 
of the parameters therein characterizing the unperturbed size of the polymer 
coil (~/M) and the thermodynamic interaction of the chain segments with 
various solvents. Comparison With similar parameters obtained for other 
polymers and solvents and a consideration of the applicability of certain 
revisions suggested recently in the above theoretical relations will be 
presented. 

E X P E R I M E N T A L  AND R E S U L T S  
Materials 

Two polymers in addition to those already mentioned 4"~ were prepared 
and fractionated under conditions similar to those described previonslyL 

The solvents employed were of high purity, obtained commercially or 
prepared in these laboratories and freshly distilled before use. 

~ 1 . 4 ~  

• t 0 ~  

Concentration 

112 
g/dl 

Figure /--Reduced viscosity/con. 
eentration plots for solutions of 
polymethyl methacrylate fractions 
for M=2.6x l0 s in 4-heptanone 
at T=O=35 ° (top) and for 
M=2X105 in acetonitrile at 

T=42", where O=45"C 
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Intrinsic viscosities 
Intrinsic viscosities were determined with the viscometers and techniques 

described earlier "'5. In good solvents the reduced viscosity plots of the 
data are linear with values of the Huggins constant k of about 0-34 to 
0.40 depending on the solvent. The accuracy estimated for [7] determined 
in these solvents is + 1 per cent. In poor solvents (Figure 1) at temperatures 
at or near O, the plots may be non-linear and the Huggins equation does 
not apply, as was noted earlier for similar data for other polymers ~" 7. The 
accuracy estimated for ['d determined in these poor solvents is ca. +4 
per cent. 

Measurement of the dependence on the rate of shear `/ of the dilute 
solution viscosity at 30 ° of polymethyl methacrylate fractions in six solvents 
were made with the Ostwald viscometer and techniques applied previously 
to solutions of polyisobutylene s. The results were approximately represented 
by the equations 

In '/~v = In  ,i°,, - 97/100 ( 2 - 1 )  

9 = 5 x 10 -4 [~/1~ / ['/]cacls (2-2) 

Here ~.. is the specific viscosity at the rate of shear `/(sec-1); ,/L is the 
corresponding value extrapolated to -/=0; [,7] and ['/]eacl~ are the intrinsic 

Table 1. Data on the shear dependent viscosities of solutions of fractions of 
conventional polymethyl methacrylate at 30°C in various solvents 

[~] at 75 × 10 a 
Designation M~ × 10 -6 Solvent zero shear Calc. by 

(dl/g) Obs. eq. (2) 

M MAsF a 1.72 Chloroform 4.17 2" 00 2.00 
MMAaFa 1" 72 Dichlorethane 3- 34 1.32 i - 29 
MMA~Fa 1.72 Benzene 2.89 0" 87 0" 95 
MMAzFa 1" 72 Toluene 2- 09 0" 55 0- 50 
MMA~Fa 1' 72 Acetone 1.70 0- 30 0" 34 
MMA4F1C 1" 1 Chloroform 3.54 1- 38 1.70 
MMAaFsA 0.62 Chloroform 1- 86 0" 90 0- 90 
MMA1FsB 0" 60 Chloroform 1.87 0' 67 0.89 

Table 2. Intrinsic viscosities of fractions of conventional polymethyl methacrylate 
in benzene at 30°C 

[~] Calc.* [~] Calc.* 
Polymer (dl/g) A'lv × 10 -s Polymer (dl/g) My × 10 -a 

2FzA 3"91 2 610 
2F2B 3"04 1 940 
2Fa 2" 84 1 720 
HD2Fz 1"66 1 680 
HD2 1'04 1 060 
2F4 1- 86 970 

2FaA 1- 69 864 
1Fa 1 "29 600 
4FaD 1"27 590 
3F1C 1" 12 500 
IFaD 1 "00 433 
1F4 0' 769 308 

3FsA 0"622 232 
3F~ 0" 584 227 
3Fa 0- 556 200 
IF5 0'542 192 
3FsD 0"514 181 
3F7 0" 393 127 

3Fa 0-337 102 
1 F7  0" 32 94 
3F10 0-233 63 

11F7 0-096 13 '4 
l IFe  0'103 15"9 
11F9 0"079 8' 33 

*Calculated from [T/] and equations (5) of  ref. 4. 
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2~ 

15 

0"5 

. . . . i  ° I  970 

~ 600 

308 

3b do 
T o C 

Figure 2--[,1]-T-M data for poly- 
methyl methacrylate fractions in 
toluene. The solid lines were 
computed by equations (1) with 

the parameters of Table 7 

• 4"00 

200 

U ' Chloroform 

9 n Dich[orethane u 

- -  0 0 0 

Benzene 

o 0 ~ ---°~" Methyl 
- o ~ . ~ ' ~ " ' c ' " ~  met hacry [ate 

o . . . . . . ~ /  Toluene 

~ Nethyl isobutyrate 

0 

I I I I I 
0 5 0  100 

T oC 

Figure 3--[~]/T data in various solvents for polymethyl 
methacrylate fractions of 10 -a M of 970 (lowest curve) and of 
1720 (others). All curves were computed by equations (1) with 

the parameters of Table 7 
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Table 3. Continued 
M, [n], dt!g I M, [hi, d//g 

Fraction x 10 -a T, °C Obs. Calc.* I Fraction x 10 -s T, °C Obs. Calc.* 
I 

Tentative results f rom preliminary measurements 

HDsF2  

HDsF2  

Methylethyl ketone 2-Oetanone 
1 680 20 1.95 1.97 

30 2.02 2 - 0 0  
35 2 .06  2- 02 
40 2.06 2 .04 
50 2.07 2.07 
50 2.09 2'07 
60 2.10 2'11 

Amyl  acetate 
1 680 50 0.85 0.86 

70 1.14 1.15 
80 1.25 1.26 

HD2F2  1 680 80 1"02 1-01 
100 1"25 1"24 
120 1-37 1-42 

H D 2  1 060 80 0.764 0-75 
100 0"66 0"91 
120 1-01 1-04 

H D s F 2  
3-Heptanone 

1 680 30 0-80 0-74 
70 1"28 i ' 3 0  

100 1"46 1 '53 

*Calculated by equations (1) with the parameters of  Table 7. 
tCorreeted to z e r o  shear  ra te 'by equation (2). 

viscosities in the chosen solvent and in chloroform, respectively, and ~ is 
the percentage decrease in '7~, per unit increase in -y. The agreement between 
the calculated and observed values of ¢ is illustrated in Table 1. 
Corrections to zero shear rate of the viscosity data on the high 
molecular weight fractions in the three solvents (chloroform, dichlorethane 
and benzene) yielding the highest correction (ca. 3 to 18 per cent) were 
made in a manner analogous to that described previously`. Conceivably 
the additional uncertainty in ['7] for the corrected data may be ca. 1 or 2 
per cent. Corrections in the other solvents were not made since for these 
generally 9 < 5 x 10-' and the corresponding corrections were small ( <  3 
per cent). 

Equations (2) are approximate, and additional studies would be needed 
if more precise knowledge of the viscosity/shear rate dependence is desired. 
We note, however, that for the molecular weight range investigated (ca. l0 s 
to l0 s) the magnitudes of the effect for polymethyl methacrylate and poly- 
isobutylene at the same molecular weight and ['7] are similar, although the 
values of ~ are higher for the latter polymer when compared at the same 
[,~] and chain length. 

Molecular weights for all of the fractions were calculated from the 
observed values of ['t] in benzene at 30 ° (Table 2) employing equations (5) 
of the preceding study'. 

Intrinsic viscosity data obtained at several temperatures are presented in 
Table 3 and illustrated in plots of [~7]/T in Figures 2 and 3. 

Determination of precipitation temperatures 
The critical precipitation temperature for a polymethyl methacrylate 

fraction in a chosen solvent was determinedby preparing several solutions 
at concentrations in the vicinity of the theoretical critical volume fraction 
v, of the polymer ~. The temperature T~ at which the stirred solution became 
turbid on slow cooling was recorded for each concentration. The maximum 
temperature Tc for the coexistence of two phases was obtained with adequate 
precision (0"3°C) from measurements at four or five concentrations. The 
critical temperature Tc and critical volume fraction of polymer v, for 
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complete miscibility in a given solvent should depend on M as 

T. ~ 0 (1 - b / M  It2) (3-1) 

b=(V d~)l/~¢; 1 0-2) 
v, ~. (V1/~-)I/2IM '/2 0-3)  

The desired quantity O is obtained as the intercept in the plot of T, versus 
M -~/2, whereas the value of ~x is calculated from the slope and intercept 
of this line. 

L )  
o 

t I t I I 

20 

47 

i I I d ' ~  ~ 6 6  
2 6 I() 

Concentration g/dl 

25 

Figure 5 - - T e / M - 1 / 2  for 
polymethyl methacrylate 
fractions in 4-heptanone 
(O) and in acetonitrile (0) ~ 0 

Figure 4 - -  Precipitation 
temperatures versus concen- 
tration for polymothyl 
methacrylate fractions in 

4-heptanone 

-25 

0 4 8 
10001M1/2 

Precipitation temperatures T~ were obtained on seventeen fractions and in 
seven different solvents. Values of T~ and ~c obtained f rom these maxima 
in the observed T~/v curves (Figure 4) are summarized in Table 4. Values 
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Table 4. Critical precipitation data on fractions of conventional polymethyl 
methacrylate in various solvents 

Solvent 
and Fraction Mr T, v e × 102 

parameters x 10 -a (°C) 

3-Octanone 2F4 970 61 2.3 
@ =72°C 4FaI-A 860 60 3.0 
b =29 1 F4 308 52.5 4.0 
~bl =0.48 3Fe 147 46.5 5.5 

3F7 127 42.4 5.0 
2-Octanone - -  1 400 48 2"6 

O = 52°C 2F4 970 44.5 - -  
b =25 3FIG 135 26 5"7 
~b1=0'55 - -  55 18 6"7 

Diisopropyl ketone 2F4 970 35.0 (1) 
O =46°C 1Fa 308 26- 7 (1) 
b =32 3F7 127 17.0 (1.8) 
~bl =0.41 

Acetonitrile 2F4 970 30.0 3.5 
® =45°C 4F:~D 590 21.5 5.0 
b =56-5 3F6 147 - 1 "5 6.0 
~bl =0-145 3F7 127 - 6.0 9.0 

Methyl neopentyl 
ketone 2F4 970 28.4 4.45 
O -----35°C 

4-Heptanone 2Fa 970 26.8 3.0 
® =33"8°C 1F4 308 19.4 4"8 
b =23"6 3Fa 147 13-0 5-0 
~b~=0"50 5F1-A 66"4 3-2 6"5 

l iFe  15"9 -27 .0  (22) 

2-Ethyl 
butyraldehyde 2F4 970 11 • 7 - -  
O =22°C 4FaD 5Q0 7.7 4'2 
b =38.6 3F~ 127 ( -  8.5) - -  
~1=0.32 

of  O, b and ffl de te rmined  according to equat ions  (3-1) f rom l inear  plots  of  
T r i m  -1/2 (Figure 5) are  also summar ized  in Table 4. 

C A L C U L A T I O N  A N D  D I S C U S S I O N  
Evaluation o f  K 

Values  of  K x 104 (Table 5) were computed  by  equat ion  (1-1) f rom 
intr insic  viscosit ies measured  a t  the observed O- tempera ture  (where ~ =  1) 
in 3-octanone at  72 °, in acetoni.*rile a t  45 °, and in three samples  o f  
4-heptanone (evident ly differing in puri ty)  a t  their  respective O-temperatures  
of  31.5 °, 33.8 ° and  35.0 °, employing  sixteen different fract ions of  poly-  
me 'hy l  methacryla te .  A l though  the K / T  coefficient indicated f rom the da ta  
in different solvents is sl ightly posit ive,  con t ra ry  to the  behav iour  observed  
for  o ther  po lymers  B'r, the  small  increase (ca. 6 per  cent  in 40*) is within 
the exper imenta l  uncer ta in ty  in these determinat ions .  Thus ,  in seven 'e~n 
of  nineteen instances for  f ract ions ranging in Mo f rom 1"3 x 104 to 2-6 x 10 e 
the  average  va lue  of  K x 104 is 4"8+_0"2, i.e. 

[,d~=4.8 × lO-" ( M O "  (4) 
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Table 5. Values of K determined for various solutions of fractions of conventional 
polymethyl methacrylate at T= O 

[vii in 
Solvent O Fraction My dl/g at K × 104 

( °C)  × 10 -3  T = O  

4-Heptanone 31.5" 2F2B 1 940 0.64 4- 7 
Sample 1 1 FaD 433 0.28 4- 3 

4-Heptanone 35-0" 2F2A 2 610 0.80 4" 9 
Sample 2 2F~ 970 0.48 4.8 

3F8 102 0-148 4.6 
4-Heptanone 33.8* 2F3 1 720 0.57 4.3 

Sample 3 2F4 970 0.45 4.6 
1F4 308 0"26 4.7 

11Fe 15.9 0-065 5.1 
llF7 13.4 0.056 4.8 
11F9 8-33 0.061 6-7 
Trimer 0-30 0.0176 10 
Dimer 0- 20 0.0097 6.9 

Acetonitrile 45.0 2F~A 2 610 0.92 5.7 
2F4 970 0.50 5.1 
4F3AI 864 0.45 4-8 
3F4 200 0-215 4.8 
3FsA 232 0-20 4.2 
3F8 102 0.15 4.7 

3-Octanone 72 "0 2F2A 2 610 0" 785 4" 8 
2F4 970 0- 525 5.3 
3F7 127 0' 176 4"9 

*Data  on  solvent samples i ,  2 and 3 were determined independently on different occasions (1950, 1952 and 
1953). 

for M~ ~ 10 ~, 70 ° ~ O ~ 31 °. Deviations from equation (4) occur at lower 
chain lengths. An appreciably higher value of K = 5 - 9 2 x  10-" in a 50 :50  
mixture of butanone and isopropanol at 25 ° was reported earlier ~°. 

Unperturbed coil d imensions  

Values of ( ~ / Z )  1/2 computed for a variety of polymers by equation (1-3) 
f rom the observed values of K and by assuming ~ = 2 . 1  x 102~ are given in 
Table 6. Here  Z is the number of chain a toms in the polymer molecule. 
T h e  corresponding ratio (f0/f0) 1/2 (Table  6) computed from the corres- 
ponding values of (f0~[Z), with free rotation and the usual values for bond 
lengths and angles, characterizes the expansion in the equilibrium dimen- 
sions of the polymer coil arising f rom the intramolecular hindrances to 
rotations within the chain. 

The present data indicate for the coil expansion factor of conventional 
polymethyl methaerylate a value (2-0) intermediate between the extremes 
(1-4 and 2-5) observed for other polymers, with an apparent uncertainty 
of about  0"1 unit in the relative value of this ratio. The  constancy of K I T  
found here implies that ~0 for this polymer is independent of temperature, 
and therefore that in the potential energy profile versus rotational angle 
the minima occurring at  the trans and gauche positions have the same 
energy. 
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Table 6. Unperturbed end-to-end distances computed from K values 

(~1M)'12 (r21z) 1/2 (foolr2t)112 
T K x l O  4 

(°C) x 1011 x lOS 
Polymer 

Poly-n-hexyl 
methacrylate 11 32.6 4- 30 

Polystyrene TM ca. 25 8" 3 
Poly-n-octyl 

methacrylate TM 16" 8 2" 68 
Polyvinyl 0 9" 2 

aceta el~,. 15 25 8" 8 
Polyethyl 

methacrylate le 23.0 4.73 
Poly-n-butyl 

methacrylate 17 4.5 2.95 
Polymethyl 

methacrylate ~° 25 5.92 
Present work 30 to 70 4-8 

Polyacrylic acid TM 30.0 7- 6 
Polyisobutylene TM 24 10" 6 
Polyethylene TM 140 - -  
Natural rubber TM 0 to 60 11.9 
Polydimethyl 

siloxane TM 20 8.1 
Gutta percha TM 60 23.2 

595 5.50 2-51" 
735 5"30 2"42 

503 5"01 2.31" 
760 5"00 2-29 
740 4"88 2-23 

609 4.60 2"10" 

520 4"38 2"00* 

656 4"65 2.10" 
612 4-34 1"98 
710 4-26 1-95 
795 4-20 1.92 
070t 4"00t 1"83t 
830 3.42 1-71 

730 4" 45 1" 60 
1 030 4"25 1-46 

* 1 These values of  ~-d calculated from K differ somewhat from those given in the original references by China" 
and co-workers since the latter are based on l ight scattering data which do not  always correspond to the 
'best value' o f  • =2 .1  x 10 sl used here. 

~f(r~o/M) was computed in ref. 18 by combining viscosity/molecular weight data and virial coefficient data for 
polyethylene in a-ehloronaphthalene at 135°C. 

Attempts to correlate the values of (f,,/f0~) 1/~ for different polymers with 
the structure of the monomer unit may be of limited significance, since the 
coil dimensions may  also depend on the unknown stereochemical and /o r  
geometrical arrangement of the units relative to each other in the chain. 
Thus the fact that this ratio for the methacrylate ester series does not 
increase in a regular fashion with increasing length of the side chain 
conceivably might reflect differences in stereochemical structures that are 
dependent on differences in the condition chosen for the polymerizations. 
The data of T a b l e  6 do illustrate dear ly  that this 'coil expansion ratio' 
cannot be taken as a measure of 'stiffness' insofar as the mobility of the 
polymer segment is concerned, since there is no correlation between values 
of (f0/~,)l/~ for various polymers and their corresponding glass tempera- 
tures. Thus ' rubbers '  with low glass temperatures such as polydimethyl 
siioxane, polyethylene, and polyhexyl methacrylate appear at the bottom, 
middle and top of T a b l e  6, and polystyrene and polymethyl methacrylate 
possessing nearly the same high glass temperature are widely separated on 
this scale. Similarly, there appears to be no unique relation between the 
glass temperature, T~, and the difference, AE0, in energy of the two minima 
in the potential energy curve on rotation about the valence bond. Thus 
polyisobutylene 1' and polymethyl methacrylate having small values for 
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AE~ differ greatly in T~, whereas polyethylene ~9 with a relatively high value 
of ZXEo exhibits a low Tg. 

Evaluation of thermodynamic parameters 
For the polymethyl methacrylate fractions, the thermodynamic parameters 

in equations (1) were evaluated by the scheme used previously ~'3 based on 
the assumption that K is a constant characteristic of the polymer and 
unaffected by specific interactions with the solvent. Thus, values of 
o?=[,7]/KM1/2 and of (~5_ ~)/M~/2 were computed in each case from the 
measured value of ['7] and of M, and the values of 0 and of 2CmfflO were 
determined for each solvent for the polymer from the slope and intercept, 
respectively, of the best straight line representing plots of (~3-~)/M~I ~ 
versus T -1. Recognizing that C,~ is to a sufficient approximation independent 
of temperature and given by 4"11V7 ~ (where V~ is the molar volume of the 
solvent at 27°C) and using the numerical values, v=0-8212°, K =4 -8  x 10 -4, 
• =2.1 x 10 ~a, one can deduce ~p~ from the above results. Values of O and 
of ~b~ so obtained, and of the heat of mixing parameter Ka =~p~O/T, are 
summarized in Table 7. 

Table 7. Approximate values for the thermodynamic parameters for polymethyl 
methacrylate from [~]-T-M aata in various solvents 

'Best values' T = 300°K 
Solvent O, °K ~b~ K, Xl 

Chloroform 0* 0.136t 0t 0' 364 
Dichlorethane 40* 0.0931" 0.01245" 0' 419 
Benzene 50* 0.0765" 0.0127 0-437 
Methyl methaerylate 110* 0.0705" 0.0265" 0-466 
Toluene 208 ± 10 0.1105" 0.0765" 0.466 
Acetone 218 :~ 10 0.069:~ 0- 050:~ 0"481 
Methyl isobutyrate 2205:10 0.067~ 0.049~ 0.482 
4-Hel~tanone 307 5:10 O. 085" 0.08155" 0.5015 
Acetonitrile 318 5:10 0 -030~ 0.0318~ 0.5018 

Tentative results from preliminary data 
2-Butanone 175 0"075 0.0437 0" 469 
Ethyl acetate§ 175 0.051 0.029 0-478 
2-Heptanone § 284 0.133 0.126 0- 493 
3-Heptanone 298 0.13 0-129 0" 499 
Carbon tetrachloride§ 300 0.066 0.066 0- 500 
Amyl acetate 314 0.155 0.162 0.507 
2-Octanone 333 0" 160 0.178 0" 518 

*Generally ca. 5:50 ° . 
tGeneral ly ca. 5 :0"015 .  
~Uneertainty<0-01. 
§The parameters for these solvents were calculated from a few rough measurements of  intrinsic viscosities 
not  recorded in Tab le  3.  

According to equation (1-2), the plots of (a s -  ~,3)/M~/~ versus 1 /T  should 
be linear and independent of M. Linear representations within the scatter 
of the experimental data were indeed possible for a given polymer fraction 
in a particular solvent at different temperatures. Values of (~5_ ~3)/M~/2 
at a given temperature, however, tended to increase with increasing M. 
This departure from the requirement of the approximate theory would be 
worsened by the use, suggested recently ~, of a lower power of ~ in equation 
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(1-1), and would not be eliminated by the use of the amended form of 
equation (1-2) recently advanced ~2, since the percentage increase in 
(~ -~)/M~/~ found here with increasing M is very small in some solvents, 
such as toluene and methyl isobutyrate, and larger in others. The latter 
observation also weighs against the supposition that the deviations from 
theory arise from a possible systematic dependence on chain, length of a 
structural feature of the polymer chain (such as end group content ~s or 
stereoregularity 2') and suggests instead that in certain instances specific 
solvent-polymer interactions influence the value of K. Such a possibility, 
which may be more likely for polymethyl methacrylate, containing polar 
groups, than for polystyrene or polyisobutylene studied previously, will be 
explored more thoroughly elsewhere ~. 

Despite the emphasis in the foregoing on the failings of equations (1), 
intrinsic viscosities covering a wide range in temperature, molecular weight 
and solvent-polymer type may actually be represented to a good approxi- 
mation through their use. In the present instance for M ~ 3 x  l& the 
average deviation in most solvents between the observed and computed 
viscosity (Table 3) is only two to three per cent. Larger deviations (aver- 
aging ca. 5 per cent) occur at lower M, where assumption of a cloud 
distribution of segments made in the development of equation (1-2) may 
not be justified, and in the poorer solvents, especially near T = O, where the 
experimental scatter in the data is more 1harked. These deviations are 
generally within the estimated experimental errors discussed in the experi- 
mental section. 

Aware of both the success and limitations of the present simple appli- 
cation of the approximate theory to [,I]-T-M data, we shall explore in 
thb following section the relation of the thermodynamic parameters obtained 
to values determined by other measurements, and the dependence of these 
parameters on the nature of the solvent-polymer pair. 

Correlations of the thermodynamic parameters 
Values of 0 obtained from [~]-T-M measurements in many polymer- 

solvent systems are in good agreement with those obtained directly by 
critical miscibility studies, where such comparison is possible. However, as 
pointed out earlier ~ by Krigbaum, values of ~b 1 and of K 1 obtained from 
observed Tc/M relationships are five to ten times greater than the corres- 
ponding values obtained from [~]-T-M data (Table 8). Closer agreement 
obtains (Table 8) between the latter parameters and those computed as 
4r,'~=z~i/Rv~ and ' -  -- 2 rI-AH1/RTv2 where AS~ and AH1 are the partial 
entropy and heat of dilution 2r from osmotic pressure/temperature measure- 
merits 2r at fixed volume fraction v2 of polymer, except that negative values far 
r~ are often given by the osmotic data. As reported earlier by Orofmo 
and Fiery 28, values of the dimensionless thermodynamic parameters X~ 
computed as ½ - ~  (1 - O / T ) f r o m  the [~]-T-M data on polymethyl metha- 
crylate solutions (Table 7)agree  well with corresponding values from 
osmotic pressure/concentration measurements at fixed temperature in 
acetone or in methylethyl ketone, although in chloroform the latter method 
yields a result (0.426) appreciably higher than that (0.364) determined 
from the viscosity. 

122 



PROPERTIES OF DILUTE POLYMER SOLUTIONS III 

Table 8. Comparison of thermodynamic parameters determined by different methods 

~ from 
Polymer Solvent [~]-M-T data* ~'1 / ~ ] ~' I K 1 1 

¢'~ from TclM-Zl 2 plots* 
Natural rubber 4-Heptanone 0.085 9-4 
Polystyrene Cyclobexane 0' 13 8" 1 
Polymethyl 4-Heptanone 0.08 6.3 

methacrylate Acetonitrile 0.03 4.8 
2-Octanone 0.16 3.4 

Polydimethyl 
siloxane 

Polyisobutylene 
Butanone 0.08 5 .4  
Ethylbenzene: 

phenyl ether 
(3.1) 0 17 5.0 

Benzene 0.15 4.3 
~'~ from temperature dependence of osmotic pressure 27 

Polymethyl 
methacrylate 

Polystyrene 

Benzene 0- 076 1 - 2 - -  Negative 
Acetone 0 069 1.1 0.5 
Toluene 0.11 1-1 0.4 
Chloroform 0" 136 0" 7 Negative 
Cyclohexane 0.13 1.5 1.3 
Butanone 0.006 1-2 Negative 
Benzene 0' 09 0- 3 Negative 
Toluene 0' 11 0" 3 Negative 

*From refs. 3, 7, 26 and present work. 
t F r o m  rcf. 26, and f rom present work for polymethyl methacrylate. 

A p p r o x i m a t e  corre la t ions  of K~ and  of  O with the solubi l i ty  pa ramete r s  29-3z 
of  the  solvent and po lymer ,  and of  ~bl with the chain length of  the  solvent  
in a homologous  series a re  presented in Figures 6, 7 and 8, on  the basis  of  
values  (Table 9) compu ted  by  equat ions  (1) f rom H - T - M  da ta  on poly-  

[ Polyisobutylene ]" Po[ystyrene-~" , Po[yrnethy[ methacry[ate 
4.01 (6p =7.5) I o / (6. =9'3) / I  ~ (6p =9.4) 

o o o 

o o o  Oo 
0 0 0 

0 0 0 0 

~'- 2"0 o o 

0 

~ 0  o o 0 

0 

6s cal~em ~2 
Figure 6---(KtlVz)ll 2 at 27 ° ~rom [,1]/T data versus 8a for  three polymers in 
various solvents. The fines are drawn in accord with equation (5) and the 

indicated values of ~p 
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Figure 7--Pro empirical correlation of 0/8¢ for three polymers in various solvents. 
Here for polyisobutylene, polystyrene and polymethyl methacrylate, respectively, 

in equations (6) fl is 206, 250 and 307, and ff is 184, 330 and 400 

isobutylene ~'~, on polystyrend", and on polymethyl methacrylate in a 
variety of solvents. 

These data are generally in rough accord with Hildebrand's precept 29 
that the heat of mixing of two liquids is related to their relative cohesive 
energy densities, but indicate also the existence in some cases of wide 
discrepancies. Thus plots of (~I/V1) 1/2 derived from the viscosity measure- 
ments versus ~, (Figure 6) frequently but not invariably agree within the 
large experimental uncertainty in ul with the prediction of Hildebrand's 
expression 

(~t/ V~)=(8,-8,)2 / RT (5) 

O 
O 

/ 

I I I 
10 

No.of atoms in solvent molecule 

125 

Figure 8--An empirical cor- 
relation of ~1 computed from 
[~]/T data with the number 
of atoms (other than hydro- 
gen) in the solvent molecule. 
Polymethyl methacrylate in 
aliphatic ketones or esters 
with C = O  in the 2-position 
( ( ,  upper curve) or in the 3- 
or 4-position (Q, middle 
curve), polyisobutylene in 
aliphatic hydrocarbon solvents 
(QD- The slopes of the three 
curves are 0'17, 0"10 and 

0'058, respectively 
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Here the solubility parameter of the solvent 68=(AE1/V1)l/°', where AE1 
is the molar energy of vaporization, 8v is a corresponding parameter for 
the polymer, and R is the gas constant. Negative deviations from equation 
(5) appear to be the rule for J 6,-~p I > 0"7, which suggests that complete 
mixing of solvent molecules and of polymer segments is less likely for 
such 'unlike' components. Variations in the magnitude of such deviations, 
and in the positive and negative deviations observed in some cases even 
when ~ and 6, do not differ greatly, suggest that other, more specific, inter- 
action factors may also play an important role. 

The values of ~p of 7"5, 9"3 and 9"4 respectively, for polyisobutylene, 
polystyrene, and polymethyl methacrylate obtained by fitting the data in 
Figure 6 with the form of equation (5), are in good agreement with corres- 
ponding values of 7"3, 9'25 and 9"4 calculated from the 'molar attractive 
constants '3~ and the specific volumes in the liquid state 2°. Somewhat different 
values (7"8, 8'56 or 8"73, and 9"1, respectively) were determined recently 32 
by a method which rests on the assumptions that equation (5) is rigorously 
applicable and that ~ is a constant for a given polymer structure. Neither 
of these was found to apply to the present data. 

Approximate empircal correlation of 0 with (~0-~,) in Figure 7 corres- 
ponding to the equations : 

0=/3(8,-~D 6,>6, (6.1) 
o = 8" (6, - 6,) 6, < 8~ (6-2) 

provides at least a useful guide in a search for polymer-solvent pairs 
possessing O in a certain range. The results suggest that the polymer-solvent 
interactions are more marked the greater the difference in the solubility 
parameters, and the more polar the system, but that other factors exist 
which make quantitative predictions hazardous. 

The observed values of ¢~ are all appreciably lower than the 'ideal" 
value of 0'5 and vary over 20-fold for different polymer-solvent pairs. 
No consistent relationship between ~ and (6,-6v) or between ¢1 and K1 
was found although such a dependence would be required if both equations 
(5) and (6) were precisely obeyed. Instead, the geometry and chemical 
nature of the solvent molecule and of the repeating unit in the polymer 
appear to be important in determining ~1. For a given homologous series 
of solvent molecules of similar structure, the value of ~b~ increases (Figure 8) 
in proportion to chain length at a rate that seems to be specific for the 
polymer and the class of solvents considered. It may be that in certain 
instances a specific locus on the solvent molecule, such as the carbonyl 
group or a chain end, is attracted to some particular point on the repeat 
unit of the polymer chain, thereby introducing a degree of local order in 
the solution. On this basis, we should expect, as observed, that ~bl would 
increase as the length of the non-complexing hydrocarbon portion of the 
solvent molecule; moreover, as observed, for isomeric solvents containing 
a single complexing earbonyl group, the degree of order should be greater 
and ¢~ should be smaller the more symmetrical the isomer, lf, for the 
polyisobutylene-paraffin chain pairs, the end of the solvent packs prefer- 
entially adjacent to the polymer chain, then, as observed, the average order 
should decrease (and ~ increase) for longer chains and for branched 
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isomers with many distinguishable possible points of attachment. Preferred 
orientation of this sort may be less likely for highly symmetrical, non- 
polar ring compounds, thereby accounting for the larger ~ values (generally 
>i 0.10) observed in such instances. 
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The Solution Properties of Olefin 
Polysulphones 1--Hexene-1 Polysulphone 

K. J. IVIN*, H. A. ENDEt and G. MEYERHOFF~ 

The solubility o/ tweh,e olefin polysulphones in about twenty five solvents 
has been investigated. Pure theta solvents have bee~ found for several poly- 
sulphones. Refractive index increments have been measured for five 
polysulphones in chloroform and for hexene-1 polysulphone in n-hexyl 
chloride (O=13°C) and in two theta-solvent mixtures of methylethyl ketone 
and isopropanol. 

Light scattering, viscosity, sedimentation and diffusion measurements on 
fractions of hexene-1 polysulphone (m.wt 47000 to 695000J have been used to 
determine molecular weights an~ coil dimensions in three different theta 
solvents. The value of (~)~ in n-hexyl chloride is about 2"1 times the value 
for a freely rotating chain, but in methylethyl ketone--isopropanol it is only 

about 1.6 times as big. This difference is discussed. 

ThE solution properties of olefin polysulphones have not previously been 
investigated in any detail. A study of these polymers offers interesting 
possibilities. One can, for example, investigate the effect of substituents on 
the dimensions of the chains in theta (0) solvents. An interesting comparison 
would be between the polysulphones of hexene-1, hexene-2 and 2-methyl 
pentene-1 which are ~-, ~/3- and ~-substituted, respectively. In these three 
polymers the repeat units are isomeric, all having the formula Ca Ha2 SO2. 
No comparisons have previously been made between polymers made from 
differently substituted but isomeric repeat units. 

A further point of interest lies in the highly polar backbone of the poly- 
sulphone chains and the question arises as to whether it will have the same 
dimensions in 0-solvents which are respectively more and less polar than the 
polymer. In previous investigations no distinction has been made between 
0-solvents which are less polar and 0-solvents which are more polar than the 
polymer, though such a division is clearly implied by solubility relations ~, 2. 

In the present paper we report a preliminary survey of the general 
solubility properties of a number of olefin polysulphones, some refractive 
index increment measurements on five polysulphones and a detailed investi- 
gation of hexene-1 polysulphone fractions by light scattering, viscosity, 
sedimentation and diffusion measurements. 

EXPERIMENTAL 
Fractionation oJ hexene-1 polysulphone 

20 g of polymer, kindly supplied by Phillips Petroleum Co., was 
dissolved in 4 L of distilled acetone. The solution was somewhat hazy but 

*Department of Physical Chemistry, University of Leeds. 
tChemstrand Research Center Inc., Durham, N. Carolina. 
~/Institut fiir physikalische Chemie der Universit~it Mainz. 
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cleared after a few days throwing out a white deposit. This deposit was 
about 0' 1 per cent of the original weight and probably originated from the 
emulsion catalyst system. The clear solution was decanted, the temperature 
raised to 40°C and distilled methanol added until the turbidity point was 
reached. This required about 1-2 times the volume of acetone. The tempera- 
ture was raised slightly until the turbidity disappeared, then allowed to fall 
by three degrees and held at this temperature overnight. Next morning the 
first fraction had collected as a gel and the supernatant liquid was easily 
decanted. Seven fractions (A1 to A7) were collected in this way by lowering 
the temperature in stages to 15°C. The temperature was then raised to 40°C, 
more methanol added and three more fractions obtained by successive 
cooling (A8 to A10). The residual solution was evaporated in a stream of 
air to obtain a final fraction. Each fraction was dissolved in acetone to give 
a one per cent solution and reprecipitated by addition to methanol contain- 
ing a small amount of concentrated hydrochloric acid. After one to two days 
the polymer had settled to a fine cake which could easily be broken up, 
filtered and washed with water. Washing with methanol was found inadvis- 
able since it caused swelling and agglomeration of the polymer which 
subsequently led to coloration (yellow-red-brown) of the polymer on 
vacuum-drying at 50°C, though not to degradation as judged by viscosity 
measurements. 

The intrinsic viscosities of the fractions-in chloroform at 20°C ranged 
from 207 to 12 ml/g and the weighted average agreed well with the intrinsic 
viscosity of the original polymer (73 ml/g) indicating that no degradation 
had occurred during the first fractionation. The following pairs of fractions 
were combined and refractionated : 

['7] .... ml/g Wt, g 
A2 + A3 132 2"9 
A5 + A6 74 3"7 
A9 + A10 35 2"7 

A2 + A3 were taken first and refractionated from 0" 1 per cent solution with 
the intention of removing a head and a tail fraction. However, the average 
intrinsic viscosity of the resulting fractions was somewhat less than 75 ml/g 
indicating considerable degradation during the second fractionation. The 
reason for this is not clear. It seems that the original polymer contained a 
stabilizing impurity which was removed in the first fractionation. Some tests 
were made to determine the importance of the pH value, since the poly- 
sulphones are stable in acid solution, but unstable to alkali 3. The presence 
of acid certainly reduced the rate of degradation at 50 ° to 60°C, but not to 
the extent found for the original polymer. The fractions from A2 + A3 were 
rejected and a fresh batch of 20 g of polymer fractionated to obtain a frac- 
tion (B1) corresponding to A1 + A2 + A3 + part of A4. This had  an intrinsic 
viscosity of 143 ml/g and weighed 6-6 g. This and the aforementioned 
A 5 + A 6  and A 9 + A 1 0  were subjected to two further fractionations and 
degradation was minimized by working with 0"2 per cent solutions in an 
attempt to speed up deposition of the gels, and at temperatures not exceed- 
ing 30°C. The final fractions used in the light scattering work and their 
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limiting viscosity numbers in chloroform at 20°C were: G2, 119 ml/g;  E2, 
67 ml/g;  F2, 31'5 ml/g. Slight degradation occurred during the second and 
third fractionations. Sedimentation and diffusion measurements were made 
on G2 and on two large tail fractions from the third fractionation, G3, 
57 ml /g  and F3, 18 ml/g. Shortage of material prevented us from using the 
same fractions for all measurements. 

Materials 
The olefin polysulphones were obtained from Phillips Petroleum Co. and 

from previous work 4. 
All solvents used for physical measurements were the best available 

grades and were finally distilled through a 3 ft column. Before distillation 
acetone was dried over sodium sulphate, chloroform was washed with water 
and dried, while n-hexyl chloride (from Schuchardt, Munich), was washed 
with sodium carbonate solution and water, dried over calcium chloride and 
sodium sulphate and the fraction distilling at 133'7 ° to 134"0°C collected. 

Viscosity measurements 
These were made in Ubbelohde suspended-level viscometers, with 0 3  or  

0.4 mm capillaries, and flow times in excess of 100 sec. No shear corrections 
were made; they would be very small for the molecular weights used here. 

Light scattering measurements 
These were made on a Cantow-type apparatus 5 using vertically polarized 

436 m/~ radiation. The instrument was calibrated by means of benzene using 
the value Rg0,v=62"4x 10 -~ for the absolute scattering power of benzene 
at 90 °, as determined by Cantow and Schulz 5. The solutions were centri- 
fuged for one hour at 12 000 rev/min to remove dust before measurement. 

Difft~sion measurements 
These were made using a free diffusion cellL One fraction was also 

studied with a thermal diffusion cell as described elsewhereL 

Sedimentation measurements 
These were made in a Spinco analytical ultracentrifuge operating at 

42 040, 50 740 and 59 780 rev/min for F3, G3 and G2 respectively. Acetone 
was used as solvent because its compressibility was known, and because the 
apparent molar volume of the polymer in acetone was also knownL 

Refractive index increments 
These were measured in chloroform using Bodmann's apparatus 9. dn/dc 

values at 20°C in ml /g  were as follows for 436 m/~ (polymer has the higher 
n): polysulphone of butene-1, 0-0970; hexene-1, 0"0790; octene-1, 0.0732; 
dodecene-1, 0.0695; cyclohexene, 0"1133. The corresponding values for  
578 m# were 0.0949, 0.0782, 0-0718, 0.0581 and 0" 1104 respectively. As'the 
alkyl group is lengthened dn/dc tends towards the value for a long chain 
paraffin. The difference between the values for 1-hexene and cyclohexene 
polysulphones (0.032) may be compared with the difference in refractive 
indices of hexane and cyclohexane (0"054). 
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Table 1. Refractive index increments for hexene-1 
polysulphone (436 mtt) 

Solvent T(°C) dn/dc (ml/g) 

n-Hexyl chloride 7 0" 0796 
20 0' 0834 

Methylethyl ketone- 20 0" 1229 
isopropanol (37-63 by vol.) 27 0-1242 

37 0-1261 
Methylethyl ketone- 7 0-1208 
isopropanol (41" 5-58- 5 by vol.) 20 0" 1233 

The increments for hexene-1 polysulphone in the ,0-solvents are shown in 
Table 1. Methylethyl ketone (MEK) and isopropanol (isoPrOH) were chosen 
as components of  the mixed 0-solvent since their refractive indices are very 
close together and effects due to selective adsorption are thereby avoided ~°. 

R E S U L T S  

Solubility o/ polysulphones and search ~or O-solvents 
The solubility of twelve olefin polysulphones in a number of solvents is 

summarized in Table 2. The solvents are arranged in order of increasing 

Table 2. Solubility of olefin polysulphones 
+ soluble, -- insoluble, ± soluble above a certain temperature, 

~: soluble below a certain temperature (see text). 

Ole:n 

Solvents 
(in order ofS~s °) 

Hexane 
Diethyl ether 
Cyclobexane 
n-Hexyl chloride 
Butyl acetate 
Cyclohexene 
Carbon tetrachloride 
Ethyl benzene 
m-Xylene 
Mesitylene 
Toluene 
o-Xylene 
Ethyl acetate 
Diethyl ketone 
Benzene 
Chloroform 
Cyclohexanone 
Tetrachlorethylene 
Tetrahydrofuran 
Chlorobenzene 
Methylethyl ketone 
Acetone 
Tetrachlorethane 
Dioxan 
Sulphur dioxide 
Isopropanol 
Allyl alcohol 
Dimethyl sulphoxide 

I 8 = : *  ~ -- 

= 

7 .24  
7-74 
8'18  
8'21 
8"28 
8 '55 
8 ' 5 8  
8 . 8 0  

i 8.80 
8 . 8 0  
8.91 
9 . 0 0  
9 . 0 4  
9 "05 

1 9"15 
9-24  
9 ' 2 6  
9 '31  
9"32 
9 '51  
9 ' 5 2  
9-71 
9-72  
9 .73  

10"3 
11"35 
12' 30 
13.00 

E 

_ l  - I -  

+ -4- 

_ _ ÷ 

-- + + 
-- + + 

_ _ + + 

+ + + 

¥ 

÷ 
+ 
÷ 
÷ 

+ 
+ 
+ 

± + 

+ , 

+ + 

i 

E 

-- + 
-- + 

± 
+ ÷ + 
+ 
+ + 
+ + + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
4- + 
+ + 
+ + 

+ 
+ + 

t ÷ ÷ 
+ + 
+ + 
+ + 
+ + 
+ I 

± 

* 8 values have been taken from refs. 11, 12 and 2. Those not available were calculated. 
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solubility parameter ~ at 25°C (see footnote to Table 2) and the polymers 
in approximate order of increasing solubility. A borderline between 
solubility and insolubility runs very roughly diagonally across the table, and 
0-solvents are to be expected in the borderline region. Such 0-solvents are 
less polar than the polymer. A second borderline exists at the bottom right 
hand corner of Table 2 and ~-solvents in this region will be more polar than 
the polymer. If the solubility parameter were the only factor determining 
solubility one would expect in going down a given column a region of 
insolubility followed by a region of solubility followed by another region of 
insolubility. This pattern is followed almost pedectly by the polysulphones 
of hexene-1, 2-methyl pentene-1 and dodecene-1. Some of the other poly- 
sulphones show a less regular pattern due no doubt to other influences. In 
particular it is apparent that chloroform is a better solvent than would be 
expected from its 8 value and this is attributable to hydrogen bonding of the 
acidic hydrogen in chloroform to the oxygen atoms of the sulphone groups 
(cf. Small~). Tetrachlorethylene is also somewhat anomalous. Some 
additional effect is also apparent with ethyl acetate and butyl acetate since 
butene-1 polysulphone shows a lower critical solution temperature. The 
exceptionally insoluble nature of the first three polysulphones in Table 2 
suggests that they have very high ~ values probably arising from relatively 
high densities. In this connection we may note that the apparent solution 
densities of the polysulphones of butene-1 and butene-2 are 1"45 and 1'54 
g/ml respectively 8. 

A number of 'boundary' systems were investigated in more detail and the 
following 0-solvents were found. The temperatures indicate turbidity points 
obtained with dilute solutions (about one per cent) of polymer (mol. wt 
about 105 to 106) and serve to indicate the general region of the 0-point, 
which may be up to 30 ° different from the temperature quoted. Butene-1 
polysulphone : butyl acetate 23 °C, ethyl acetate 65 °C; these are exceptional 
in being lower solution temperatures, i.e. solutions turbid above the tempera- 
tures quoted. Hexene-1 polysulphone: n-amyl chloride -10°C,  n-hexyl 
chloride 5°C (0= 13°C, see below), tetrachlorethylene 15°C (slow degrada- 
tion), n-heptyl chloride 50°C, cyclohexanol 72°C, allyl alcohol 75°C, sec- 
octyl alcohol 86°C, n-amyl alcohol 92°C, n-hexyl alcohol 94°C, n-octyl 
chloride 113°C (isopropanol > 82°C). Dodecene-1 polysulphone: methyl- 
ethyl ketone -10°C,  n-hexane 0°C, acetone 52°C, isopropanol 82°C. 
Octene-1 polysulphone: isopropanol 82°C, allyl alcohol 72°C. 

The degradation of hexene-1 polysulphone in tetrachlorethylene is 
surprising and possibly caused by impurities. The small variation of the 
turbidity points for the alcohols suggests that their ~ values decrease strongly 
with increasing temperature on account of the loss of hydrogen bonding. 

Hexene-1 polysulphone was chosen for detailed investigation because of 
the possibility of later comparison with isomeric or near-isomeric poly- 
sulphones and because a pure, less polar, solvent with a 0-point in the region 
of room temperature had been found, n-hexyl chloride. Mixtures of methyl- 
ethyl ketone and isopropanol were used as O-solvents which were more polar 
than the polymer. 
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Molecular weights by light scattering 
Plots of KclR,  against sin 2 (~ )  were extrapolated to zero angle, and the 

values of (Kc/R,)o=o are plotted against the concentration c in Figure 1. The 
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Figure /--Light scattering results for four fractions in 0-solvents: I 37/63 
MEK/isoPrOH; II 41"5/58"5 MEK/isoPrOH; III n-hexyl chloride. Limits of error 

in intercepts are indicated. Ordinates: 106 (Kc/Re)o=o. Abscissae: c (g litre -1) 

resulting intercepts and errors are shown in Table 3. The molecular weights 
in different solvents agree within the experimental error of about + 3 per 
cent and average values have been taken. 

Fraction 

Table 3. Molecular weights by light scattering, MLs 

Solvent 10 a Intercept -- 106/MLs Average Mr,s 

G2 37/63 MEK/isoPrOH 1-44±0.04 
41-5/58.5 MEK/isoPrOH 1.48:k0.04 
n-Hexyl chloride 1.42-4-0.02 695 000:[:20 000 

E2 37/63 MEK/isoPrOH 2 "91 ±0.10 
n-Hexyl chloride 2-87-4-0.10 345 000-t-12 000 

G3 n-Hexyl chloride 3.65±0.03 274 000+ 3 000 
F2 37/63 MEK/isoPrOH 9"15±0.4 109 000:k 4 000 

Molecular weights by sedimentation and diffusion 
Figures 2 and 3 show the results of the sedimentation and diffusion 

measurements on three fractions in acetone at 20°C. The difference in the 
values of the diffusion constant D for G3 at finite concentrations as deter- 
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Figure 2--Diffusion constant 
measurements (acetone, 20°). 
Open circles, free diffusion 
method. Filled circles, ther- 

mal diffusion method. 
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10 

Figure 3---Sedimentation constant 8 
measurements (acetone, 20°). 6 

F3 

I 

G3 

G2 

I 1 I 
1 2 3 4 

Concentration,c glt. 

mined by the two methods suggests that this fraction is not very sharp; it 
was in fact a large tail fraction from the third fractionation. However, the 
Do values are the same. The molecular weights calculated from the limiting 
values Do and So using the equation 

M=RTSo/Do (1 -~p)  

are shown in Table 4. The partial specific volume of the polymer fJ has been 
taken as equal to its apparent specific volume in acetone s, 0"793 ml/g,  and 
the density of acetone p as 0"792g/ml. These results give D00:Msv  -°'~7, 
So o: Mso °'43. The molecular weights of G2 and G3 are somewhat lower 
than those found by light scattering (ef. ref. 13), but the difference is rather 
greater than would be expected from the different averaging of Ms,  and MLS. 
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Table 4. Molecular weights by sedimentation and diffusion 
(acetone, 20°(2) 

Fraction [0] (ml/g) 10 za So 107 Do Mso 
(In acetone) (sec) (cmZ/sec) 

G2 117 33.8 3-9 571 000 
G3 57-1 21.5 6 '4 222 000 
F3 18.05 11.5 16.2 46 800 

O-points 
The  fol lowing values for  the 0-points are  es t imated f rom the tempera tures  

at  which the s lopes in Figure 1 are  equal  to zero, i.e. the second vi r ia l  
coefficient is zero. 

Table 5. Interpolated 0-points 

Solvent Fraction O-point (°C) 

I 37/63 MEK/isoPrOH 

lI  41"5/58"5 MEK/isoPrOH 

III n-Hexyl chloride 

G2 
E2 
F2 

G2 

G2 

26+37 
22-I-2 ~-23 • 54-2 
23±53 

44-5 

13~2 

F o r  solvents I and  I I I  measurements  of the turb id i ty  po in t  were also used  
to obta in  app rox ima te  0-points before  the l ight  scattering measu remen t s  
were performed.  These  fit in fa i r ly  well  with the values given above,  as 
shown in Figure 4. F o r  n-hexyl  chlor ide  the cri t ical  solut ion tempera ture  i s  

o ~ 3 0 _ ~  • 

20 

I-- 

-10 

-20 I r I I I I 
0 1 2 3 

103/ML~S 
Figure 4--Tuxbidity point measurements. Open circles, 
critical solution temperatures in n-hexyl chloride. Filled 
circles, turbidity points in 37/63 MEK/isoPrOH, extra- 
polated to zero concentration. Points on the ordinate are 

the average vaLues in Table 4. 
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plotted against Mrs-½ in accordance with Flory's method of extrapolation 
for single solvent systems 14. For  mixed 0-solvents it is necessary to extra- 
polate to infinite molecular weight and to zero concentration 15. 

In the present system the values of O determined from the second virial 
coefficient are more reliable than those which would have been obtained 
from turbidity points alone, although in other systems, when more fractions 
have been used, the reverse has usually applied 15. 

Viscosity~molecular weight relations 
The limiting viscosity numbers of the various fractions in acetone (20°C), 

n-hexyl chloride (13°C) and 37/63 MEK/ i soPrOH (27°C) are shown in 
Figure 5 as a function of M. The values in chloroform (20°C) are almost 

0 

1.8- f 

12 
I I I I I L 

4"8 5 ' 0  5 '2 5'/~ 5"6 5 ' 8  

t o g  M 

Figure 5--Viscosity measurements. Filled circles, Mso values; open 
circles, MLS values. 

t~ 

identical with those in acetone (20°C). Molecular weights determined from 
sedimentation and diffusion measurements are "indicated by the filled circles: 
the others are the light scattering values. The best straight lines for the three 
solvents (giving Ms, and MLS points equal weight) are given by : 

I 37/63 MEK/ i soPrOH 27°C, 
III  n-Hexyl chloride 13°C, 

Acetone (or chloroform) 20°C, 

[,/]=4"8 x 10 -2 M °'5° ml /g  
[,/]=3-3 x 10 -2 M °'55 ml /g  
[,1]=5-9x 10 -3 M °''4 ml/g. 

Although the number of points on each graph is rather small it is clear that 
the lines for solvents I and III  have slopes close to the value of 0"50 
expected for a ~-solvent, while acetone and chloroform are to be classed 
as good solvents. I t  may be questioned from the viscosity relation whether 
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the 0-point for n-hexyl chloride is not somewhat lower than 13°C. However, 
the light scattering plot (Figure 1) leaves no doubt that the 0-point is 
13°C and this is supported by the turbidity point measurements (Figure 4). 
The deviation of the exponent from 0.50 is largely due to experimental 
error. Furthermore we have found that the temperature coefficient of [~] is 
only 0" 15 per cent per degree for G2 in n-hexyl chloride, so that even if the 
0-point were ten degrees lower the points plotted in Figure 5 for n-hexyl 
chloride would be very little affected. Temperature also has a very small 
effect on the dissymmetry, see Table 6. 

Coil dimensions from dissymmetry and viscosity measurements 
We may either take the z = i 45./i135o values, extrapolate to zero concentra- 

tion and then use Doty and Steiner's theoretical relation for random mona- 
disperse coils with Gaussian density distribution 16, or we may plot Kc/R~ 
against sin 2 (~0) and equate the limiting value of slope/intercept at zero 
concentration to (8~:~/9)(ro2/A2)n 2, where n is the refractive index for the 
wavelength )t, arid r02 is the mean square end-to-end distance of the polymer 
coils at the 0-pointlL Fairly good straight lines were obtained for the 
sin 2 (½0) plots but the slope/intercept and the z values did not always vary 
systematically with concentration. The values for G2 are shown in Table 6 
at 0-temperatures and at other temperatures for comparison of internal 
consistency. 

The relative values of (ro2)½ in solvents I and III are supported by the 
viscosity measurements as may be seen directly from Figure 5. A given 
fraction in n-hexyl chloride at 13°C has a value of [7] some 30 to 40 per 
cent higher than that for 37/63 MEK/isoPrOH at 27°C. 

The Flory constant ~,  which equals [7]0 M/(ro2) 3/2, is calculated from the 
light scattering results as (2"6+0.9)x 1023 for 37/63 MEK/isoPrOH and 
(1"8+0'2)x 1023 for n-hexyl chloride. The latter is somewhat low for a 
a-solvent and is more in keeping with a good solvent, as may be seen from 
the collection of values by Krigbaum and Carpenter 19. Theoretically • has 
the value 2"84 x 1023 for 0-solvents and decreases with increasing solvent 
power (cf. Meyerhoff~°). However, the experimental error in • values is 
rather large partly because of errors of measurement and partly because (r2)~ 
as measured by light scattering is a 'z' average while M is a weight average; 
these vary to different extents with the dispersity of the polymer fractions. 
Hence it is difficult to decide from the @ value whether n-hexyl chloride at 
13°C is really a 0-solvent because the value (1 '8+0.2)x 1023 lies within 
the experimental spread of • values for 0-solvents. 

The end-to-end distance (r1~)½ for a chain in which the bonds ar~ 
completely free to rotate may be calculated using C--C=1.54A,  
C--S = 1.82A, and taking the valence angles as tetrahedraP ~. For G2 we find 
(rt~2) ~ = 291 + 4A so that (r02/r~r2)~ is 1"6 for the MEK-isoPrOH mixture and 
2-1 for n-hexyl chloride. These values are similar to those usually found, 

Effect ol temperature on second virial coefficient A2 
The variation o f  temperature in these experiments was too limited to 
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provide any sort of test of the theory of the variation of As with M or T. 
Table 7 shows the walues of Bn defined by 22 

Bn = - R T  2 d A J d T  

Table Z Brl values for hexene-I polysulphone 

Fraction Solvent Av. temp. Av. 10 -e Bn 
(°(7) (J ml/g ~) 

G2 n-Hexyl chloride 13' 5 --2"6±0- 7 
G2 37/63 MEK/isoPrOH 28.5 --2'4±0.6 
E2 37/63 MEK/isoPrOH 28.5 --2"3±0'9 
(32 41.5/58.5 MEK/isoPrOH 13.5 -1.5±1 "1 

D I S C U S S I O N  
The most surprising feature of the present results is the large difference in 
coil dimensions in a-solvents consisting of MEK-isoPrOH mixtures on the 
one hand, and n-hexyl chloride on the other. It is possible that this difference 
may be associated with the fact that the MEK-isoPrOH mixtures are more 
polar, i.e. have higher g-values, than the polymer, while n-hexyl chloride is 
less polar (cf. Table  1). This would mean that there are two sets of stable 
configurations of the polymer chains, a more compact set, stabilized by a 
more polar environment, the other, less compact set, stabilized by a less 
polar environment. Put another way it appears possible that, for polymers 
having strongly polar groups in the main chain, the polarity of the medium 
may have an important effect on the potential energy curve for rotation 
about the main chain bonds. Thus in a less polar a-solvent more extended 
configurations may be preferred if these lead to a greater partial cancellation 
of the dipoles of adjacent sulphone groups. 

In previous investigations of polymer coil dimensions at the 0-point, no 
attention has been paid to whether the a-solvent has been less polar or more 
polar than the polymer. Kirste and Schulz's data ~ on [~]e for polymethyl 
methacrylate in various a-solvents show no evidence for any systematic 
difference between the two types of a-solvent. The same is also true of 
polystyrene data 24, although Bianchi et al. report some variation of [~/]0 
according to the nature of the mixed a-solvents, all more polar than poly- 
styrene ~5. However, the a-values and hence the ['/]0 values may not be too 
accurate since the 0-points were only determined as the temperatures at 
which the exponent in the viscosity equation was equal to 0'5. a-solvents for 
polyisobutene are all more polar than the polymer and provide no test. 

The work described here is exploratory in nature, representing as it does 
the first investigation of the solution properties of the polysulphones. 
Further work is needed to test the ideas which have emerged, particularly 
with other polymers having polar groups in the backbone. Vinyl polymers 
with polar side groups presumably will not exhibit the effects so strongly 
because the polar groups are relatively free to rotate, independently of the 
main chain. 
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A Treatment of Static and Dynamic 
Birefringence in Linear Amorphous 

Polymers by an Extension of the 
Molecular Theory of Viscoelasticity 

B. E. READ 

Calculations are made of the time and frequency dependence of the bire- 
#ingence of a linear amorphous polymer held at constant extension and 
subjected to an oscillating extension (or compression) respectively. The method 
involves an extension of Mooney's version of the molecular theory of visco- 
elasticity. The birefringence is expressed in terms of a discrete number of 
relaxation times each of which is related to a normal mode of molecular motion. 
At constant strain the stress-optical coefficient is predicted to be independent of 
time. For a sinusoidally imposed strain the birefringence and stress should be 
in phase and the ratio of birefringence amplitude to stress amplitude should 
be independent of frequency and equal to the stress-optical coefficient. The 
frequency and temperature limits of applicability of the analysis are briefly 

discussed. 

MOST molecular theories of the viscoelastic properties of polymers relate 
the time or frequency dependence of their mechanical properties to the rates 
of configurational changes of their chain molecules 1. The theories assume 
that when the equilibrium distribution of molecular configurations is 
disturbed upon deforming a sample, the new configurations are not initially 
at equilibrium and move toward equilibrium at rates dependent on the 
mobility of the individual chain links and on the lengths of chain involved 
in the motion. In the theory of Rouse 2 the polymer chains are divided 
into a number of 'submolecules' of equal length, and the motion of each 
chain is described (with the aid of the normal coordinate method Of 
analysis) as a sum of cooperative movements of the ends of each sub- 
molecule. Although the Rouse theory concerns mainly polymer solutions, 
Mooney s has recently modified it in a form more suitable to the treatment 
of bulk polymers, and in addition has extended it to the region of finite 
deformations. 

The birefringence exhibited by a deformed polymer is also related to the 
orientation or configurational states of the molecules, and under equilibrium 
conditions, this phenomenon has received a satisfactory molecular inter- 
pretation 4, 5. Since birefringence measurements may also provide useful 
information regarding the rates of configurational changes responsible for 
the viscoelastic behaviour of polymers, it is of interest to consider an 
extension of the molecular theories to this problem. In particular it would 
be interesting to predict the optical properties of a polymer which is 
Subjected to a small oscillating strain. An experimental study of this 
problem is at present being undertaken in this laboratory. Also, a 
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preliminary investigation on polyethylene has very recently been reported 
by Onogi, Keedy and Stein s. 

In the subsequent analysis Mooney's treatment is briefly summarized and 
extended to calculate the time dependence of the birefringence for a polymer 
sample held at constant extension (i.e. stress-relaxation conditions). Further 
an expression is derived for the frequency dependence of the birefringence 
for a sample subjected to a small sinusoidal extension or compression. The 
birefringence is expressed in terms of a discrete distribution of relaxation 
times in which each relaxation time characterizes the motion of a given 
configuration mode of the molecule and is related to molecular parameters 
by means of the viscoelastic theory. 

C O N F I G U R A T I O N S  O F  T H E  M O L E C U L E S  

Following the procedure of Rouse 2, each polymer chain is arbitrarily 
divided into ~ submolecules, each just long enough so that its end-to-end 
distance obeys the Gaussian probability distribution. Each submolecule is 
assumed to contain z statistical freely jointed links, each link of length a. If 
one end of submolecule i is placed at the origin of a private coordinate 
system O X Y Z .  then, at equilibrium, the probability that the other end will 
lie at the point x.  y~. z. in the volume element dx.  dy .  dz .  is 

P~(x~y~z~) dx~ dy~ dz~ = (b / 7r) a/2 exp [ --b(x~ + y~ + z~)] dr~ dy~ dz~ (1) 

where b = 3/2za 2. 
We may now represent the configuration probability of the entire 

molecule by a representative point in 3v dimensional space. The probability 
that this point lies in the volume element dxl . . . .  dz~ at the point xl . . . .  zv 
is given by 

v 

P~ dxt . . . .  dz~ = IT p~ (xjygz~) dx~ dy~ dz~ 
1 = 1  

=(b/x )  s,/2 exp [ - b 2 (x~ + y~ + z~)] dx~ . . . .  dz~ (2) 
t=1 

M O T I O N S  O F  T H E  M O L E C U L E S  

If a polymer is suddenly extended, the submolecule end-to-end distances 
will initially be displaced from their equilibrium values to a less probable 
distribution of configurations. This will result in an overall decrease in 
entropy (AS) and hence an increase in Helmholtz free energy (AF). 
Assuming that all configurations have the same internal energy then 
AF = - TAS. The tendency of the free energy of the system to seek a mini- 
mum value causes the configurations to change gradually toward a new 
equilibrium distribution. 

A diffusion of the end of each submolecule will take place along each 
space coordinate. The velocity of flow along a particular coordinate is 
proportional to the product of the mobility, ~, of a junction point and the 
negative gradient of free energy with respect to that coordinate. A set of 3v 
partial differential equations follows for the net rate of change of each 
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component of each submolecule end-to-end distance. For example, the net 
rate of change of length x~ is given by 

20S~ OS~ Ox, T [ OS~ + (3) 

where S~. the entropy of a molecule of given configuration xz . . . .  z~, is 
equal to k In P~, where k is Boltzmann's constant. In order to solve these 
equations they are each reduced to a single con]igurational variable by 
transforming the original Cartesian coordinates to a system of normal 
coordinates. Representing the normal coordinates by u~. v~, w~ . . . . .  u~, v~, 
w,,. the transformation is effected by an orthogonal matrix such that: 

u~=~'x,2.~v.-2-  ~y] and ~w.2--~z,= 
n = l  t = l  n l = l  l = l  n = l  i = l  

The expression for P. in the new coordinates is. therefore. 

(4) 

Pv dul . . . .  dw. = (b / ~)3v/2 exp [ - b ~ (u] + v~ + w~)] du~ . . . .  dwv (5) 
n = l  

which may be expressed as a product of probabilities each involving an 
individual variable 

Pv= II p.(u.)p.(v.)p.(w.) (6) 
n = l  

The velocity of flow along each normal coordinate is given by the  time 
derivative of p.. From equations (3), after transforming coordinates, and the 
equation of continuity Mooney obtains the following expression 

which contains only the u. configuration variable. D., the diffusion coefficient 
governing motions of the nth mode, is given by 

sill 2 nx 
D. = 4kTt~ 2 ( ~  (n = 1, 2 . . . .  ~) (8) 

Since the diffusion of each mode of configuration is characterized by a 
separate, diffusion coefficient, it is clear that the motion of the complete 
molecule will be described by a discrete distribution of relaxation rates. 

A basic physical assumption underlying the theory is that when the 
specimen undergoes a rapid deformation with principal extension ratios 
;t=, X~ and A,, parallel to the X, Y and Z axes respectively, the components 
of the vectors joining the ends of each submolecule initially undergo a change 
in the same ratio (i.e. an affine deformation). On account of the linear 
transformation of coordinates the normal coordinates also undergo the same 
relative change. For example, the u~, v., w. coordinates change instan- 
taneously to Z~u., ;%v. and Z,w.. During the subsequent relaxation process 
the coordinates move to their new equilibrium values. If /3= denotes the 
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time-dependent deformation of the u. coordinate, then Mooney has shown 
that an exact solution of equation (7) exists in the form 

1 tex p (9) 

Substituting (9) into (7), we obtain*. 

dfl----~ = -2D"b  ( /3~-  ~ )  d t  (10) 

The solution of equation (10) is 

fl~,, = 1 + (X~- 1) exp ( - t / r . )  (I 1) 

where the relaxation time r.. which characterizes the diffusion rate of the 
nth mode. is equal to (4bD.)-1. 

Thus when t =  0,/~n =Ax. and when t = o0. fl~, = 1, its equilibrium value. 
Corresponding expressions exist for/3u~ and fl~. From equations (11) and 
(8) we obtain 

r,~ = za  ~ [24 kl~T sin 2 {n~ / 2  (v + 1)}] -~ (12) 

which is identical with the equation of Rouse 2. 

T H E  T I M E  D E P E N D E N C E  O F  T H E  B I R E F R I N G E N C E  A N D  O F  

T H E  S T R E S S  F O R  A S A M P L E  H E L D  A T  C O N S T A N T  

D E F O R M A T I O N  

Birefringence 
We require to calculate first the contribution of a single polymer molecule, 

as a function of its configuration, to the total polarizability anisotropy of the 
bulk sample. We first consider a submolecule whose Cartesian coordinates 
are given by x .  y .  z.  Let each freely jointed link within the submolecule 
have polarizabilities %~ and ~0~ for light with electric vector parallel and 
perpendicular respectively to the link direction. By analogy with the treat- 
ment of Kuhn and Griin 5 and of Treloar', ~ for a complete molecule, the 
polarizability anisotropy of a submolecule with ends fixed at a distance l 
apart may be written (for small/) 

3 I~ (~ot- ~o2) 
~ 1 . -  ~2, = 5 " za  2 

3 2 2 
- ( x ' + Y ' + Z 2 ' ) ( % 1 - % 2 )  (13) 

5 " za 2 

where ~ .  and ~2. are respectively the polarizabilities of a submolecule along 
and perpendicular to the vector joining its ends. Equation (13) was derived 
from the equi l ibr ium distribution of angles between each link and chain end- 
to-end vector. In the present application it is assumed that the rate of 
change of l is slow compared with Brownian motions of the submolecule so 

* N o t e :  Mooney's equation 35 [equivalent to (10) above] apvears to contain a numel, ical error, containing 
a factor ½ instead of 2. Furthermore, a factor 4 seems to have been lost between equations 37 and 38. 
The relaxation time given by Mooney's equation 38 therefore differs by a factor of 16 f r o m  that given 
by Rouse. 
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that the submolecule can instantaneously assume all available configurations 
for any change of I. 

It  is convenient to consider an elongation or compression in the O X  
direction. If the vector I makes an angle ~i with O X ,  then the contribution 
of the submolecule to the polarizability anisotropy of the sample, referred 
to directions along and perpendicular to the stretching direction, is given by r 

(~1,- %,)(c os2 ~9,- ½ sin z 0,) (14) 

If P~ and Pt are the polarizabilities of the entire molecule for light with 
electric vector along and at right angles to the direction of stretch, then 

P~ - P, = :~ (~ ,  - %,) (cos 2 d, - ½ sin ~ O,) 
t = 1  

3 2 2 2 
- 5za 2 (%~- a0~) ~ Ix , -½ (y, +z,)] (15) 

t = 1  

Transforming to normal coordinates by means of equation (4), we have 

3 
P, - P, = 5-~d2 (%, - a02) ~ [u~- ½ (9 2 + w~)] (16) 

r ~ = l  

We may now calculate the total polarizability anisotropy of the bulk 
sample in the unstrained state. If N is the number of molecules per unit 
volume, then the number of molecules with representative points in the 
volume element du~ . . . .  dwv at the point ul . . . .  wv is given by 

d N =  NPv dux . . . dwv= N ( b / ~) av/2 exp [ -  b ~ (UZn + "o2n + W2 ) ]  d U l  . . . dwv 
n = l  

(17) 
The polarizability anisotropy per unit volume is given by 

f + ~  f ÷ ~  
P1 - P2 = . . .  (P, - Pt) NP~ du~. . ,  dw~ (18) 

Substituting (16) and (17) into (18) and evaluating the integral we find, 
as expected, that P 1 -  P~ is zero. 

At any instant after an imposed deformation and partial relaxation the 
dN molecules (equation 17) will now have representative points in the 
volume element B~ d u ~ . . .  B~dw~ at the point B~Ul . . .  B~dw,. The con- 
tribution of each of these molecules to the total polarizability anisotropy 
is now 

2 2 2 ,.02 2 2 P z - P t  = (~o~-'ao~) ~ [fl~,,u,,-½ (fl~,, ~+fl,~w~)] (19) 
r $ = l  

For an elongation or compression in the O X  direction at constant volume 

fl~,,=fl],,= 1 + (X~ - 1) e -tl"~ , and hence, 

P , - P , =  (~Ol -ao2)N(b / ' z )  s~t2 . . .  J_ocexp [ -  b__X (u~+~'~ + wg] x 

:~ [fl~.u~ - ½fl~. ( ~  + w~)] du~. . ,  dw~ (20) 
n = l  
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N 2 2 
= -~- (~ol-%2)~ (fl~,-flu.) (21) 

tzffi l  

The birefringence, &n, is obtained from P1-P2 via the Lorentz-Lorenz 
equation 4. Thus 

~2 + 2)2 2~ N (%~ -%2) ~ ( f l ~ -  fl~.) (22) 
An-- ~ " 45 ~= l 

where ~ is the mean refractive index. 
The contribution to the total birefringence due to a single configuration 

mode is clearly 

A n , =  ~2+2)2 2~ 
" 45 N (%1 - %2) O k -  fl~n) (23) 

Equation (22) may be rewritten in the form 

~2 + 2)' 2~ 
An= ~ " 4-5 N (~o~ - ~0~) ()t~ -3,~ ~) ~ e '/'* (24) 

n = l  

At short times the discrete distribution of relaxation times may be replaced 
approximately by a continuous spectrum ~. In the limit of very small strains, 
equation (24) can then be reduced to 

where 
f 

oo 

An/~ =K(t )=K~ H(r) e -t/" dr (25) 
0 

K = ~ 2 + 2 ) 2  6w 
-n " 45 N (aol - %2) 

and the 
coefficient, and H(r) the conventional distribution of relaxation times. 

strain ~=Ax-1 ~ 1. K(t) is the time-dependent strain-optical 

Stresses 
The stress in a deformed material is obtained from the derivative of free 

energy (AF = -TAS)  with respect to strain. &S, the difference between the 
total entropy of the deformed polymer at any instant and the entropy in the 
unstrained state, may be evaluated from the configurational probabilities of 
the individual molecules. For a simple extension or compression at constant 
volume, we obtain from Mooney's equation (51) the following expression 
for the observed stress f in the stretching (OX) direction 

]=NkT(~-~.Z') ~ e - t / "  (26) 
n = l  

In the limit of very small strains and at short times, we have 

E(t)=H~=3vNkT f 7  H(r) e-t/" dr (27) 

where E(t) is the time-dependent Young's modulus. 
The constant 3NkT is equivalent to the equilibrium Young's modulus of 

a crosslinked network containing N chains per unit volume between cross- 
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links'. 3~NkT is the total instantaneous modulus of the viscoelastic material. 
Although permanent crosslinks are absent from linear polymers, it is 
envisaged that the stress is initially transmitted by temporary physical 
junction points (such as secondary forces or entanglements) located at the 
ends of each submolecule. As the temporary junctions break down, the 
molecules diffuse back to equilibrium at rates dependent on the various 
normal modes of motion. After a certain time, determined by the 
magnitudes of the r~, the stress will decay to zero. 

According to equations (24) and (26) both the birefringence and the stress 
are predicted to have a similar non-linear dependence on Xx, as is found for 
a crosslinked polymer at equilibrium'. In addition they are both predicted 
to have a similar time dependence, which is observed experimentally for 
linear polymers held at constant elongation except in the 'glassy' region of 
the relaxation spectrum s. The stress-optical coefficient, C, should therefore 
be independent of time 

An(t) ~ + 2 )  2 2~ 
C = f(t) n " 4~-T (~01 - ~02) (28) 

Equation (28) complies with the more general result of Lodge ~ who has 
treated the flow behaviour of a polymeric network subjected to any three- 
dimensional strain history*. The experiments of Saunders ~° on the creep of 
unvulcanized rubber show that C is also time-independent when the stress 
is held constant as opposed to the strain. Under these conditions, however, 
the theory is more complicated s. 

S I N U S O I D A L L Y  I M P O S E D  S T R A I N  

Birefringence 
In calculating the frequency dependence of the birefringence for a 

polymer sample subjected to a small oscillating elongation or compression 
we first consider the behaviour of a single configuration mode of all N 
molecules. The variations of /3~. and /3~n due to a continuously imposed 
deformation are given by 

1 dB~, 1 ( ~ i )  + 1 dX~ 
fl~ dt 2r~ 1 - f l ~ .  k~" dt 

1 dfl~ 1 ( ~ _ ~ 2 )  1 dX ~ 
/3~, dt 2r~ 1 -  + 2,~" d~- 

(29) 

(30) 

The second terms on the right express the rate of change of the fls due to 
the applied deformation. The first terms represent the relaxation [of. 
equation (10)]. If ~ ~ 1 subtraction of (30) from (29) and elimination of fl= 
and fl~, by means of equation (23) yields 

d~ Ann + dan ,  
K ~  = rn d t  (31) 

*Note: The equations derived here for the relaxation of birefringence also follow from LodRe's analysis if 
two  o f  the  three normal components of refractive index are made equal and the ~angential component 
put eciual to zero. In  the latter treatment the relaxation is svaciflcally attributed to  the  breaking and 
reforming of temporary network junctions. Several relaxation times are arbitrarily introduced but they are 
n o t  individually defined. 
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Therefore, in the linear region (~ ~ 1), the behaviour of each mode is 
equivalent to that of a single Maxwell element comprising a spring and a 
dashpot in series n. K is the strain-optical coefficient of the spring (analogous 
to the modulus) and K?'. the ratio of birefringence to rate of strain for the 
dashpot (analogous to viscosity coefficient). 

For a sinusoidal strain ~ = e0 sin ot, in which ~0 is the strain amplitude 
and ~ the applied frequency, from equation (31) we obtain, after summing 
over all configurations, 

where 

An= ~ An. = *0 [K'(o) sin o t+ K"(o) cos ot] 
rg=l 

(32) 

Stress 
Substitution of fl~ and fir. in equations (29) and (30) by o-~ and %,. the 

principal partial stresses in the OX and OY directions respectively 8, leads 
readily to an equation analogous to (31) but with An, replaced by o-z,-%~ 
and K replaced by 3NkT. We obtain finally 

f = %[E'(o) sin cot + E"(o) cos ot] (35) 

where 

22o2r_______i. TX 
v O ~'n 0)1"n 

E'(o) = 3NkT =~ I + and E"(o) = 3Nk (36) = = 1 1 + 027"~ 

Equations (35) and (32) may be written in the form 

f=/o sin (ot+ ~) (37) 
and 

An =An0 sin (ot+ 8') (38) 

where $ and 8" are the phase angles by which the stress and birefringence. 
respectively, lead the applied strain, and/0 and An0 the amplitudes of stress 
and birefringence respectively. According to equations (33) and (36) we have 

E" K" 
tan ~ = E '  - K' =tan ~' (39) 

so that the birefringence and the stress are predicted to be in phase with 
each other. It follows that 

K ' ( o )  An0 sin 8" An0 
E"(o) J0 sin 8 = -~0  =C (40) 
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v 
, o2T  and o?'. K'(o) = 2~ 1 K  1 + o 2 :  (33) 

= _ 1 + co2?'i 

Approximating the discrete spectra by continuous spectra we have 

f ~o 027, 2 1 K'(co)=K~ o H(r) ~ dr 

and (34) 

f '~ 0?" 
K"(o) =Kv . H(r) ~ dr 
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Similarly 
K'(to) An0cosS' An0 
E'(t~) - f0 cos 8 = ]0 = C (41) 

Therefore the ratio of the birefringence amplitude to the stress amplitude 
should be independent of frequency and equal to the stress-optical 
coefficient C. 

It is important to realize that the assumptions underlying this analysis 
will only be valid at sufficiently low frequencies and high temperatures 
where the polymer behaviour is approaching that of a rubber. Only under 
these conditions will the molecules behave as long flexible chains capable 
of assuming many configurations. In this region the same distribution 
function H(r) probably characterizes the behaviour of both E(t) and K(0. 
Rouse = has discussed fully the upper frequency limit at which the theory 
should hold, and has shown that the shortest relaxation time (n = v) is deter- 
mined by the length of the submolecule. Shorter relaxation times than 
accounted for by the theory would involve configurational changes within 
each submolecule, and Gaussian statistics would no longer be adequate. 
Furthermore, in the very short time or high frequency range, or at low 
temperatures, where the behaviour is tending toward that of a glass, internal 
energy changes would have to be considered. Also, since glassy materials 
generally have a Poisson ratio of about a third, the constant volume 
assumption would no longer be valid. In the rubber-glass transition region 
it is often observed that the change of birefringence with time or temperature 
exhibits an abrupt reversal s. It is probable that distortional mechanisms are 
here replacing the orientational effects, and it is possible that a study of the 
phase relationship between birefringence and stress in this region may aid 
in a further understanding of the mechanism of viscoelastic response. 

The work described above has been carried out as part of the research 
programme of the National Physical Laboratory, and this paper is published 
by permission of the Director of the Laboratory. 

Basic Physics Division, 
National Physical Laboratory, 

Teddington, Middlesex (Received September 1961) 
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Development of an Elution 
Chromatography Technique for 

cis- 1,4-Polybutadiene* 
J. M. HULME and L. A. MCLEOD 

Experiments are described to show that cis-l,4-polybutadiene can be 
fractionated using the elution chromatography technique of Baker and 
Williams. Changes have been made to the equipment to give easier and more 
reliable operation. A method of selecting solvents and precipitants is described 
and it is sho~vn that by proper selection of solvent and precipitant, the resolu- 
tion of the higher molecular weight fractions may be improved. The influence 
on the fractionation o/ temperature, concentration of polymer in the eluant and 
column loading are investigated. It is concluded that column loading is the 
most important factor in explaining reversals of limiting viscosity number in 

the fractionation results. 

ESTABLISHED methods of determining the molecular weight distribution of 
high polymers by fractional precipitation are generally tedious and require 
considerable quantifies of polymer. Recently attention has been focused 
on separations effeeted by techniques employing packed columns from 
which the polymer is eluted in fractions by solvents of increasing solvent 
power or by combinations of solvent and precipitant ~-3. One of these 
methods ~ employs a column packed with small glass beads (0-1 mm 
diameter). A temperature differential is maintained along the length of the 
column by means of a large aluminium jacket which is heated at the top 
and cooled at the bottom. The polymer is eluted from the column by an 
elua~t which is continuously enriched in solvent power by the progressive 
addition of a solvent to a precipitant. This method is claimed to produce 
results superior to those from the more conventional 'batch' technique and 
offers advantages in speed of operation and in the size of the polymer sample 
required for characterization. 

There have been few publications describing the use of this technique; the 
originators of  the method ~ describe the separation of polystyrene as do 
Pepper and Rutherford', and Selmeider et alp A recent paper by Jungnickel 
and Weiss s deals with polystyrene and polyolefins. Caplan ~ has used a 
slightly modified version for the separation of polysarcosine dimethylamide. 
None of these methods involves the separation of elast0mers. The work 
presented here describes the development of this technique for the fractiona- 
tion of stereoregular polybutadiene. 

E Q U I P M E N T  

The original equipment described by Baker and Williams was duplicated 
in this laboratory but it was found that ice water flowing through the copper 

*Presented ir~ l~art a t  the  T e n t h  Canadian Hlsh Polymer Forum, Sainte Marluerite, Quebec, September" 
I960. 
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cooling coil at the bottom of the jacket was not adequate to give a suffi- 
ciently large temperature differential along the length of the column. The 
cooling coil was therefore replaced by a jacket (D, Figure 1), through which 
was pumped a temperature controlled refrigerant. The top of the column 
jacket was heated by an electrical heating element wound directly on the 
jacket and controlled by an autotransformer in series with a voltage 
stabilizer. The whole of the column jacket assembly was insulated by a 1 in. 
layer of glass wool. With these modifications it was found possible to 
establish a temperature gradient of 50°C along the length of the column 
with a maximum variation of + O" 1 °C. 

f'" ooO 

, d 

A Micro reciprocating pump 
(fitted tater) 

B. Flexible polyethylene 
tubing 

C, Secondary reservoir of 
solvent returning to main 
reservoir as gases are 
evolved from the column 

D. Cooling jacket replacing 
cooling coil 

E. Constant head device 

Figure/--Equipment after modification 

After several trial runs using polystyrene, it was evident that control of 
flow rate through the column by means of a capillary jet fitted to the outlet 
was variable and troublesome. Frequent blockages and marked changes in 
the flow rate occurred, particularly towards the end of the experiment when 
the viscosity of the column effluent was high due to high molecular weight 
polymer in solution. This difficulty was minimized by the use of a syphon- 
ing technique which permitted ready control of flow rate by simply raising 
and lowering the whole of the eluant mixing assembly. The relatively small 
driving head eliminated the need for a capillary constriction. It was also 
found that the evolution of dissolved gases from the eluant components on 
entering the heated zone of the column interfered with smooth operation 
and changed the pre-set volume in the mixing vessel controlling the solvent 
gradient. These gases were allowed to escape through a suitable arrange- 
ment at the highest point of the syphon (C, Figure 1). 

This method of operation was found to be more reliable than the original 
apparatus but has been still further improved by the use of a micro 
reciprocating pump (A, Figure 1), with a variable stroke, fitted between the 
mixing vessel and the column. 

Fractions were collected by volume in a syphon arrangement similar to 
that described by Baker and Williams. The fraction collector turntable 
was operated by a relay actuated by the change in dielectric constant 
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between the plates of a condenser fitted to the discharge arm of the collect- 
ing syphon. The polymer fractions were isolated by transferring a suitable 
volume of the column effluent to a tared volumetric flask. The excess 
eluant was then evaporated in a current of nitrogen by a warm water bath. 

S A M P L E  P R E P A R A T I O N  

Baker and Williams describe a method in which the polymer is coated on to 
the surface of a portion of the glass beads used for column packing. This 
was found to be impracticable with elastomers since the mixture tended 
to ball together rather than to form discrete particles as with polystyrene. 
Instead, the polymer, as a solution in a volatile solvent, was mixed with 
about 5 g of a calcined diatomaceous aggregate sold commercially under 
the name of 'Chromosorb' (Canadian Johns-Manville Co. Ltd, Celite 
Division). It has been found possible to impregnate this material with 
polymer using the method described by Baker and Williams. When dealing 
with polybutadiene, nitrogen was used to drive off the excess solvent in 
order to prevent oxidative degradation. However, Chromosorb is a powerful 
adsorbent and it has been found that an appreciable quantity of polymer is 
retained even under severe extraction conditions. To overcome this difficulty 
the Chromosorb is impregnated as described above with cis-l,4-poly. 
butadiene with a limiting viscosity number of about 4"5. The impregnated 
Chromosorb is extracted in the column by carrying out a blank run in which 
the eluant is discarded after it has passed through the column. The recovered 
Chromosorb may then be used many times until the amount becomes 
depleted by losses or accidentally contaminated with gelled polymer. There 
are possible objections to this practice but experience has shown that 
recovery of subsequent polymer samples is usually 97 to 100 per cent and 
that the results are quite reproducible. 

Another technique was tried in an attempt to eliminate the use of 
Chromosorb. The polymer was charged to the column in a solvent- 
precipitant mixture which just maintained solution at the highest tempera- 
ture of the column. The lower temperatures encountered as the solution 
passed down the column caused progressive precipitation of polymer along 
the length of the column. However, it was found difficult to arrange for a 
solvent-precipitant mixture which would give complete precipitation of the 
polymer over the 50°C temperature gradient. The method was rejected in 
favour of the Chromosorb technique described earlier. 

S E L E C T I O N  OF T H E  S O L V E N T  G R A D I E N T  

Examination of the eluant mixing technique shows that an exponential 
gradient will be produced which can be defined by the expression 

V=I  In (C-xl)/(C-x2) (1) 

where V is the total volume of eluant passing through the system, I is the 
volume in the mixing vessel, C is the concentration of the enriching solvent 
vessel, and xx and x2 are.the concentrations of solvent in the eluant at the 
beginning and end of the experiment. 
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It was found during trial runs that the use of a solvent gradient where 
xl=O and C=  100 (corresponding to pure precipitant and pure solvent) is 
inefficient and causes elution of most of the sample in a small volume. For 
maximum efficiency the values of xl and x2 should be adjusted so that at 
concentration xl the polymer is just completely insoluble at the high 
temperature of the column and at concentration x2 the polymer is just 
completely soluble at the low temperature of the column. The value of C 
should be set slightly higher than x~. 

For a given average concentration of polymer in the eluant, defined as 

Weight of polymer charged, Wg x 100 
total  volume of eluant which contains polymer, V ml 

the size of the charge defines the elution volume V.  The values xl and x2 
are fixed by the solubility characteristics of the polymer in the solvent- 
precipitant pair and C is set slightly higher than x2. Substituting these values 
in the expression (1) gives the volume I to be used in the mixing vessel. 

The size of the sample to be fractionated and the average concentration of 
polymer in the eluant cannot be chosen so readily. For columns of compar- 
able diameter Baker and Williams 8 have used 0-3 g of polymer on a 30 cm 
column and Pepper and Rutherford have used 8 g on a 90 cm column. A 
charge of 0"6 g on a 30 cm column was initially used in this laboratory and 
allowed the collection of 12 to 14 samples of a, size suitable for the measure- 
ment of limiting viscosity number. Baker and Williams do not quote the 
average concentration in their experiments but from the results shown it is 
judged to be about 0.2 g/100 ml. Pepper and Rutherford arbitrarily fix 
0-5 g/100 ml as the maximum average concentration to be used. We chose 
initially to use an average concentration of 0-2 g/100 ml. The choice of 0-6 g 
as the size of the sample to be fractionated and 0-2 g/100 ml as the average 
concentration therefore fixes the eluant volume V at 300 ml. Experiments 
will be described which show that 0"3 g of polymer is a more suitable 
charge to use. 

S O L V E N T  S E L E C T I O N  

The arguments of the previous paragraphs, and those of Pepper and 
Rutherford, indicate that the choice of eluant components is restricted only 
by properties such as boiling point and chemical stability. However, it has 
ocen found that the use of 'good' solvents and vigorous precipitants allows 
only a small change in composition of the eluant from complete insolubility 
to complete solubility of the polymer. Combinations which would effect 
solution of the different molecular species over a large range of concentra- 
tions would simplify the make-up of eluants, and it was thought that the 
sensitivity of the method might be improved. Jungnickel and Weiss 6 have 
selected solvents for polystyrene fractionation using the same premise. After 
the fractionation technique had been developed to give reliable data the 
question of choosing a solvent-precipitant pair was reviewed. Four experi- 
ments were carried out using combinations of 'good' and 'poor' solvent 
(toluene and di-isobutylene), with vigorous and mild precipitants 
(n-propanol and iso-octane). The average concentration of polymer in the 
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eluant was comparable in each experiment (0"085 to 0"09 per cent), and did 
not exceed 0" 15 per cent at any stage. Figure 2 shows the result when the 
limiting viscosity number of a given fraction is plotted against the concen- 
tration of solvent in the eluant at which the fraction was eluted. It is seen 
that the change in limiting viscosity number for a given change in solvent 
concentration is much lower in the experiment where di-isobutylene and 
iso-octane were used. 
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40 

3.0 

2.0 

1.0 

0 

1 ]so- octane / Toluene 
2 Is, o-  octane / Di- isobutylene 
3 n - Propanol  / Totuene 
4 n -  PropanoL / Di- isobutylene 
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,' ,/ I i 
I d I ' i , /  t3: 
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Figure 2--Solubility curves for polybutadiene in various 
solvent-precipitant systems 

It should be mentioned that the resolution was poor above a limiting 
viscosity number of about 3.0 in the two experiments where n-propanol was 
used and only when iso-octane and di-isobutylene were used was the 
fractionation completely free of reversals of limiting viscosity number at 
the higher molecular weights. 

It is concluded from these results that, for a given set of conditions, the 
fractionation is much less sensitive to random imperfections in the solvent 
gradient and is probably capable of higher resolution at higher molecular 
weights when a suitable solvent-precipitant pair is used. This may be 
compensated by increasing the mixing volume I when an unsuitable solvent- 
precipitant combination is used. Then, for a given flow rate through the 
column, the elution volume V and the residence time of the polymer in the 
column will be increased proportionately. With heat sensitive polymers this 
could result in serious thermal degradation. 

A simple method has been devised to select a suitable solvent-precipitant 
pair: the polymer is dissolved in a known 'good' solvent to give a concentra- 
tion of about 0-5 g/100 ml and portions of this solution are then titrated to 
the cloud-point at room temperature with a selection of precipitants. That 
precipitant which gives the highest titre to induce precipitation is considered 
the mildest and most desirable. For the choice of solvent the polymer is 
dissolved in a selection of solvents, again at about 0'5 g/100 ml, and each 
solution is titrated with a known vigorous precipitant to the cloud-point. 
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That solvent which requires least precipitant to induce precipitation is 
considered the poorest and most desirable. 

A dilute solution of the polymer in the selected solvent is then titrated 
with the selected precipitant to the cloud-point at the high and low 
temperatures of the column. The difference found in the compositions of 
the mixture at which precipitation occurs then gives an arbitrary measure 
of the range over which a given pair will effect solution of the polymer. The 
concentration of incipient precipitation at the low temperature of the 
column fixes the value of x~ referred to in equation (1). The value of xl is 
determined from a precipitation curve carried out at the high temperature 
of the column. 

S T A B I L I T Y  OF THE P O L Y M E R S  
Polystyrene and polyisobutylene were used for trial runs on the equipment 
and it was considered that these polymers were sufficiently stable to give a 
positive indication of fractionation without the use of antioxidant. Because 
of its structure polybutadiene was expected to be more sensitive to attack 
by oxygen dissolved in the solvents especially at the higher temperatures 
encountered in the column. 

An experiment was carried out in which a sample of polybutadiene was 
dissolved in di-isobutylene to give a concentration of about 0.45 g/100 ml. 
The solution was divided into three parts, A, B and C. Phenyl-fl-naphthyl- 
amine was added to solution A to give a concentration of 0"02 g/100 ml; 
an antioxidant of the bis-phenol type was added to solution B to the same 
concentration and solution C was left unprotected. Aliquot portions of these 
solutions were heated in lightly corked test tubes at 60°+ I°C. Table  1 
shows the limiting viscosity numbers of the samples after heating for 
various times. 

Table 1. Stability at 60°C of polybutadiene, [11]=2-93 

Sample 

Solution A 

Solution B 

Solution C 

Antioxidant 

PBNA 

Bis-phenol 

Nil 

Hours at 60°C 

16 
40 
88 

42 
66 

138 

16 
40 
88 

[~] 

2"73 
2"67 
2"36 

2.86 
2-79 
2-76 

2.13 
1.53 
0-74 

Since the fractionations were expected to be completed within 40 hours 
the protection afforded by the antioxidant used in solution B was thought 
to be adequate. Experience showed that the fractionations were completed 
in 3 to 5 hours. 
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In a similar series of stability tests using high and low molecular weight 
fractions the solutions were heated in the presence of the bis-phenol anti- 
oxidant at 80°C. The limiting viscosity number of the high molecular weight 
fraction fell from 4"18 to 4-15 after heating for 7 hours and to 4-03 after 
16 hours. No change could be detected in the limiting viscosity number of the 
low molecular weight fraction ([~]=0"71), after 88 hours at 80°C. 

From these experiments it was concluded that the polymer could be 
protected by the addition of a suitable antioxidant to the eluant at the rate 
of 0"02 g/100 ml. In this way the polymer would be protected at all times 
in the column and during the evaporation of the eluants prior to measuring 
the limiting viscosity numbers of the fractions. Corrections to the weight of 
the fraction used for measurement of the limiting viscosity number could be 
made by measuring the volume of eluant collected for each fraction. 

RESULTS 

Materials and analytical techniques 
The following materials were used in this work : 

Polystyrene--[~] = 1 "73 (in toluene at 30-2°C). 
Polyisobutylene--[~]= 1.22 (in di-isobutylene at 30"2°C). 
Polybutadiene Two polymers were used for this work. Each was prepared 
in solution in a hydrocarbon solvent with a titanium tetraiodide-aluminium 
alkyl complex catalyst. 

Sample A [,/]=2"40 (in toluene at 30'2°C) 
Sample B [~/]=2-31 (in toluene at 30"2°C) 

Both samples were analysed by infra-red spectroscopy and were found to 
have 92 to 94 per cent cis-l,4-; 2 to 3 per cent trans-l,4- and 4 to 5 per 
cent 1,2- configuration. 
Solvents-- 

Methylethyl ketone, technical grade 
Ethyl alcohol, technical grade 
Iso-octane, Phillips Petroleum Co., pure grade 
n-Propanol, technical grade 
Di-isobutylene, technical grade, re-distilled in these laboratories 

All solvents were checked for the presence of non-volatile components 
which would interfere with the recovery of the polymer fractions. 
Limiting viscosity number--Limiting viscosity numbers were determined by 
measuring ~sp./c at a concentration between 0-1 and 0"2 g/100 ml and 
calculating [,fl from the equation of Schulz and Sing ~ 

~[,/] (1 + k~.)  = ~ . / e  

A value of 0"28 was adopted for k in all cases and was shown to give results 
accurate to +0"05 when compared with results determined by plotting 
In (~r/c) versus c at four concentrations and extrapolating to c=0. 

Flow times were measured in an Ubbelohde suspended level viscometer at 
30"2°C using toluene as the solvent for polybutadiene and polystyrene and 
di-isobutylene as the solvent for polyisobutylene. The concentrations of the 
polybutadiene solutions were corrected for the antioxidant included from 
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the fractionation when measuring the flow times of the fractions. Flow times 
of antioxidant solutions in toluene in excess of those encountered during the 
experimental work were found to be within 0" 1 second of the flow time of 
the pure toluene. 

The distribution curves were plotted in the form [,/] versus Wn + ½ Wn+l 
where Wn is the sum of the weight per cent of all the fractions to the nth 
and ½W~+I is half the weight per cent of the (n + 1)th fraction. 

Preliminary experiments were carded out with polystyrene using the 
techniques described by Baker and Williams, unmodified except for the 
changes made to improve control of the temperature gradierit. A few runs 
sufficed to show that the polymer was being separated but that there were 
deficiencies in the equipment. With the equipment modified as illustrated in 
Figure 1, fractionations were undertaken of a polystyrene sample and of a 
polyisobutylene sample. Typical results of the fractionations are shown in 
Figure 3. 

~I00- ,,~,~ 

40- ,J~ ° 

~_E>' 20~[Z,~° • Polyisobuty[ene 

i , I 
0 1"0 2"0 3"0 

[,~] 

Figure 3--Results  of polysty- 
rene and polyisobutylene frac- 

t ionation 

It is evident that a molecular weight separation has been achieved in both 
cases and that the technique is applicable to an elastomer such as polyiso- 
butylene as well as for a plastic as originally claimed. Attention is drawn to 
the curvature of the integral curve at the higher molecular weight end. This 
effect was initially regarded as spurious since most of the high molecular 
weight samples were quite small in total weight and the accuracy of the 
determinations of the limiting viscosity number was doubtful. The effect was 
recognized as real when fractionations of polybutadiene gave integral curves 
of reversed slope at the high molecular weight end. Other workers 2 have 
observed a similar behaviour for polyethylene and attributed it to degrada- 
tion. A typical reversal of this type, for polybutadiene sample A, is illustrated 
in Figure 4. 

It was thought that the reversal was due to degradation of the high 
molecular weight fragments of the polymer. The stability tests on high and 
low molecular weight fractions described earlier were carried out at this 
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Figure 4--Typical reversal of limiting viscosity number 

time and showed that the high molecular weight fractions were not 
appreciably affected by heating at column temperatures for periods longer 
than the duration of the experiments. 

Other sources of the reversal effect were investigated including the 
removal of catalyst residues from the sample, the use of eluants free of 
dissolved oxygen, various types and sizes of column packing, and changes 
in the temperatures of the column. Most of these changes did not appear to 
influence the results. The result of one run in which the column was packed 
with washed sand graded to 840 to 1 410 microns gave results which 
indicated severe degradation and crosslinking of the polymer despite the 
presence of antioxidant. A second run in which the column was packed with 
glass beads of 420 microns diameter, compared with 120 microns for the 
usual packing and giving about one sixth of the surface area, gave a result 
similar to that shown in Figure 4. It  was found that a temperature gradient 
of 31 ° to - 1 7 ° C  gave worse resolution of the higher molecular weight 
fractions than did a similar gradient at higher temperatures (75 ° to 25°C). 
This suggested that adsorption may be the cause of the reversal since 
adsorption effects should be more severe at lower temperatures. Krigbaum 
and Kurz ~ investigated this phenomenon and have shown that adsorption of 
the high molecular weight fractions on to the column packing can influence 
the results. If adsorption were contributing to reversals in this case, then 
a low charge of polymer should show more severe reversal than a high 
charge because of the greater ratio of packing surface to polymer. To test 
this theory a series of runs was carried out at 90 ° to 40°C, the highest 
practicable temperatures when using iso-octane as precipitant and di- 
isobutylene as solvent. Runs were made with 0-3 g, 0"6 g and 1-1 g of 
polybutadiene sample A. The results, illustrated in Figure 5, showed that 
the low charge gave the best result and the high charge the poorest. From 
this it was concluded that adsorption did not interfere with fractionation 
at these temperatures but that the size of the polymer charge was critical. 

At lower temperatures with 0"3 g o f  polymer charged to the column the 
problem of reversal was again evident as shown by the fractionations of 
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sample A illustrated in Figure 6. Overloading the column, adsorption, or 
poor equilibrium between the static and moving phases may be the cause 
but the investigation of these effects was not pursued. 
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Figure 5--Effect of varying the charge of polymer to the 
column 
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Figure 6--Effect of varying the temperatures of the 
column 

The results of Pepper and Rutherford ~, and of Schneider et al. 5, show 
that high concentrations of polymer in the eluant can also contribute to 
reversal. A series of experiments was conducted in which the concentration 
of polymer in the eluant was varied while the rate of elution of the polymer 
remained substantially the same. This was done by changing the mixing 
volume and the flow rate so that the rate of elution was approximately 
0.1 g/h .  The average concentration of polymer was varied from a low of 
0-096 g/100 ml in which the maximum concentration was 0.105 g/100 ml 
to 0.147 g/100 ml in which the maximum was 0.288 g /100 ml. The 
temperature gradient was 90 ° to 40°C. Polybutadiene sample B was used 
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for this work. The results, illustrated in Figure 7, showed that the concen- 
tration of polymer in the eluant was not critical over the range investigated. 

Experiments in which the flow rate was varied were not exhaustive but 
eluant flow rates up to 125 ml/h and polymer elution rates approaching 
0"3 g/h were employed successfully. An eluant flow rate of 125 ml/h with 
a total residence time of three to five hours has been adopted for routine 
fractionations. 

I00 V o ..,,~"T"" 
/ ~"" • 

./." 

o °°t - / /.nL , ~  Av-conc-wt°/" Max. conc-wt°/o 
~ /  / o.-o96s o-los 

/ .,¢'" • o-12s 0 1 s 3  
20 k / .  • 0.139 0.249 

I ~ o 0147 0288 
~ I I I i I 

0 1.0 2-0 3-0 4-0 5,0 
I~71 

Figure F--Effect  of  vary ing  the  concen t ra t ion  of  po lymer  
in the  e luan t  

The efficiency of the fractionation technique was tested by refractionation 
of polymer fractions. A series of identical runs was carried out. Fractions 
of about 10 per cent by weight of the polymer charged were taken at the 
same stage in each run and combined until about 0"5 g of each fraction was 
available. The polymer fractions were recovered by evaporating the excess 
elu~nts to a volume of about 25 ml in a hot water bath by a stream of 
nitrogen. The approximate concentration of the polymer at this stage was 
2 g/100 ml. 100 ml of ethanol was added to this solution slowly with 

.-~ 100 
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~ 6Q 
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Figure 8--Refractionation of fractionated samples 
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stirring. The coagulated polymer was recovered by decantation, washed with 
z, small amount of fresh alcohol and dried in a vacuum oven at 35°C. A 
test conducted separately showed that about 95 per cent of the antioxidant 
was removed by this treatment leaving not more than 1 to 2 mg/100 mg in 
the polymer. This treatment was necessary to remove the large quantity of 
antioxidant from the fractions. Two fractions and a mixture containing 
50 per cent by weight of each of these fractions were refractionated. The 
results of these experiments are shown in Figure 8. 

Typical results from fractionations of other polybutadiene samples listed 
in Table 2 are shown in Figure 9. 

Table 2. Polybutadiene samples fractionated by this technique 

% cis- % trans- % I, 2- 
Sample description [q] 1, 4 1, 4 vinyl 

Sample C 

Sample D 

Sample E 

Polybutadiene catalysed with a Li 
butyl catalyst 2.44 35" 4 53- 6 I 1.0 

Polybutadiene catalysed with a 
cobalt/aluminium alkyl complex 

Polybutadiene catalysed with a 
titanium/aluminium alkyl complex 

2.31 96"7 1 "4 2"0 

2" 58 94 2 4 
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Figure 9--Typical distribution curves for polybutadiene 

C O N C L U S I O N S  

Polybutadiene can be fractionated by the chromatographic technique of 
Baker and Williams. The following general conditions should be used in 
order to achieve the best fractionations : 
(a) The solvent gradient should be adjusted to give an elution volume 

which will not allow concentrations of polymer of more than 0.3 
g/100 ml. 
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(b) 

¢c) 

(,0 

The column temperatures should be as high as possible for the eluant 
components employed and the polymer should be protected against 
thermal degradation. 
The solvent and precipitant should be selected to give as large a 
difference as possible between concentration at which the polymer is 
not soluble to that at which the polymer is completely soluble. 
With a temperature gradient from 90 ° to 40°C there is no evidence that 
adsorption of polymer on the column packing interferes with successful 
fractionation. It has been clearly established that overloading the 
column with polymer is responsible for reversals of limiting viscosity 
number in the fractionation results. The optimum charge to a column 
of the dimensions used in this work (30 cm long x 2-4 cm internal 
diameter), lies between 0"3 g and 06 g of polymer. 
At lower operating temperatures a charge of 0'3 g of polymer gave 
reversals. Whether this effect is due to a change in the tolerable charge 
of polymer at lower temperatures or to other effects has not been 
established. 

The authors wish to acknowledge the cooperation o/ Mr W. A. Congdon 
o/ this laboratory /or determining the limiting viscosity numbers and o/ 
Polymer Corporation Limited/or permission to publish this work. 
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The Reactivity of the Growing Ion 
in Ionic Polymerization 

T.  HIGASH1MURA, Y. IMANISHI, T.  YONEZAWA, K. FUKOI and S. OKAMURA 

In order to discuss reactivity in the propagation reaction of ionic polymeriza- 
tion, the reactivities of both vinyl monomers and growing ions were 
investigated. In this paper, three methods of comparing the reactivities of ions 
were proposed: (1) direct measurement of the propagation rate constant, (2) 
comparison between the chain transfer constant ratios, and (3) a molecular 
orbital approach. From these experimental and theoretical investigations, it was 
found that the ion produced from the more reactive monomer was stable and 

less reactive, analogous to radical polymerization. 

IN ORDER tO discuss reactivity in the propagation reaction of a vinyl 
monomer, both the reactivity of monomer and the reactivity of the growing 
ion must be considered. There have been many investigations on the 
reactivity of a monomer towards a radical or an ion in copolymerization. In 
radical copolymerization the reactivity may be considered in terms of Q / e  
values. Alfrey and Price 1 showed that the propagation rate constant can 
be expressed as 

kp=P Q exp ( - e ,  e,,) (1) 

where Q and em are the values representing the reactivity and the electro- 
static character of the monomer, respectively; P and er relate to the adduct 
radical. Okamura et al. 2 reconsidered the experimental results so far 
reported and found that the following relation held between P and Q 

l o g P = k Q + a  k < 0  (2) 

In equation (2), it is seen that the reactivity of the radical produced from 
the monomer with greater reactivity is generally smaller. 

On the other hand there have been few discussions on the reactivities of 
growing ions produced from the various kinds of monomers. Since the 
monomer reactivity ratio, 3'1, is approximately equal to 1/72 in ionic 
copolymerization, it has been considered that the relative reactivities of the 
two monomers towards different growing ions are about the same 3. The 
difference in reactivity of the different kinds of ions has not been discussed. 

In the present paper, the relation between the reactivity of the monomer 
and of the growing ion is investigated theoretically. Further, we discuss the 
outline of procedures to determine the reactivity of a growing ion. 

P R O P A G A T I O N  R A T E  C O N S T A N T S  AND T H E  R E A C T I V I T I E S  
OF P O L Y M E R  I O N S  

Cationic polymerization 
In order to determine the reactivity of growing ion, we have to decide 

upon the propagation rate constant (kp) and the monomer reactivity ratio 
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(7~, 72) as in radical polymerization. In ionic polymerization, however, there 
have been no methods to determine kp. Recently we found a method of 
determining kp in the iodine catalysed system ~. In this investigation, kp and 
(e], 72) were determined for vinyl isobutyl ether (VIBE) and vinyl 2-chloro- 
ethyl ether (VCEE). The polymerization in dichloroethane by iodine at 
30°C gave the following results: - /1=2-0+0'1,  72=0"5___0"1 (M~ is VIBE 
and M2 is VCEE). On the other hand, k~l and k2~ are ~onsidered to be 
equal to the values of k~ of the respective monomers under the same 
polymerization conditions. Thus we obtained k1~=390 and k~2=260 
l . /mol min. Substituting these values into "/1 and "/2 we can obtain k~2 and 
k2~. The results are shown in Table 1. (All these values have been reported'.  
The results appear here for convenience.) 

Table 1. Propagation rate constants (l./mol min) in the copolymeri~ation of vinyl isobutyl 
ether (M1) and vinyl 2-chloroethyl ether (M2) 

kll k12 k21 k22 

390 195 520 260 

Catalyst : iodine. Solvent : dichloroethane. P~olymerization temperature : 30°C. 

It is seen in Table 1 that the reaction rate constants in ionic copoly- 
merization decrease in the order: 

k21 > kit ~ k22 ~ k12 

This order obviously indicates that a possible set of conditions, k~l=k2~ 
and k~2 = k~2, to make T1 = 1/7~, is not satisfied. This order also means that 
the addition is easiest between the more reactive monomer (M1) ahd the 
growing ion produced from the less reactive monomer (Ms) and is most 
difficult between the less reactive monomer and the ion from the more 
reactive monomer. Hence it may be concluded that the ion from the 
reactive monomer is not so reactive as that from the less reactive monomer. 

In order to obtain quantitatively the relative reactivity of the two ions in 
ionic polymerization, we tentatively assume that the rate constant ktj in the 
propagation step may be represented as 

kij =RI~ x R~,j (3)* 

where R x~ is characteristic of the ith growing ion and RMj is the mean 
reactivity of the ]th monomer. 

Using equation (3), the following relations are easily derived. 

kll/  k12 =k21/ k22 = R~I/ R,,, 2 

k~l/ k21 =k12/ k.,2 =Rq/  Rq 

*The  equation (3) may reasonably" be applied to treat ~he rate constant  in ionic covo lymer i z s t i on  where 
the  relation r ~ = l / r s  holds. This equation, however, is o v e n  to  criticism. At the  present  stage,  it is 
doubtful whether ?~= l/-f2 always  holds,  and there is n o  definite explanat ion  w h y  the  intermolecular term 
can be ignored  in the rate constant .  
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Inserting the rate constants from Table 1, we obtain 

R~tl/R~2=2"O RIj/Rr2=I/I'3 

Thus monomer 1 is twice as reactive as monomer 2, but ion 2 is 1-3 times 
as reactive as ion 1. This tendency is the same as in radical polymerization", 
and it was expected from the reaction mechanism. 

Anionic polymerization 
It has been reported for styrene-methyl methacrylate copolymerization 

that the growing anion produced from styrene which is the less reactive 
monomer can initiate the polymerization of styrene and methyl methacry- 
late, and that the growing anion produced from the more reactive monomer, 
methyl methacrylate, cannot initiate the polymerization of styrene ~. This 
result may indicate that the reactivity of the anion produced from the more 
reactive monomer is smaller, as in cationic polymerization. 

A M O L E C U L A R  O R B I T A L  T R E A T M E N T  
In the foregoing, experimental evidence was chosen to show that the 
growing ion produced from the reactive monomer is not so reactive in 
cationic polymerization or in anionic polymerization. However, it is not 
clear whether this tendency is found with other substances, since available 
experimental results are few. In these circumstances, a molecular orbital 
approach to clarify this point is presented below. 

On radical polymerizations, the present authors 6 discussed the reactivity 
of a monomer and a radical in terms of the radical localization energy of a 
monomer L~ and the localization energy of a radical LR. From this investi- 
gation it was found, as a general trend, that the radical produced from the 
more reactive monomer is less reactive. Similarly, L~ and L~, the cationic 
and the anionic localization energies of the monomer, respectively, are 
calculated, based on the model of the transition state* shown below. 

Type of reaction Reagent monomer  Transition state Localization energy 
H H 

I 1 
Elect rophi l ic  R + + C H 2 - - C H  ---->- R :C- - -C+ L ° 
add i t ion  [ I ! 

x H X 

H H 

I I 
Nucleophi l ic  R -  + C H 2 - - C H  > R : C---C : - L x 
addi t ion  [ [ 1 

X H X 

Lo and LA, the localization energies of cation and anion respectively, are 
calculated by a similar procedure. 

*The effect of the gegenion is neglected here. The  8egenion has an electrostatic effect on the reaction 
site. This effect will shortly be discussed. 
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Reaction 
Attacking Reagent to be Transition Localization 

reagent attacked state energy 

H H 

[ I 
M : + +C- -  --9-  M + : C - -  L o 

I I 
X X 

H H 

t I 
M + - : C - -  - - +  M - : C - -  L x 

I J 
x x 

Parameters (Coulomb integral and resonance integral) used in these 
calculations are the same as those in the previous paper. In regard to the 
methyl group in isobutene and propylene, however, we use the parameters 
which are approximately equal to the values given by Coulson 7, who treated 
the methyl group as - - C - H 3 .  

a b 

~ = ~ - 0 " l P  

~b  = ~ - 0 " 5 / 3  

/3o-H3=2"5/3 

where .~ and/3 are the values of the Coulomb integral of the carbon atom and 
of the resonance integral of the C- -C  double bond in benzene. 

From the definition of the localization energy 8, we can consider that a 
low value of the localization energy indicates a low value of the activation 
energy, that is, the larger reactivity in an addition reaction*. In Figure 1, 
L ° and Lo are shown as ordinate and abscissa, respectively, and calculated 
values of L°~ and Lo are plotted against each other. 

2"2 

2"0 

u x  1"8 

16 I 
1"4 

\ 

i I i I I 0"4 0"6 0"8 1"0 {'2 1"4 
L c ( - f l )  

Figure / - -Re la t ion  between 
the reactivity of a monomer 
and the reactivity of the cation 
produced from the monomer,  
calculated from the localization 

energies 

A N  is acrylonitrile, V C  vinyl chloride, 
Pr propylene, V D C  vinylidene chloride, 
VE vinyl ether, St styrene, Bu buta-  
diene, CS chlorostyrene, I B  isobutene, 
MS ==methylstyrene, C P  chloroprene,  

IP  isoprene 

*Solvents have an effect on the propagation reaction, but this is neglected here. 
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From Figure 1, it is shown that the easily polymerizable monomers 
(~-methylstyrene, etc.) have the smaller values of L~t and the larger values 
of Lc, and that the less easily polymerizable monomers (acrylonitrile, etc.) 
have the larger values of L ° and the smaller values of Le. We can therefore 
understand that the carbonium ion of the more reactive monomer has a 
small reactivity in accordance with the experiments. 

The localization energies of monomers and ions in anionic polymerization 
are calculated and the results are plotted in Figure 2. Again, it can be shown 

2'0 

Figure 2- -The  relation between 
the reactivity of the anion pro- ~a. 
duced from the monomer, cal- / 1"5 
culated from the localization ~:t 
energies. VDCN : Vinylidene .4 
cyanide, other symbols as used 

in Figure 1 

1'0 

0 

V°E~ VDC 
p° r N~olB MS 

V(;~N~ olp 

AN 

I I I ! • 

0'5 1-0 1'5 2"0 
LA(-/'3) 

that the reactive monomer produces the unreactive adduct anion in anionic 
polymerization. 

R E A C T I V I T I E S  O F  I O N S  E S T I M A T E D  BY C H A I N  

T R A N S F E R  C O N S T A N T  

It is pointed out above that satisfactory information on which to discuss 
the reactivities of growing ions can be supplied when the values of propaga- 
tion rate constants and monomer reactivity ratios are available. 
Unfortunately, however, there are only a few cases in which k, is deter- 
mined. It is attempted next to determine the range of the reactivity ratios 
of two polymer ions by obtaining both the chain transfer constant ratio and 
the monomer reactivity ratio, which can be measured. 

Method o] estimation 
If the reactivity of a chain transfer reagent towards different kinds of ions 

is constant, the magnitude of the chain transfer constant (kt) of growing ions 
towards a certain substance indicates the magnitude of the reactivity of 
growing ions. Bamford et al? investigated radical reactivity by this 
procedure. 
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Two kinds of monomers are named as M1 and M2, respectively, and it is 
assumed that M, is more reactive than Ms. In the foregoing, the inverse 
proportionality of the ion reactivity to the monomer reactivity was found, 
and we can deduce that the reactivity of an ion produced from M.~ is not less 
than that of M,. So equation (4) may be valid. 

kH/ k2~. ~ k~ /  k,~ (4) 

According to the definition of 71 and 72, together with equation (4), equation 
(5) is derived. 

(v , /w)  ~ = (k, ,  / k,O ~, × (k~l / k~)~ 
k, l /k :~  (5) 

Thus (3', I'/~.)½ is considered to be slightly greater than kl~ Ik2~_*. 
If a is the ratio of the chain transfer constant ratio measured, it is given 

by equation (6) 

a=(k  ,~l k~.)l(k,,I k11) = ( k , j  k '1) x (k l , l  k:O (6) 

We obtained equation (7) using the reactivity ratio of the ions from 
equations (5) and (6). 

The reactivity ratio of the ions --~ k t 2 / k, 1 

=a x k~21kll ~ a x (~2/yl)~ (7) 

Under the same polymerization conditions, if we obtain the chain transfer 
constant ratios for more than two monomers and the monomer reactivity 
ratios for these monomer pairs, we may determine the lowest limit of the 
ratio of the ion reactivity according to equation (7). In the next section the 
experimental results will be discussed, using equation (7). 

Comparison with experimental results 
We can hardly find reports which determine the chain transfer constant 

ratios of more than two monomers towards a certain transfer reagent under 
the same conditions. The only example is the report by Haas et al. 1°, who 
measured the chain transfer constant ratios of styrene and para-methoxy- 
styrene towards para-methylanisole. Both monomers were polymerized by 
stannis chloride at 0°C. The chain transfer constant ratios towards para- 
methylanisole in styrene polymerization (kt/kp)st and in para-methoxy- 
styrene polymerization (kUk~)P~s were 1"08 and 2-7 x 10 -3, respectively. 

Inserting these values into equation (7), we calculated the ratio of the ion 
reactivity, and the results are tabulated together with related data. How- 
ever, as the monomer reactivity ratio is not accurately determined, the 
value of (-/,/7.o) i is not certain. Therefore, the lower limit of the relative 
reactivities of two ions, 4-0, is only an approximate value. 

To check the validity of equation (7), we conducted an experiment 
choosing styrene and para-chlorostyrene as a monomer pair. The details of 
the experimental results will be published in the succeeding paper ~1. 

*With VIBE and VCEE, (71/.,/2) ~ is equal to 2-0 and kll/k22 is equal to 1'5. Therefore 
equation (5) holds. 
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Table 2. Reactivities of ions estimated by chain transfer constant 

Monomer 

Styrene (M 2) 
p-Methoxy- 
styrene (M~) 

p-Chloro- 
styrene (M:) 
Styrene (M~) 

Transfer reagent, 
polymerization 
temp., catalyst 

p-Methyl 
anisole 

0°C 
SnCl 4 

Toluene 
30°C 

SnCI4-CCI3COOH 

Chain transfer 
constant ratio 

(k t I kp) 

1 "08 

2"7 x 10 -:3 

4"0x 10  - 2  

2"8 x 10 -:~ 

Ratio o] (kt/ k~), 
(kd kp)2/ (k / k)x  

400 

14'3 

Table 2--continued 

] Monomer (73/71 )~ Lower limit 
Monomer reactivity or of (kt) 2 / (kt) 1 

ratio (Rr~ 2/R~tl) or 
J (T~, "/2) (RI2/RI1) 

0"01 4'0 
Styrene (M 2) 
p-Methoxy, 
styrene (M~) 

p-Chloro- 
styrene (M2) 
Styrene (Ml) 

i .,/l = 100 

"/2 =0"01 

, T1 =2.5---0.4 

t 
Y2 = 0"3 +__ 0"03 ! I 

L 

0"35 5"0 

Para-chlorostyrene was synthesized from para-chlorobenzaldehyde ~ v c =  hobs. 
1"5643, n 2°°c~i~. -- 1"5648) 12. It was polymerized by SnCI~-CC12COOH at 30°C, 
and the chain transfer constant ratio towards toluene was determined. To 
determine this, the same method was used as for styrene polymerization, in 
which the polymerization was carried out by changing the mole ratio of 
monomer to toluene, and the chain transfer constant ratio was calculated 
by measuring the degree of the polymer produced 13. A lot of reports 
concerning the monomer reactivity ratio were published for the styrene- 
para-chlorostyrene system. We used 71 = 2' 5 + 0.4, "/2 = 0.3 + 0-03% where 
styrene was M1 and para-chlorostyrene was M~. The ratios of the ion 
reactivities are listed in Table 2 with some related values. 

Values in the last column in Table 2 show the lowest limit of the ion 
reactivity calculated from equation (7). The true value of the ratio of the 
ion reactivity is considered to be larger than that in Table 2. For the 
styrene-para-methoxystyrene pair, the monomer reactivity of para-methoxy- 
styrene is 100 times as large as that of styrene, while the ion reactivity of 
styrene is 4 times as large as that of para-methoxystyrene. Moreover, the ion 
reactivity of para-chlorostyrene is about 5 times as large as that of styrene. 
while the monomer reactivity of styrene is larger than that of para-chloro- 
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styrene. In either case (k,)J(kt)l, which is considered to show the ratio of 
the ion reactivity, is considerably greater than unity, where monomer 1 has 
the greater reactivity. We were interested in this fact and are now investi- 
gating other kinds of monomer pairs. The results will be published later. 

Faculty o[ Engineering, 
Kyoto University, 

Kyoto, Japan 
(Received October 1961) 
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The Butyllithium-&itiated Polymerization 
of Methyl Methacrylate 

D, M. WILES and S. BYWATER 

The kinetics o] the polymerization of methyl methacrylate initiated by n- 
butyllithium in toluene solution have been studied at - 3 0 ° C  and to a lesser 
extent at - 5 ° C .  Measurements were made to determine the effect oJ monomer 
and initiator concentrations on the rate oJ polymerization, on the quantity of 
low molecular weight product, and on the molecular weight and microstructure 
oJ the high molecular weight polymer. A complete explanation of the results 
has not been possible but it seems that the differences between initiation by 
butyllithium and by other organometallic compounds may be due in part to a 

side reaction of butylIithium with ester groups. 

INTEREST in the kinetics of the homogeneous anionic polymerization of vinyl 
monomers has led to the recent publication of data for several, including 
styrene 1-~, z-methyl styreneL and methyl methacrylate 5, 6. The only kinetic 
data available for the polymerization of methyl methacrylate initiated by 
n-butyllithium, however, are those of Korotkov et aLL Their results are not 
given in sufficient detail for the establishment of a comprehensive kinetic 
scheme but they indicate complexities which were not found for other 
anionic initiators. 

This paper presents kinetic data for the methyl methacrylate-n-butyl- 
lithium-toluene system at low temperatures. An attempt has been made to 
correlate the results with those obtained by other workers using different 
organometallic initiators to polymerize this monomer. The apparent 
differences and additional complications reported here do not seem to be 
explicable in terms of the mechanisms proposed previously. 

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

Materials 
Methyl methacrylate (Rohm and Haas Co.) was degassed, distilled on to 

calcium hydride in a vacuum system and stirred for 24 hours. This was 
followed by stirring on a freshly-formed sodium mirror for 1 hour at - 10°C. 
Approximately one third of the monomer polymerized and the remainder 
was distilled on to additional calcium hydride where it was stirred for 
48 hours and then stored in a connected bulb at 0°C in the dark. No 
impurities could be detected with analysis by gas chromatography, the 
monomer polymerized readily on exposure to sunlight, and successive 
batches gave the same kinetic results. 

Toluene (Merck and Co., reagent grade) was dried with calcium hydride 
and fractionally distilled through a 3 ft column containing Podbielniak 
Heli-Pak packing. The middle portion was degassed and distilled in vacuo 
into a storage vessel containing calcium hydride. 
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Other organic liquids used in the experiments were reagent grade, 
whenever possible, and were dried before use with appropriate drying 
agents. 

n-ButyUithium (Foote Mineral Co.) was obtained as a dilute solution in 
mixed pentane-heptane solvent. Aliquot portions were withdrawn with a 
syringe in a dry box containing an atmosphere of high purity nitrogen. The 
concentration was periodically checked using the double titration method 
described by Gilman and HaubeinL 

Lithium methoxide was synthesized by reacting butyllithium with a slight 
excess of methanol in a petroleum ether medium. The precautions taken to 
remove unreacted methanol were similar to those described by Goode et aLL 

Apparatus and procedure 
The manipulation of the reagents and apparatus during the course of the 

experiments will be given in some detail because the results are strongly 
influenced by the success with which reactive impurities have been excluded. 

Weighed quantities of monomer were distilled immediately before use 
into Pyrex tubes with a thin, breakable glass membrane at one end. Until its 
addition to the initiator solution the methyl methacrylate was kept below 
0°C and protected from strong light as much as possible. 

Aliquot portions of butyllithium solution, varying in size from 01 to 
0"3 ml, were injected in a dry box througb a self-sealing serum cap into a 
small, thin-walled Pyrex bulb connected to a stopcock. The bulb had 
previously been evacuated to a pressure of 10 -5 mm of mercury and 
re-opened in the dry box. After the injection of butyllithium the bulb was 
pumped to remove some of the pentane-heptane solvent, and sealed off. 

G 

' D 

K 

Figure/--Apparatus for kinetic experiments 
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The apparatus used for the kinetic experiments (Figure 1) was evacuated 
and approximately 3 ml of stock butyllithium solution was injected through 
the serum cap at A. The side tube was sealed at B and most of the solvent 
was pumped away. Toluene was distilled into bulb C and the apparatus was 
sealed off under vacuum at D. The inside surfaces were washed with butyl- 
lithium solution which was then poured back into C and E. The 
polymerization vessel (F to G) was washed several times with pure toluene 
collected in H by distillation and finally, the wash butyllithium being left 
in C, the required volume of toluene was collected in G. The polymerization 
vessel was sealed off at F, the bulb I containing initiator was broken, and 
the resulting butyllithium solution was brought to the desired temperature 
by stirring in the low temperature bath, controlled t o +  0" 1 °C. Monomer at 
the same temperature was admitted rapidly by breaking the thin membrane 
in J; the reaction was stopped rapidly by adding methanol from K. This 
procedure was repeated for various polymerization times at different 
concentrations of butyllithium and methyl methacrylate. 

After termination by methanol the vessel G was rapidly brought to room 
temperature, opened, and the contents plus chloroform washings were 
slowly added to ten times the volume of either methanol or petroleum 
ether (boiling range 30 ° to 90°C). The polymer was collected by filtration, 
washed repeatedly with precipitant and dried at 50°C to a constant weight 
in a vacuum desiccator. The filtrate was evaporated slowly to dryness and 
the residue taken to constant weight under the same conditions. 

The lithium from the initiator appeared in the products as a mixture of 
lithium hydroxide and lithium carbonate, soluble in methanol but insoluble 
in petroleum ether. The proportions of these lithium salts in the mixture were 
established in blank experiments and the weights of the appropriate parts of 
the products were corrected accordingly. 

In some cases, after the complete conversion of methyl methacrylate to 
polyhler, a second portion of monomer was added and allowed to polymerize 
for various times to different degrees of conversion. 

Characterization of products 
Molecular weights of many of the polymers insoluble in the precipitant 

were calculated from viscosities measured in chloroform solution at 25 °C in 
a Cannon-Ubbelohde dilution viscometer. The viscosity/molecular weight 
relationship used was [,/]=3"4x 10-SMw °'~3, derived by Chinai and co- 
workers 1°. It seems reasonable that this equation, established for more 
random poly(methyl methacrylate), should be applicable to the stereoregular 
polymer obtained in this work (cf. ref. 11). In a few cases the molecular 
weights of precipitant-soluble products were measured using a Mechrolab 
vapour pressure osmometer. 

The microstructure of a selected number of polymers in chloroform 
solution was examined with a proton magnetic resonance apparatus under 
conditions similar to those described by Bovey and Tiers 12. The amounts of 
the three types of sequences were calculated, as percentages, from simple 
measurements of relative peak areas. 
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R E S U L T S  

The experimental results showing total conversion of monomer as a 
function of time are given in Figures 2 to 5, for a variety of reaction condi- 
tions. At higher monomer/ ini t ia tor  ratios (1> 26) there appear  to be two 
reaction stages for which the overall rate is externally of first order in 
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Figure 2--Per cent conversion of monomer as a function of [butyllithium] and temperature 
[Methyl methacrylate]=0.125 mole/1. 
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monomer concentration. At lower monomer/ini t iator  ratios the first stage 
is apparently missing, possibly because it is obscured by a much more rapid 
second stage and because of the progressive shortening of this initial part  
with increasing butyllithium concentration. Although the later stages of the 
reactions are approximately internally of first order in monomer concen- 
tration over the whole initiator range, Figure 4 shows the behaviour typical 
of the three highest butyllithium concentrations where the rate varies 
inversely with initial monomer concentration. Experiments at all concentra- 
tions indicate the rapid formation of low molecular weight products, for 
none of the curves in Figures 2, 3 and 4 can be extrapolated smoothly to the 
origin. The experiments at - 5 ° C  indicate a low activation energy for 
propagation, approximately 1 kcal/mole.  

The first order rates of monomer consumption in both stages of the two 
part  curves in Figure 5(a) vary considerably for a small change in initiator 
concentration. Figure 5(b) indicates the apparently simpler situation at 
higher butyllithium concentrations. For the two butyllithium concentrations 
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Figure 3--Per, cent conversion of monomer as a function of [butyllithium]. [Methyl 
methacrylate]=0.125 mole/1. Temp. = --30°C 
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Figure 4- -Pe r  cent conversion 
of monomer  as a function of 
[monomer] .  [Butyllithium] = 

7"6× 10 -a mole/1.  
T e m p . =  -- 30°C 
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Figure 5--Logarithmic plot of experimental data. Temp. = --30°C 

i 
Curve 
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Curve .. 6 7 8 
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• 0"125 mole/l,  monomer polymetized completely, then an additional 0"125 mole/1, monomer added. 

where a second equal quantity of monomer was added, Figure  5 shows a 
rapid polymerization with a first order rate equal to that established in the 
final part of the original reaction. The first order plots in this case can be 
extrapolate d directly to the original added monomer concentration. There 
was in fact, no change, during the polymerization of the second portion, in 
the amount of low molecular weight product formed in the polymerization 
of the first part. These results indicate tha t  no chain termination occurs in 
the final part  of a normal polymerization and that many of the complexities 
associated with initiation by butyllithium are absent when poly(methyl 
methacrylate) anions initiate polymerization. 

Figure  6 shows typical results of viscosity-average molecular weight 
determinations for experiments at two monomer/ ini t ia tor  ratios. These 
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results indicate that the two stage behaviour shows up in the molecular 
weight of the polymer. While it is difficult to exclude the effects of a 
changing molecular weight distribution during the  polymerization, the two 
stage curve does no t  seem to be due to changes in the number of growing 
chains. The number-average molecular weight of the petroleum ether- 
soluble product was determined for curve 1 and found to be about 600 at 
all stages of reaction. The methanol-soluble product for the same system 
appears to have an M,  value of 900. 
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Figure 6--Typical changes in viscosity-average molecular weight as a function of 
polymerization time. Polymerization temp. = -- 30°C 

[Butyllithiura] [Methyl methacrylate] 
Curve mole/l. × 10 a rnole/l. 

1 7.6 0"125 

2 3"85 0-500 

It is possible that methoxide ions could be present in the polymerizing 
systems as a result of attack by butyllithium on the ester group 1~. In order to 
determine its effect if any, lithium methoxide was added alone or with 
butyllithium to monomer-solvent mixtures. Its solubility .in toluene being 
very low, it was added as a suspension in toluene. These experiments show 
that lithium methoxide neither initiates polymerization at a measurable rate 
nor affects the butyllithium-initiated polymerization. 

Figure 7 illustrates the effect of the initial methyl methacrylate/butyl- 
lithium ratio on the proportion of monomer converted to precipitant- 
soluble products. The percentage of soluble polymer increases markedly 
with increasing initiator concentration, but the overall trend is governed 
largely by the ratio and not by the individual concentrations of either com- 
ponent. Variations in the quantity of soluble material during a reaction at 
one set of concentrations are usually small, presumably within experimental 

181 



D. M. WILES and S. BYWATER 

1 4 6  

?i 365 

a: 30 
• ~ 

m 22~ 

4 

16 

J I ~ I a I , [ , 1 
0 0"02 004 0'06 008 0 . 1 0  0'12 

[ In i t i a to r ] /  [Monomer] 

Figure 7--Change in per cent initial [monomer] converted to precipitant-soluble product 
as a function of [butyllithium]/[monomer] ratio. Temp.=--30°C. Curve l--soluble in 

petroleum ether; Curve 2---soluble in methanol 

error. The larger fluctuations in the amounts of product soluble in 
p e t r o l e u m  e ther  s h o w n  in  Figure 3 c o r r e s p o n d  rough ly  to the  po in t s  o f  
in f lec t ion  b e t w e e n  the  two  s tages  of  the  to ta l  c o n v e r s i o n  curves .  I f  s im i l a r  
f luc tua t ions  o c c u r  a t  h ighe r  b u t y l l i t h i u m  concen t r a t i ons  they  m a y  be  less  
no t i ceab l e  fo r  the s a m e  reasons  tha t  no  inf lec t ion  po in t s  a re  observed .  

Table 1. Proton magnetic resonance measurements 

Sample* 

F.R.t  
SKI00 
BSK4 
SKI09~ 
SK32 
SK125 
SKI21 
SKI21§ 

[Monomer] 
mole/l. 

m 

0"125 
0"125 
0"125 
0.500 
0-500 
0-500 
0.500 

[Butyl- 
lithium] 
mole/l. 
× 10 a 

Conversion 
% 

7,6 52 
7.6 94 
7-6 100 
3.8s 32 
3.8s 34 
3 "85 73 
3 "85 l 73 

/80 o 
tactic 

11 
74 
82 
86 
52 
52 
72 
80 

Sequences % 

Hetero- 
tactic 

42 
16 
10 
8 

29 
31 
18 
12 

Syndio- 
tactic 

47 
10 
8 
6 

19 
17 
10 
8 

*Methanol-soluble Products removed from sample SK32. Petroleum ether-soluble products removed from all 
other samples. 

t"Polymex made at 60"C by initiation with 2,2'-azo-bis-isobutyronitrile. Results included for comparison. 
•Polymerized completely under the same conditions as BSK4. Then the same amount of monomer was 
added again and polymerized completely. 

§Approximately a quarter of Sample SKI21 removed by extraction with 4-heptanone. 

T y p i c a l  resul ts  of  p r o t o n  m a g n e t i c  r e s o n a n c e  m e a s u r e m e n t s  are  shown  in  
Table 1 fo r  p o l y m e r s  p r e p a r e d  u n d e r  a va r i e ty  o f  condi t ions .  A t rend  
t o w a r d  g rea t e r  i so tac t ic i ty  is a p p a r e n t  a t  h i g h e r  b u t y l l i t h i u m  c o n c e n t r a t i o n  
as  we l l  as  a t  h i g h e r  conver s ion .  A p o l y m e r  f o r m e d  by  the  a d d i t i o n  o f  
m o n o m e r  in two  po r t i ons  has  a h i g h e r  deg ree  o f  i so tac t ic i ty  at  the  end  of  
t he  s econd  p o l y m e r i z a t i o n  t h a n  a t  the  end  of  t he  first. T h e  i so tac t ic  c o n t e n t  
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of a polymer appears to be slightly enhanced on extraction with 4-heptanone 
but non-isotactic sequences are not removed completely so they must be 
incorporated in longer chains as well. 

D I S C U S S I O N  

The scope of the experiments has been restricted to rather low monomer/ 
initiator ratios because at lower butyllithium concentrations the rates would 
be very low and at higher methyl methacrylate concentrations the resulting 
toluene solutions of polymer would be extremely viscous. In some cases the 
small quantity of methanol added to terminate the reaction caused the 
solution to become cloudy, indicating how close the systems were to 
incipient precipitation. 

A complete explanation of the results does not appear to be possible 
owing to their complexity. Much of the butyUithium is accounted for in the 
initial rapid formation of very low molecular weight polymer and only a 
small fraction of the initiator is responsible for the consumption of most of 
the monomer. At the highest monomer/initiator ratio used (130) about 
70 per cent of the butyllithium results in petroleum ether-soluble material. 
If it is assumed that one insoluble polymer molecule accounts for one 
butyllithium molecule then the number-average molecular weight would 
have to be 50 000, i.e. M~/M~ ~ 7. This ratio is about that generally found 
in the anionic polymerization of methyl methacrylate. At the lowest 
monomer/initiator ratio (10-9) petroleum ether-soluble products arise from 
35 per cent of the butyllithium molecules. To account for the remaining 
initiator one would have to assume that M, for the insoluble polymer is 
1 350. This result (M~/Mn --~ 90) seems unreasonable because an appreciable 
quantity of such a polymer would have been soluble in petroleum ether. 
Although it is possible that there is a broadening of molecular weight distri- 
butioh associated with an increase in initiator concentration it is more likely 
that some butyllithium is consumed under these conditions in one or more 
side reactions. Butyllithium is more reactive than fluorenyllithium which 
has been used in a previous study 5a, b; butyllithium will correspond more 
closely to but may be even more reactive than Grignard reagents in toluene 
solution6~, b. I t  has been shown that polystyryl anions react with polymer 
ester groups 1~ and it is likely that butyllithium reacts with ester groups on 
the monomer 13 and polymer. Attack on polymer ester groups would be 
restricted to short chains formed in the early stages of reaction since it is 
probable that butyllithium is rapidly consumed in at least as short a time 
as that found for fluorenyllithium 5a. 

Figure 3 shows that at low initiator concentrations the initial fast 
consumpton of monomer is followed by a period of slower growth, which 
leads to a final fast reaction internally of first order in monomer concentra- 
tion. This latter stage appears to represent the establishment of a steady 
concentration of reactive centres, as shown by the results obtained on the 
addition of a second portion of monomer [Figure 5(a)]. At high butyllithium 
concentrations only the second fast polymerization, internally of first order 
in monomer concentration, is observed, there being no apparent period of 
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slow growth (Figure 2). The first order rate constants, calculated for the 
systems after steady state conditions appear to have been reached, increase 
more rapidly than the increase in added initiator concentration and at high 
values are a function of the added monomer concentration (Figure 4). The 
number of active centres which lead to high polymer depends therefore in a 
complex manner on initial butyllithium and monomer concentrations. This 
also suggests multiple attack of initiator on monomer and polymer. 

The slow growth period is associated with a lower degree of isotacticity in 
the insoluble polymer whereas the faster reaction stages produce polymer 
of nearly 90 per cent isotactic structure in both normal experiments and 
when additional monomer is added. The slow period could be due to failure 
to produce an isotactic helix until quite large polymer molecules are formed, 
or it could be the result of inhibition by products of butyllithium side 
reactions. Glusker has suggested ~b that a polymer molecule must be eight or 
nine monomer units in length before a rapidly propagating helix is formed. 
However, in the present work the molecular weight of the polymer formed 
during the slow period changes with experimental conditions and can reach 
large values. There does not seem to be any sound reason for increasing the 
chain length associated with the transition to a helix to very high values. 
The inhibition theory suffers from the disadvantage that the temporary 
period of slower conversion is most readily observed at low initiator con- 
centrations for which the butyllithium balance is reasonably good and 
reaction with ester groups is least likely. At the highest added initiator 
concentrations, where the butyllithium balance is least satisfactory, the 
highest terminal rates are found. This might suggest that the effective 
chains arise from other than simple attack of butyllithium on the monomer 
carbon-carbon double bond. Glusker's hypothesis 5~ for the fluorenyllithium- 
initiated system supposes that the source of the chains growing to high 
molecular weight is a part of the low molecular weight soluble material 
formed early in the reaction. In the present work at two low butyllithium 
concentrations there was, in fact, a temporary increase in the petroleum 
ether-soluble fraction during the slow period (Figure 3). At all concentra- 
tions the quantity of material soluble in methanol tended to rise slightly 
during the polymerizations. Nevertheless there does not seem to be a 
correlation between the terminal rate and the quantity of soluble material, 
which for the most part does not apparently change appreciably throughout 
a reaction. It should be remembered, however, that a small number of short 
chains growing to high molecular weight can account for a large consump- 
tion of monomer, and that in the present work the errors in the measurement 
of small amounts of soluble material are appreciable. 

There is some recent evidence in the literature that spontaneous termina- 
tion in rigorously purified anionic initiator-methyl methacrylate systems is 
not rapid at low temperature. This evidence is, in fact, only a qualitative 
indication that some polymeric anions survive for many hours. However, it 
has now been shown that, at least for initiation by butyllithium, only a 
small proportion of the active centres formed initially is responsible for 
most of the monomer consumption but that the amount of spontaneous 
termination of these growing polymer chains is sufficiently small to have no 
effect on the kinetics of polymerization of a second portion of monomer. 
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The Action of Ethylamine on Cellulose 
Part I--The Acetylation of Ethylamine-treated Cotton 

T. P. N~VELL* and S. H. ZERONIAN* 

The hygroscopicity of cotton that has been acetylated in pyridine after it has 
been treated with ethylamine, washed with water, and solvent-exchanged with 
pyridine, has been compared with that of cotton acetylated without pre- 
treatment. The results show that the acetylat¢on does not cause decrystalliza- 
tion additional to that due to the ethylamine treatment until substitution in 
the amorphous regions is virtually complete. The influence of the type of 
solvent used to remove ethylamine from cotton on the ease of acetylation of 
the treated material has also been studied. Pyridine gives the most reactive 
product, ,n-hexane the least, and water a product of intermediate reactivity. 
'These facts are interpreted in terms of the relative hydrogen-bonding capacity 
of the three solvents. X-ray photographs of equally acetylated products 
obtained from cotton, cotton treated with ethylamine and water, and cotton 
treated with ethylamine and pyridine, show progressively increasing propor- 
tions of crystalline cellulose acetate. The hygroscopicity of the products also 

increases in the same order. 

DURING the last ten years the decrystallization of cotton cellulose by means 
of ethylamine has been the subject of numerous investigations at the 
Southern Regional Research Laboratory of the United States Department 
of Agriculture. In one of these investigations Loeb and SegaP have shown 
that the enhanced reactivity of the decrystallized cotton towards acetylation 
is largely lost if the material is allowed to dry between the processes of 
ethylamine extraction and acetylation. They have also concluded that 
ethylamine is more effective than sodium hydroxide of mercerizing strength 
in increasing the reactivity of cotton towards acetylation, but this conclusion 
is not necessarily correct because different solvents were used to remove the 
ethylamine and the sodium hydroxide from the treated cotton. The present 
paper describes experiments that were carried out to determine the combined 
effect of decrystallizati0n and acetylation on the affinity of cotton for water 
vapour, and the influence of the nature of the solvent used to remove the 
swelling agent on the reactivity of the cotton and on the fine structure of the 
final products, 

E X P E R I M E N T A L  P R O C E D U R E  

Materials 
An unspun Texas cotton that had been mechanically cleaned and boiled 

under pressure (35 lb/in 2) for three hours with 2 per cent sodium hydroxide 
was used as starting material. 

*Present address: Department of Textile Chemistry, Manchester College of Science and Technology, 
Manchester 1. 

187 



T. P. NEVELL and S. H. ZERONIAN 

Ethylamine was purified by distillation from solid potassium hydroxide in 
an apparatus from which the air had been pumped off and which had a 
receiver cooled in a mixture of solid carbon dioxide and acetone. 

Pyridine and n-hexane, which were used for extracting the ethylamine 
from the treated cotton, were dried over solid potassium hydroxide and 
fractionated before use. The boiling ranges of the fractions collected were: 
pyridine 115 ° to 116°C, n-hexane 67 ° to 69°C, both at a pressure of 
760 mm of mercury. 

The acetylating reagent described in Procedure I in Loeb and Segal's 
paper 1 was used in the present work. It consisted of a mixture of equal 
volumes of acetic anhydride (analytical reagent grade) and pyridine 
(purified as described above). 

Methods o[ treatment 
Treatment with ethylamine--Cotton was treated with ethylamine in a 

vessel that could be closed with a ground-glass stopper carrying two tubes. 
One tube was used to remove the air in the vessel and the water adsorbed 
on the cotton by evacuation; the other was used to introduce the required 
amount of ethylamine into the evacuated vessel. Both tubes were fitted with 
taps, which were closed during the treatment. Usually about 10 g of cotton 
was immersed in 350 to 400 ml of ethylamine for four hours at 0°C, as 
recommended by Segal, Nelson and Conrad 2. After treatment the cotton 
was removed from the ethylamine and extracted with water, n-hexane, or 
pyridine, as follows. 

Extraction with water--The sample was stiffed vigorously with several 
successive portions of ice-cold water and then steeped in water for about 
18 hours, the water being changed from time to time. The product was kept 
in cold water until required for further treatment, or, when required for the 
measurement of hygroscopicity, freed from as much liquid water as possible 
by centrifuging and dried in a vacuum over phosphorus pentoxide. 

Extraction with n-hexane The sample was stirred with three successive 
portions of n-hexane and then extracted with the same solvent in a Soxhlet 
apparatus for eight hours. A little syrupy phosphoric acid was added to the 
boiling flask to prevent recycling of the ethylamine. The product was kept 
wet with solvent until required for further treatment. 

Extraction with pyridine--The sample was stirred with five successive 
portions of pyridine at room temperature during" 18 hours and preserved in 
pyridine for acetylation. 

Treatment with sodium hydroxide---Cotton was immersed in 16 per cent 
so~lium hydroxide solution for 30 min at 20°C. The product was washed 
successively with saturated sodium chloride solution, 10 per cent acetic 
acid, and water, the water being changed periodically until a neutral extract 
was obtained. It was kept in cold water until required. 

Acetylation~Samples (2 g) of material to be acetytated were suspended 
in 50 ml of dry pyridine. Air-dry samples were washed with four, and 
samples wet with water or n-hexane-with five, successive portions of 
pyridine, the final portion being adjusted to 50 ml (roughly 50 g) by weigh- 
ing. Acetic anhydride (50 ml) was added and the mixture was shaken well 
and kept at 25°C for the required length of time. The acetylating mixture 
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was then poured off and the product was washed with numerous changes of 
distilled water until free from acid. Half was dried in a vacuum over 
phosphorus pentoxide and used for the measurement of hygroscopicity. 
The other half was dried by exposure to the air. 

Characterization of products 
Acetyl content--A modification of the third method of Howlett and 

Martin 3 was used for the determination of acetyl contents. The sample 
(0'2 to 0'4 g) was dried at l l0°C,  weighed, and transferred to a stoppered 
conical flask containing 0"4N potassium hydroxide in 50 per cent aqueous 
alcohol (25 ml) at room temperature. After 18 hours sulphuric acid of 
concentration slightly greater than 0-4N (25 ml) was added, and after a 
further half hour the solution was titrated with 0"IN sodium hydroxide, 
phenolphthalein being used as indicator. 

Hygroscopicity--Moisture regains were determined by drying duplicate 
0-5g samples of material in a vacuum desiccator over phosphorus 
pentoxide and exposing them to an atmosphere of 66 per cent r.h. at 20°C 
(obtained by means of a saturated solution of sodium nitrite) until they 
reached a constant weight. 

X-ray diagrams--Fibre photographs were taken with 25 mg bundles of 
parallel fibres and nickel-filtered copper K~ radiation. 

H Y G R O S C O P I C I T Y  OF ACETYLATED M A T E R I A L S  
One of the most remarkable claims made for the use of ethylamine for 
decrystallizing cotton was that recrystallization does not readily occu#. 
Non-aqueous solvents were at first recommended for removing the ethyl- 
amine, chloroform being suggested, but subsequently it appeared that ice- 
cold water was equally satisfactory ~. This has now been confirmed by 
hygroscopicity measurements: chloroform-washed and water-washed 
materials both adsorbed 30 per cent more water vapour than the original 
cotton at 66 per cent r.h. and 20°C. It is possible, however, that some 
collapse of structure may occur during the drying of decrystallized materials 
and it was thought that such collapse might be prevented by the introduc- 
tion of 'blocking groups'. A comparison was therefore made of the affinity 
for water vapour of cotton and never-dried decrystallized cotton after they 
had been acetylated to various extents in fibrous form and dried. The results 
are illustrated in Figure 1, which shows the relation between the moisture 
regain and the degree of acetylation of cotton and of cotton that had been 
treated with ethylamine, washed with water, and solvent-exchanged with 
pyridine. 

The curve for cotton (Curve 1) will be considered first. It falls into two 
parts: an initial linear portion representing products with acetyl contents 
between 2'5 per cent and 14 per cent, and a second portion of markedly 
lower slope at higher degrees of acetylation. When the initial portion is 
extrapolated back to zero acetyl content it strikes the moisture-regain axis 
at a higher value than the moisture regain of the original cotton. This 
suggests that a small increase in hygroscopicity occurs during the very early 
stages of acetylation (up to an acetyl content of about four per cen0; similar 
results were obtained by Aiken 6 with slightly acetylated rag stock. The 
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Figure /--Relation between 
hygroscopicity and acetyl 
content of acetylated cellu- 
lose. Curve 1---cotton; Curve 
2--ethylamine-treated cotton 
that had been washed with 

water 

increase in hygroscopicity must be due to .an increase in the number of 
hydroxyl groups accessible to water vapour in the amorphous regions of the 
material. This could arise from the partial acetylation of a number of 
hydroxyl groups initially bound together too strongly by hydrogen bonds to 
permit them to adsorb water. The linear fall of hygroscopicity between 
acetyl contents of 2"5 per cent and 14 per cent represents the substitution of 
accessible hydroxyl groups in the amorphous regions by acetyl groups, 
which are less hydrophilic; the subsequent lower rate of fall of hygro- 
scopicity with increasing acetyl content represents the opening up and 
acetylation of the crystalline regions. A change in the rate of fall of moisture 
regain with degree of acetylation at an acetyl content of about 15 per cent 
was observed previously by Honold, Keating and Skau r, and was interpreted 
by Bailey, Honold and Skau 8 as an indication of the extension of acetyla- 
tion from the amorphous to the crystalline regions. They did not have 
sufficient results, however, to enable them to detect the small increase in 
moisture regain in the very early stages of acetylation. 

The hygroscopicity of acetylated decrystallized cotton has been measured 
only over a range of acetyl contents corresponding to acetylation of the 
amorphous regions. The maximum degree of substitution attainable in these 
regions is, of course, much higher than with the original cotton. Once again, 
the initial rise in moisture regain at very low acetyl contents is evident, and 
this is followed by the linear fall characteristic of the replacement of 
hydroxyl by acetyl groups in amorphous regions (Curve 2). The slopes of 
the linear portions of the two curves relating to acetylation in the 
amorphous regions are identical, which shows that the difference in the 
affinity of hydroxyl and acetyl groups for water vapour is the sole cause of 
the fall of hygroscopicity in both cases. The linearity of the relation between 
moisture regain and acetyl content shows that the amount of inter-chain 
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hydrogen-bonding is not altered during acetylation, but is in fact fixed by 
this process at whatever level it may be when the acetylation is begun. It 
also follows that the acetylation of ethylamine-treated cotton does not cause 
any additional decrystallizaion until substitution in the amorphous regions 
is virtually complete. 

The moisture regains of unacetylated cotton and decrystallized cotton 
obtained by extrapolating Curves 1 and 2 back to the ordinate axis are 
higher than the corresponding directly-determined values, for the reason 
already given. In addition it is significant that, of the extrapolated values, 
that for the decrystallized cotton is about 42 per cent greater than that for 
cotton, whereas of the directly-determined values, that for the decrystallized 
cotton is only 30 per cent greater than that for cotton. Thus the potential 
accessibility of the hydroxyl groups in cotton to water vapour is increased 
by 42 per cent by treatment with ethylamine followed by washing with 
water, but some of this increased accessibility is lost when the material is 
dried before its moisture regain is determined. This loss is avoided if the 
formation of inter-chain hydrogen bonds in the amorphous regions is pre- 
vented by the introduction of a small number of acetyl groups. The 
extrapolated value of the moisture regain for the decrystallized cotton is 
about 12 per cent whereas completely decrystallized cotton would be 
expected 9 to have a moisture regain of about 17 per cent. It is thus clear 
that the treatment of cotton with ethylamine followed by washing with water 
leads to a partial decrystallization only. 

REACTIVITY OF COTTON SWOLLEN WITH ETHYLAMINE 
AND WITH SODIUM HYDROXIDE 

Loeb and Segal 1 showed that ethylamine-treated cotton from which the 
amine had been removed by successive portions of  pyridine and which had 
not been allowed to dry was much more readily acetylated in pyridine than 
material that had been air-dried after treatment. It was also more readily 
acetylated than cotton that had been mercerized and, without drying, 
solvent-exchanged with pyridine. On the other hand never-dried material 
from which the ethylamine had been removed with n-hexane was hardly 
acetylated at all in this solvent unless it was further activated by means of 
acetic acid. These observations are not easy to reconcile with one another, 
because they are not strictly comparable owing to the use of significantly 
different experimental conditions in the two cases. For this reason three 
different methods of removing the amine from ethylamine-treated cotton 
have been compared by measuring the degree of acetylation attained in 
24 hours under the conditions stated in the experimental section. The sol- 
vents used to remove ethylamine were water, n-hexane, and pyridine; the 
first two were subsequently replaced by pyridine and in each case the 
material was acetylated in py.ridine without being allowed to dry. The 
degree of substitution of cotton that had been swollen with 16 per cent 
sodium hydroxide, washed with water, solvent-exchanged with pyridine, 
and acetylated in the same way was also measured. The results, given in 
Table 1, show that the reactivity of ethylamine-treated cotton that has been 
extracted with n-hexane is little greater than that of the original cotton, but 
the reactivity of the pyridine-extracted material is very much greater. 
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TaMe 1. Effect of acetylating cotton for 24 hours after various swelling and washing 
treatments 

Swelling agent 

None* 
Ethylamine 
Ethylamine 
Ethylamine 
16 % sodium hydroxide . 

Solvent usedtoremove swelling 
agent 

None* 
n-Hexane 
Water' 
Pyridine 
Water 

,4cetyl content 
% 

7"7 
9"4 

14"7 
25 "4 
17"4 

*Original cotton. 

The reactivity of the water-extracted material is intermediate between 
those of the other two. It is this material that should be considered when 
comparing the relative effectiveness of ethylamine and sodium hydroxide, 
since only water can be used to wash out the latter. It is clear that when this 
is done cotton swollen with sodium hydroxide is more readily acetylated 
than ethylamine-treated cotton. 

The relative effectiveness of n-hexane, water and pyridine, in maintaining 
ethylamine,treated cotton in a reactive state may be explained in terms of 
their hydrogen-bonding capacity. Since a high degree of decrystallization 
is maintained whatever the solvent used for extracting the ethylamine, loss 
of reactivity must be due to the formation of hydrogen bonds between 
adjacent chain-molecules in the amorphous regions of the material. This 
involves small lateral movements of some of the chains--insufficient to 
constitute recrystallization, but sufficient to form a crosslinked network 
capable of blocking the entry of the acetylating reagent, n-Hexane has no 
affinity for the hydroxyl groups of the cellulose and assists this process by 
acting as a lubricant. Pyridine, on the other hand, forms hydrogen bonds with 
the free hydroxyl groups in the amorphous regions 1°, thus preventing the 
cellulose chains from coming close enough together to be able to form 
hydrogen-bonded crosslinks. The intermediate effect of water is due to its 
ability to form more than one hydrogen bond per molecule. Since a water 
molecule may be attached to hydroxyl groups in adjacent chains, this has 
the effect of drawing the chains close enough together for them to become 
linked directly by hydrogen bonds between hydroxyl groups at neighbour- 
ing sites. Thus water prevents formation of inter-chain hydrogen bonds in 
some parts of decrystallized regions of cotton but assists it in other parts. 
The resulting material is therefore acetylated more slowly than material 
washed with pyridine but more rapidly than that washed with n-hexane. 

The ability of pyridine to maintain ethylamine-treated cotton in a highly 
disordered (and therefore highly reactive) state is illustrated by the hygro- 
scopicity measurements given in Table 2. This table compares the moisture 
regain of cotton with that of acetylated cotton, cotton acetylated after treat- 
ment with ethylamine and cold water, and cotton acetylated after treatment 
with ethylamine and pyridine, the degree of substitution being roughly the 
same in each case. The affinity of the acetylated pyridine-extracted material 
for water vapour is double that of acetylated cotton and 50 per cent greater 
than that of the acetylated water-washed material. 
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Figure 2--X-ray diagrams of (a) 
cotton, (b) acetylated cotton 
(24'3 per cent acetyl), (c) acety- 
lated ethylamine-treated water- 
washed cotton (25"5 per cent 
acetyl), (d) acetylated ethyl- 
amine-treated pyridine-washed 
cotton (25-4 per cent acetyl), (e) 

cellulose triacetate 
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Table 2. Moisture regain of acetylated cotton at 66 % r.h. and 20°C 

Starting material Acetyl content Moisture regain 
% 

Cotton 
Cotton 
Ethylamine-treated cotton 

washed with water 
Ethylamine-treated cotton 

washed with pyridine 

0 
24-3 

25.5 

25-4 

7-58 
3-89 

5.27 

7.80 

The X-ray fibre diagrams of the three acetylated products in Table 2 are 
shown in Figure 2, which also contains the diagrams of cotton and cellulose 
triacetate for comparison. The diagram of cotton acetylated without pre- 
treatment consists of the normal cellulose I pattern with a feeble cellulose 
acetate pattern superimposed, while that of acetylated cotton that had been 
pre-treated with ethylamine and washed with water shows a cellulose 
acetate pattern superimposed on a pattern characteristic of a distorted 
cellulose I lattice. It thus appears that when ethylamine-swollen cotton is 
washed with water some re-formation of cellulose I occurs at once and 
that, when the remaining decrystallized regions are acetylated to a sufficient 
extent, some of the cellulose acetate formgd also crystallizes. The diagram 
of the material obtained by acetylating the pyridine-extracted decrystallized 
cotton consists mainly of the pattern of cellulose acetate together with a 
feeble pattern characteristic of a distorted cellulose t lattice. From this it 
would appear that the treatment of cotton with ethylamine followed by 
extraction with pyridine leads to a completely decrystallized product. On 
acetylation to a sufficiently high degree, however, some crystallization of the 
cellulose acetate can occur. 

The authors t.hank Dr J. O. Warwicker [or taking the X-ray photographs 
and Miss Beryl Johnson [or much of the analytical work. 

The Shirley Institute, 
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The Action of Ethylam&e on Cellulose 
Part II--Solvent Extraction of Ethylamine-treated 

Bacterial Cellulose." Changes in the Hydroxyl-absorption 
Region of the Infra-red Spectrum 

H. SPEDDING 

Dry bacterial cellulose films were treated with anhydrou~ ethylamine. The 
ethylamine was removed by one or more solvents and the films examined in 
the hydroxyl-stretching region of  the infra-red spectrum (a) while still immersed, 
(b) after pumping-off  the immersion liquid, (c) after exposure of  the films to 
air, and (d) after heating the films in boiling water. Some films, kept wet after 
the ethylamine treatment, were acetylated to a small extent. I t  was found that 
the effect of  anhydrous ethylamine on bacterial cellulose films was partly pre- 
served even when the ethylamine was washed out. Solvent extraction with 
pyridine alone preserved this effect in cellulose in the wet state to a larger 
extent than when chloroform, n-hexane, cyclohexane, dimethyl  formamide, 
water, methanol, or glacial acetic acid was used. There was generally a change, 
consistent with an increase in the strength of  the intra-c¢llulosic hydrogen 
bonds on exposing the films to moist air, or heating them in boiling water, but 
this could be reduced and even reversed by acetylation to a small extent before 
such exposure to water vapour or hot water. Consequently the ethylamine- 
treated film washed with pyridine only and acetylated was the most weakly 

hydrogen-bonded of  all the films in the dry state. 

THE work to be described concerns the changes in hydrogen bonding of the 
hydroxyl groups in bacterial cellulose that are produced by treatment with 
ethylamine and subsequent solvent extraction with various liquids. Such 
changes have been investigated by examination of changes in the shape and 
frequency of the hydroxyl-stretching bands. 

Ethylamine is known to swell cellulose and penetrate into the crystal 
lattice ~. In this process the state of hydrogen bonding throughout the whole 
sample must be drastically altered and it is very probable that, in the 
presence of excess of amine, a large proportion of the cellulose hydroxyl 
groups are hydrogen-bonded to ethylamine molecules and n6t to each 
other ~. The interest lies in what happens when the ethylamine is removed; 
whether the original structure is re-formed or whether a modified structure, 
whose nature depends on the liquid used for removing the amine, is obtained 
instead. Published results of previous experiments on cotton and bacterial 
cellulose show that ethylamine treatment brings about a reduction in 
crystallinity2-5; the crystal lattice can also be changed from cellulose I to III 
under certain conditions of removal of the amine 5, e. Formation of cellulose 
III after this treatment can be detected by its characteristic X-ray diagram', 
or by the presence in the hydroxyl-stretching region of the infra-red (i.r.) 
spectrum.of a sharp peak at 3 484 cm -1 that is absent from the spectrum of 
cellulose 17. The presence of cellulose III complicates the interpretation of 
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the hydroxyl-absorption region, and for the purposes of the present work it 
has been avoided in the way described later. 

In the present work, separation, by deuteration, of the absorption of the 
hydroxyl groups in the amorphous regions from those in the crystalline 
regions 8 was either impossible or undesirable. Many of the measurements 
were made on immersed films that could not be deuterated, and others on 
samples whose state might very well have been affected by exposure to 
deuterium oxide vapour. (The experiments, to be described below, that 
involved exposure of films to atmospheric water vapour support this 
hypothesis.) The hydroxyl absorption in each sample was therefore due to 
all the hydroxyl groups present. 

The shape and position of the hydroxyl absorption region are dependent 
on the amount and the nature of both the amorphous and the crystalline 
phases, and would be affected by a change in any of these factors. In 
principle, any one, or all, of them may change in any particular treatment 
given to the sample; there is evidence from deuteration studies on dry, 
ethylamine-treated bacterial cellulose that even the nature of the crystalline 
phase may be modified, although cellulose IrI is not formed 9. Thus a 
decrease in the prominence of 'crystalline' peaks could be due to (z) a 
decrease in the percentage-crystallinity, or (i0 a broadening of the 'crystal- 
line' absorption bands caused by a modification of the molecular packing 
of the crystalline phase, or perhaps (iii~ a narrowing of the amorphous 
absorption region caused by a decrease in the range of hydrogen-bond 
strengths of the amorphous phase. Consequently it is difficult to be specific 
about the change in each factor separately and this has not been attempted. 

RESULTS AND DISCUSSION 

Untreated  films; band  parameters  
The hydroxyl-stretching region in untreated, dry, bacterial cellulose is 

composed of several overlapping bands and is markedly asymmetrical 
(Figure 1). The main peak is a fairly sharp one at 3 355 cm-1. On the low- 
frequency side (LFS) there is a shoulder at ca. 3 250 cm-1 and two others, 
poorly defined, at ca. 3 280 cm -1 and ca. 3 315 cm -1, while on the high- 
frequency side (HFS) there are weak shoulders at ca. 3 375 and ca. 3 405 
cm-1. The shape is similar to that of the hydroxyl-absorption region in the 
spectrum of the crystalline phase alone s, as might be expected from the high 
crystallinity of bacterial cellulose. Because of the very irregular shape found 
here and in other, ethylamine-treated, samples a much better idea of the 
asymmetry is given by the ratio of the absorption area on the HFS to that 
on the LFS than by the ratio of the half-band widths of the two sides; this is 
referred to hereinafter as the Area Ratio. To permit comparison of 
hydroxyl-absorption regions with different peak frequencies another para- 
meter has been derived. This is the frequency of the Centre of Absorption, 
vc, which is defined in the experimental section and which is taken to repre- 
sent the frequency of the 'centre of gravity' of the hydroxyl-absorptien 
region. In the determination of v, it was impossible to allow for the well- 
known fact that the absorption coefficient of any hydroxyl group varies 
across the absorption region, since its value depends on the strength with 
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which the group is hydrogen-bonded, In spite of the inevitable simplifica- 
tion, ~c values so determined are affected by changes in the overall strength 
of hydrogen bonding and can be used as a measure of such changes since 
no other factor is likely to have an effect comparable to that of hydrogen 
bonding. An increase (decrease) in ~c implies a decrease (increase) in the 
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Figure /--Hydroxyl-stretching region in dry bacterial cellu- 
lose film. (The horizontal line indicates the half-band 
width, and the vertical line the position of re. This applies 

to each figure.) 

strength of bonding. Although it is possible for ~c to coincide with the Peak 
Frequency, '~ ...... without the Area Ratio being unity, there was only one 
instance of this. Otherwise, when the Area Ratio was greater (less) than 
unity, vc lay on the HFS (LFS) of the peak. Table 1 lists Area Ratio and 
vc in untreated films and ethylamine-treated films. In three dry, untreated 
films the Area Ratio was 0"86 + 0"02 and v, was 3 345 + I cm -1, i.e. it lay 
on the LFS of v ..... which was at 3 355 +_ 1 cm- 1. 

Ethylamine-treated films 
(a) Immersed in solvents--The bacterial cellulose films were treated 

with ethylamine and the amine exchanged, generally after an intermediate 
wash in pyridine (see below), for the liquid whose effect was to be 
examined. Spectra in the region 3 000 to 3 650 cm -x were recorded with 
the films immersed after being kept wet with solvent during the entire 
solvent-extraction process. The liquids investigated differ considerably in 
their polarity, dielectric constant, and hydrogen-bonding capacity. Eight 
were examined: water, dimethyl formamide (DMF), cyclohexane, 
n-hexane, chloroform, pyridine, glacial acetic acid, and methanol. 

It was discovered early in this work that, when pyridine alone was used 
to remove the ethylamine, the appearance of the cellulose hydroxyl region 
changed completely from that in the original untreated film. A peak now 
appeared at ca. 3 430 cm-1, and at 3 365 cm-1 there was either a weaker 
peak or just a shoulder ![Figure 2(i)]. The  value of 3 430 cm -1 is very 
similar to the frequency of the absorption band of water when dissolved 
in pyridine 1°, and it is very likely that the, absorption peak at ca. 3 430 
cm -1 corresponds to cellulose hydroxyl groups hydrogen-bonded to the 
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Table 1. Results of measurements of hydroxyl-absorption region in bacterial cellulose 
films. Area Ratio (A.R.), and Centre of Absorption (% cm -1) 

Typeoffilm 

Untreated 

DMF 
pyridine 

A . R .  

0-78 

Never-dried 
water/pyridine 

Ethylamine- treated 
pyr./water/pyr. 

pyr./eyelohexane 

pyr./~-hexaae 

DMF 

pyr./ddoroform 

0"93 

0"97 

1 "21 

1"22 

1"11 
[1.33] 

1-21 

pyridine 

Wet films 

Ve 

3 347 

3 341 

3 350 

3 365 

3 366 

3 365 

3 364 

3 355 

Dryfilms 
(Pa05; vac.) 

A.R. vc 

0.86 3 345 

0-87~ 3 342 

0.85t 3 342 

1.12 3 357 
(1-10 3 357) 
1.12" 3 357 

(0.82 3 337) 
1.03t 3 351 

(1.07 3~52) 

1.33 3 370 
(1.15 3359) 

1.30 3 369 
(1.08 3 353) 
1-18t 3 356 

(1.07 3 350) 
1-13t 3 359 

1.25 3 367 
[1.351§ 
(1.18 3359) 

1.31§ 3 368 
(1.03 3352) 
1.18t 3 358 

(1-11 3354) 

1-38 3 375 
[1-53] 
(0.91 3 343) 
1.29t 3 367 
1.17t 3 363 

(1.i0 3351) 

Acetylated films, Dry (P~05; 
vac.) 

Acetylated same Acetylated same 
extent, ca. 5 % time, 30 rain 
A.R. vc A.R. vc 

0-90 3344 
(0.93 3346) 

l '14t  3 359 
(1-09 3 353) 

1"17t 3 359 
(1.17 3359) 

l '41t  3 374 

i l '31t  3 365 
(1.31 3364) 

(1"49t 3 375 
(1.51 3377) 

i 
1.75f 3 387 

Fur  ethylamine-I~ented films, entries on the same line refer to same film when one is wet and t~e other 
dry, and to films treated together when one is tmacetylated and the other aoetylated. 
*Film unavoidably exposed to  air for 5 rain during drying. 
tF i lm  exposed to air  when taken from liquid, but dried over phosphorus nentoxide in vacuo before 
measuring. 

SFilm measured air-dry. 
§Oth~  retlions show pre~nce of traces of solvent. 
( )  denotes valueS after film boiled in distilled wa~" 2 h. 
[ ] denotes valueS measured relative ¢o 3 355 c m -  x instead of pear  frequency. 
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pyridine ( O - - H  . . . .  N) and prevented to a considerable extent by the 
pyridine from hydrogen bonding to each other. Whatever the reason, the 
hydrogen bonding of these particular hydroxyl groups was significantly 
weaker than originally, as is shown by the shift in peak frequency to 
3 430 cm -1. 

if2 
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F i g u r e  2 - -  Hydroxyl-stretching~ 
region in ethylamine-treated films ~ 0~ 
washed with: (i) pyridine and ~ 
examined in pyridine, (ii) pyridine~ 
and water and examined in pyri-~ 0.1 
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It  is this property of pyridine that made it possible to measure the 
effects of those liquids that, when used alone, resulted in the formation 11 
of cellulose ]II; the ethylamine was first removed with pyridine, the film 
examined in pyridine to check that the peak frequency was c a .  3 430 cm -1, 
and the pyridine replaced by the other liquid in which the film could then 
be examined. The same property also afforded a method of examining the 
effects of water, methanol, and glacial acetic acid--liquids whose absorp- 
tion in the 3# region would have completely masked the hydroxyl absorp- 
tion of the immersed cellulose film. This was avoided by exchanging these 
liquids for pyridine and examining the films in the pyridine. The six 
liquids examined in these ways, viz. glacial acetic acid, methanol, water, 
hexane, cyclohexane, and chloroform, gave a hydroxyl band whose peak 
was within a few cm -1 of 3 355 cm-~-- the  value in the original untreated 
film--showing that the hydrogen bonding as a whole was stronger (and the 
cellulose structure more 'collapsed') than with pyridine alone. Otherwise, 
pyridine could not have been used in conjunction with these other liquids. 
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The only liquid apart from pyridine that did not possess either of the 
disadvantages of the other liquids (i.e. formation of cellulose m or mask- 
ing of 3/~ region) was DMF. 

The peak frequency of the band in seven of the eight immersed 
ethylamine-treated films (hereinafter referred to simply as 'treated films') 
was near 3 355 cm -1 (within 10 cm-1); the exception was the film washed 
in pyridine only. The band shapes in the same seven films were similar to 
one another, though detailed measurement of the bands in five of these 
films (see Table 1) showed that the band in the water-washed film was 
considerably more symmetrical and had a markedly lower ~c than the other 
four. The effect of DMF on band shape compared to that of the twQ hydro- 
carbons and chloroform was the same (if measured by the ~c values) or 
greater (if measured by Area Ratio values). All the eight liquids gave a 
hydroxyl band with a much smoother contour than that in the untreated 
film; Figures 2(ii) and 2(iii) show the spectra of films washed with water 
and with hexane, as examples of this. In the six spectra measured in detail, 
the central peak and the shoulders were not nearly so pronounced or sharp 
as in the original, the decrease in the relative intensity of the peak being 
accompanied by a large increase in the half-band width. Both sides of the 
peak were affected in every case, but while the half-band width of the HFS 
varied widely, that of the LFS was fairly constant; also the shape of the 
LFS was very similar. (The film washed with pyridine only is not included 
in these remarks on band widths since ~ x .  was so very different.) The 
increases in ~ and Area  Ratio indicate that there was a decrease in the 
strength of hydrogen bonding in the samples as a whole. The values of v, 
and Area Ratio, in the film washed with pyridine only, were surprisingly 
low in view of the high value of ~ . . . .  but this fact may be due to the 
difficulty encountered in estimating the correct shape of the absorption 
curve in the 3 200 to 3 000 cm -1 region; see experimental section. This 
uncertainty would seem to be the reason, judging by the much higher 
values of these parameters in the same film when dried; see Table 1. 

The similarity in measured band shape and peak frequency in five 
instances, where the liquids concerned differ considerably in hydrogen- 
bonding capacity (e.g. DMF and n-hexane) suggests that, for the films 
immersed in these five liquids, all, or nearly all, the cellulose hydroxyl 
groups were hydrogen-bonded to one another. By contrast, for the film 
washed with pyridine only, some at least of the cellulose hydroxyl groups 
were probably hydrogen-bonded to liquid molecules. 

In no instance is there any evidence of free (i.e. not hydrogen-bonded) 
hydroxyl" groups. The hydroxyl-absorption intensity in all samples 
decreased smoothly above ca. 3 450 cm -1 which is well below the 
frequency of free alcoholic hydroxyl groups in solution ~2 and, almost 
certainly, in the solid state too, in spite of the fact that the effect of the 
change of state on the frequency is uncertain. (It has been suggested 1~ that 
free hydroxyl groups in a primary cellulose acetate absorbed at ca. 3 560 
cm-L) The intra-cellulosic hydrogen l~onds are unlikely to be between a 
hydroxyl group and an oxygen atom (hydroxyl or acetal) within the same 
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chain unit, for, on the basis of comparison with intramolecular hydrogen 
bonding in solutions of cyclohexane diols and simple sugar derivatives 1', 
such hydrogen-bonded hydroxyl groups would be expected to absorb at a 
higher frequency than observed. It  is very probable that they are between 
different units in the one chain and /o r  between different chains. They are 
certainly not of the former type exclusively, for the three hydroxyl groups 
of each chain unit could not all be hydrogen-bonded to adjacent units of 
the  same chain, as some of the distances involved are too great. This 
conclusion is contrary to the view of Staudinger et al. 1~ that there is no 
intermolecular hydrogen bonding between cellulose chains in 'inclusion 
celluloses' produced-by swelling cellulose fibres in water and exchanging 
the water for non-polar liquids, for the systems concerned are similar. 

The present experiments show that DMF has no outstanding ability to 
break hydrogen bonds in cellulose, which was one explanation offered for 
the effect of DMF on the rate of acetylation of cellulose 16. Thus with the 
treated film ~ . . . .  ( = 3 3 6 5 c m  -1) was only 10cm -~ different from its value 
in the untreated film, while ~c was no different from its value in the films 
immersed in hexane, cyclohexane, and chloroform. This conclusion is 
confirmed by the examination of a dry, untreated film immersed in DMF; 
apart from the same shift of + 10 cm -1 in peak frequency as in the treated 
film, the other parameters were very similar to those in the dry, untreated 
film itself. 

The small effect of immersion liquids alone on the hydroxyl-absorption 
region was demonstrated with pyridine (as well as DMF--see  above), the 
liquid in which the treated films differed most from the untreated ones. 
Thus the hydroxyl band in an untreated film immersed in pyridine was at 
3 353 cm-l ,  and the band had the same appearance as in the film before 
immersion with the exception that the shoulders at ca. 3 250, 3 375 and 
3 405 cm -1 were rather more pronounced, the last-named now being a 
weak" peak. (These same small differences were even more pronounced in 
the hydroxyl band in a never-dried bacterial cellulose film examined in 
pyridine.) In the untreated film immersed in DMF it was noticeable there 
too that the shoulders were more distinct than before immersion. The lack 
of effect was further shown in a treated film that had been washed and 
examined in pyridine (peak at 3 430 cm-1), dried in the air and in vacuo 
and re-immersed in pyridine for re-examination; the peak was now at 
3 351 cm-L  

(b) Dried f i l m s ~ W h e n  the treated films washed with pyridine only 
were taken out of the liquid and dried in vacuo over phosphorus 
pentoxide without exposure to the air at any time, the peak frequency 
decreased to 3 361 cm-~--nearly the same value as in the untreated film-- 
and there was a marked change in the appearance of the hydroxyl- 
absorption region [Figure 3(i)]. There was now more resemblance to the 
same region in the five other films similarly dried (the films immersed in 
methanol and glacial acetic acid were not examined in the dry state), 
where the changes on drying were less pronounced; Figures 3(ii) and 3(iii) 
show the spectra of two such films. The similarity in ~c and Area Ratio 
values for the films treated with the liquids cyclohexane, hexane, DMF, 
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and chloroform is particularly noticeable, with the film washed with 
pyridine only having rather greater values for these parameters. As with 
the wet films, the water-treated film is again somewhat in a class of its own. 
In all six films, drying produced a surprising increase in all the values of 
v, and Area Ratio; the changes in half-band width were less consistent but 
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were generally small. This increase is difficult to understand, even though 
it is fairly certain that there were still traces of liquids present in all these 
dried films. In those dried from DMF and chloroform, particularly the 
former, liquid absorption bands were apparent in the spectra. Moreover 
fibres of 'inclusion cellulose' retain' ca. 5 per cent of liquid after being 
heated to 60 ° in  v a c u o  for dayslL As in the immersed films, the hydroxyl 
groups are all hydrogen-bonded, and again some at least of the bonds must 
be between different chains. There is, however, no direct evidence from 
the hydroxyl-absorption region as to whether some hydroxyl groups in the 
film dried from pyridine are still hydrogen-bonded to any residual 
pyridine molecules. In a separate experiment a film of regenerated cellu- 
lose was treated with ethylamine, washed with pyridine and heated 
in v a c u o  at 100°C for four hours. (This film was chosen because it  was 
thicker than the bacterial cellulose films and thus facilitated detection of 
'included' pyridine bands in the dry, treated film.) Bands due to pyridine 
were found at 707, 750 and 1 597 cm-1. The point of interest is that these 
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frequencies are slightly different from the values for pure pyridine; similar 
shifts were found in the i.r. spectra of pyridine-water mixtures, where they 
were ascribed to hydrogen bonding between the water and the pyridine 
molecules It. Thus there is indirect evidence to suggest that hydrogen bond- 
ing to pyridine molecules, of which there were very probably some still 
present, occurred. 
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If the films were dried in the air prior to being dried in vacuo over 
phosphorus pentoxide the v, and Area Ratio values decreased, and this 
decrease was accentuated, with one exception, if the films were boiled in 
water for two hours before being re-examined in the rigorously dry state. 
The exception concerned the water-treated cellulose. (Although in one of 
the ,three water-treated films boiling produced a large decrease in these 
parameters, in the other two films they changed very little, and it is 
considered that generally there would be little change as one would expect 
the effect to be small after a prior immersion in water.) Thus, exposure 
of the treated films to water vapour or liquid water caused a reversion 
towards the original band shape, and the characteristics of the films, other 
than the water-treated one, after boiling-water treatment and final drying 
were intermediate between those of the original untreated film and those 
of the solvent-included, treated films whether wet or 'dry'. (Figure 4 shows 
two examples of films heated in boiling water.) This reversion involved 
the releose of the liquid molecules previously retained in the treated films 
as was Shown by the disappearance of the liquid absorption bands after 
boiling the films. A similar release occurs on exposure of 'inclusion 
celluloses' to moist air lg. It was also noted that when the films were heated 
in boiling water the half-band width always decreased, often to a consider- 
able extent. Further, this decrease affected the HFS almost exclusively, 
while the LFS changed little and, unlike the HFS, had virtually the same 
final value each time. 

(c) Acetylctted films--After suggestions that acetylation of the treated 
films to a small extent might decrease the reversion that occurred on 
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removal  of the e thylamine (see Par t  I), the effect of such acetylation on the 
hydroxyl-absorpt ion  region was examined.  In  the first of  two exper iments  
a batch of four  pairs of films was treated with e thylamine and each pair  
was washed with a different liquid. One film i n  each pair  was acetylated 
while still wet and then all the eight films were dr iea  in the air and in 
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Figure 5~Hydroxyl-stretching region in ethylamine-treated 
films washed with: (i) pyridine, (ii) pyridine, water, and 
pyridine; both acetylated to ca. 5 per cent while still wet, dried 
in air and examined in vacuo over phosphorus pentoxide. 
[Broken curve and RH scale in (i) are Figure 7 (i) for 

comparison] 
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Figure 6--Hydroxyl-stretching region in acetylated, untreated 
film, examined in vacuo over phosphorus pentoxide 
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v a c u o  over phosphorus pentoxide. The hydroxyl region of each film was 
measured at this stage and  again after the films had been heated for two 
hours in boiling water and rigorously dried a second time. (Figures 5 and 
7 show the spectra of two of the acetylated films at these two stages.) The 
acetyl content was not known exactly but was probably about five per cent 
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Figure 7--Hydroxyl-stretching region in ethylamine-treated 
films washed with: (i) pyridine, (ii) pyridine, water, and 
pyridine; both acetylated (ca. 5 per cent), dried, heated in 
boiling water, dried and examined in vacuo over phosphorus 
pentoxide. ~Broken curve in (i) is Figure 4 (i); broken curve 

in (ii) is Figure 5 (ii), for comparison] 

in all four films. The time of reaction was varied in order to achieve 
approximately the same extent of acetylation in each film, but even so 
there was a twofold variation between the extreme intensities of the ester 
( ~ O )  band. (These intensities were measured relative to that of the 
1 430 cm -1 band whose intensity appeared hardly affected at these low 
degrees of acetylation.) 

This variation largely prevented comparison of the effects of different 
washing liquids, but there is some indication that washing with pyridine 
followed by acteylation produced a sample with weaker hydrogen bond- 
ing than did washing with chloroform followed by acetylation to the same 
extent. However, it is quite clear from the results given in Table I that a 
small degree of acetylation can have quite an appreciable effect on the 
hydroxyl-absorption region, particularly in films heated in boiling water 
[compare Figures 4(i) and 70)]. It  is interesting to note also that in some 
instances the vc and Area Ratio values of the acetylated, treated films, even 
after exposure of the films to moist air or hot water, were greater than 
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they were in any of the. treated films, however examined, that had not 
been acetylated. Little effect was apparent when the water-washed film 
and one of the two films that had been washed with n-hexane were acety- 
lated, but there the degrees of acetylation were lower than in any other 
films. Acetylation of untreated films did not result in any similar change; 
Figure 6 shows a typical example. Instead, the band shape remained very 
much the same even when the degree of acetylation was greater than in all 
the treated films, other than the one that had been washed with pyridine 
only and acetylated for 30 min. The shoulders at ca. 3 250 and ca. 3 405 
cm -~ were as distinct as in the original film and the Area Ratio was still 
less than unity. The structure of the acetylated, treated films was main- 
rained to a much larger extent on heating the films in boiling water for two 
hours than when unacetylated, treated films were similarly heated. This is 
apparent from the results in Table 1 and Figures 50) and 7(i) even though 
the effect of boiling was measured relative to films that had been exposed 
to air. The rate of acetylation of films increased according to whether they 
had been washed with hexane, water, chloroform, or pyridine (only), in 
that order. There was a two- to three-fold variation between the extreme 
rates. The order of these reactivities is somewhat different from that expec- 
ted from a consideration of the shapes of the hydroxyl-absorption regions 
in the wet films, inasmuch that the hexane-washed film was expected to be 
more reactive than the water-washed film and to be about as reactive as 
the chloroform-washed one. (In these particular samples, however, the 
absorption bands concerned were very weak and their intensities could 
not be measured accurately.) The order of reactivity of the films apart 
from the hexane-washed one was as expected. 

The half-band widths in the acetylated films varied widely on the HFS 
but were virtually constant, and approximately the same as before acetyla- 
tion, on the LFS. Similar phenomena were noticed at each stage in the 
subsequent treatment of ethylamine-treated films; it was always on the 
HFS that changes in the half-band width and shape occurred. This indi- 
cates that although the proportion of the stronger hydrogen bonds changed 
(as denoted by changes in Area Ratio), the distribution of strengths of 
these stronger hydrogen bonds, i.e. those concerned with absorption on the 
LFS, remained approximately constant. 

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

Preparation of bacterial cellulose films 
The films were grown from Acetobacter acetigenum and Acetobacter 

xylinum on Henneburg's medium. They were purified by washing with 
water, cold normal caustic soda (air excluded), and boiling 1 per cent 
caustic soda under nitrogen; then they were washed in distilled water 
followed by 0-5 per cent acetic acid, and finally in distilled water again. 
By this treatment the nitrogen content, determined on each batch of films, 
was reduced to less than 0"5 per cent generally and less than 1 per cent 
always. 

Ethylamine treatment 
This followed the method described in Part I and the same apparatus 
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was used. Each film was mounted in an aluminium holder for ease of 
handling. The films were dried in situ for 15 to 30 m in  before ethylamine 
was introduced into the evacuated reaction vessel. B.D.H. anhydrous 
ethylamine was always used and was taken directly from the sealed 
ampoule. All the results in Table 1 were obtained on films treated together 
with ethylamine for 5½ h, except for one water-washed film (treated for 
4½ h) and the films used in experiments concerned with the effects of 
acetylation. In these latter experiments the time of treatment in one series 
(where acetylation was ca. 5 per cent) was 3½ h, and 2 h in the other series. 

Solvent extraction 
Of the organic liquids used, glacial acetic acid, n-hexane, cyclohexane, 

DMF, and chloroform were of reagent quality. The last two, being hygro- 
scopic, were examined for the presence of water. The 3/~ water absorption 
(0.1 mm thickness) showed that the water content of each was negligible. 
The methanol and pyridine were of analytical reagent quality. The pyridine 
was dried rigorously by distillation under anhydrous conditions without 
the addition of any entrainer 1°. The absorption in the 3 400 to 3 450 cm -1 
region was less than 4 per cent (0-1 mm thickness), which corresponded to 
a water content less than 0"01 per cent v/v.  A guide as to the amount of 
water picked up during the washing treatments was obtained by examina- 
tion of each final wash liquid (see below), and was extremely small 
(estimated as less than 0-05 per cent v/v)  even in the hygroscopic liquids. 
Since water was shown by the present experiments to have a 'collapsing' 
effect, it was always necessary to work with liquids as dry as possible. 
These precautions were more necessary with pyridine than with other 
washing liquids because, in addition to its hygroscopicity, it was the only 
liquid used where there was any absorption due to water at the same 
frequency as the cellulose hydroxyl peak. Such absorption, if appreciable 
and. not fully compensated, would have distorted the recorded band shape. 
Each film was always kept wet with solvent during the entire solvent 
extraction process and never allowed to dry until required. If more than 
one liquid was used for the extraction, films were given four or five 
thorough washes when it was necessary to remove all traces of the previous 
solvent. 

Acetylation 
The film to be acetylated was transferred into 10 ml pyridine and the 

whole added to a mixture of 50 ml acetic anhydride and 40 ml pyridine 
that had been kept thermostatted at 25°C. After the desired time the film 
was quickly transferred into pyridine to stop the reaction. It  was washed 
two or three times with pyridine and then dried in air and in vacuo over 
phosphorus pentoxide in the sample compartment of the spectrometer. 

Cell 
The cell used was constructed so that films could be inserted and 

examined in the wet state; it was in two parts. The film to be examined 
was placed in one part and then the other part was screwed into position 
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with the cell immersed in the final wash liquid. An outlet, which was later 
stoppered, was provided to allow excess of liquid to escape as the two 
parts were screwed together. The windows were circular microscope cover 
glasses fastened with Tenasitine. The transmittance in the region of interest 
was perfectly adequate, but a pair of similar cover glasses was placed in the 
reference beam for compensation. Cover glasses that did not show inter- 
ference fringes were selected. During the entire experiment each film was 
sandwiched in a folded spacer made from aluminium foil; this considerably 
facilitated handling of the films, particularly during the insertion of wet 
ones into the cell. The liquid path-length with such a spacer was ca. 007 
mm, and all the liquids used in the cell were sufficiently transparent, 
except for pyridine in the region below ca. 3 100 cm -x. A variable- 
thickness cell with sodium chloride windows was used in the reference 
beam to ccznpensate for absorption by the liquid in the sample beam. This 
reference cell was filled with the overflow from the sample cell as it was 
screwed up in the final wash liquid. This provided the best way of 
cancelling out absorption in the sample beam due to absorption by any 
traces of water in the sample-cell liquid. With pyridine, where it became 
essential to exclude the possibility that water was responsible for the 
altered band shape (see earlier), additional confirmation was obtained by 
examining two films, one untreated and the other treated and dried, 
immersed in pyridine; there was no similar ~teration in either of the two 
spectra. 

Drying oJ ethylamine-treated films 
Apart from the films used in the acetylation experiments all the other 

treated films were dried in the cell. The cell-stopper was removed and the 
immersion liquid was pumped off by means of a rotary oil-pump with 
phosphorus pentoxide in the cell-well and an acetone-carbon dioxide 
trap in the pumping system. During this process the cell was in position in 
the sample cell-well of the spectrometer, and both the cell and cell-well 
remained evacuated during the spectroscopic measurements. The hydroxyl- 
absorption region assumed a constant shape within a few minutes, but 
pumping was continued for 15 to 35 min, depending on the volatility of 
the liquid, before the spectrum was finally recorded. The films were then 
taken out of the cell in order that the region below 2 000 cm-1, where the 
cell windows were opaque, could be examined for the presence of liquid- 
absorption bands in the dry films. They were replaced in the sample 
compartment as quickly as possible (less than 5 min) to minimize the 
time of exposure to air and immediately examined again in vacuo over 
phosphorus pentoxide. (When taken out of the cell all the films appeared 
to be dry.) 

Spectroscopic measurements 
Spectra were measured on a Unicam SP.100 spectrometer thermostatted 

at 30°C. The region 3 000 to 3 650 cm -1 was measured with a 3 000 lines- 
per-inch grating and frequencies were checked against water-vapour and 
ammonia bands. A sodium chloride prism was used for measurements 
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below 2 000 cm -~. All the dried films were examined in vacuo over 
phosphorus pentoxide except for one untreated film (noted in Table 1). 

Band parameters were determined by dividing the hydroxyl-absorption 
region, each side of the peak, into 20 cm -~ intervals from 3 000 to 
3 650 cm -~ and measuring the optical density (D) at the centre of each 
interval. Optical densities were measured from a baseline intercepting the 
absorption curve at 3000 and 3 650 cm -x. In the films immersed in 
pyridine the shape of the curve below ca. 3 200 cm -~ was estimated 
graphically as it proved impossible, for some unknown reason, to obtain 
adequate compensation for liquid absorption below 3 200 cm -x, even 
though pyridine absorption was not intense above 3 100 cm -~. This 
method is considered to be sufficiently good for the present purpose, 
bearing in mind that the choice of baseline is somewhat arbitrary and that 
the parameters are required for comparison purposes only. 

The Centre of Absorption, ~, is then defined as E~D/~ D, and Area 
Ratio as 2~ Dars/~ DLrs. 

The author is indebted to Miss S. Burgess for her assistance in carrying 
out most of the experimental work. 
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The Action of Ethylamine on Cellulose 
Part Ill--The Formation of Cellulose IXI and Its Infra-red 

Spectrum between 1500 and 650 cm -1 

H. SFEDDING 

When the amine is removed # o m  ethylamine-treated bacterial cellulose films 
by washing with hexane or chloroform, .formation of cellulose IIr can occur 
even before the films are allowed to dry." The formation of cellulose n i  from 
cellulose I is accompanied by some changes in band frequencies in the infra-red 
spectrum between 1 400 and 1 009 cm -1, and these show up more clearly in the 

spectra of films than in those of fibres. 

F O R M A T I O N  O F  C E L L U L O S E  I I I  

THE existence of at least four crystalline modifications of cellulose, each 
with its own characteristic X-ray diffraction pattern and unit cell, is now 
well established. Of these cellulose IU can be obtained by treatment of 
native or regenerated cellulose with liquid ammonia I or dry ethylamine 2, 
followed by removal of the liquid under certain conditions. In the ethyl- 
amine treatment there has been some confusion as to what these conditions 
are 3. ", but it is clear from the, literature and from the present work that, 
when solvent extraction is employed, the chances of obtaining cellulose uI 
are greater with hexane or chloroform as solvent than with pyridine, water 
or dimethylformamide. 

The experiments to be described have been mainly concerned with the 
ethylamine treatment of bacterial cellulose films. When the amine was 
removed with hexane or chloroform at room temperature, formation of 
cellulose uI occurred even before the films were dry. This was shown by 
measurement of the infra-red (i.r.) spectra of the films immersed in the final 
wash liquids which revealed the presence of a sharp peak at 3 484 cm -1 
that is characteristic of cellulose IU prepared ~ from cellulose I. In three 
other experiments the ethylamine was again washed off with hexane, under 
various conditions, and the hexane exchanged for pyridine--a liquid that 
never gave cellulose IU when used alone, even when the films were finally 
dried. Cellulose ni was formed in each immersed film. (The proportion 
present--as judged by the relative prominence of the peak at 3 484 cm -1 
--varied.  I t  was greatest when the hexane was used at room temperature; 
slightly less when a similar hexane washing was supplemented by extraction 
with hot hexane; and very much less when ice-cold hexane was used.) These 
experiments showed that prolonged extraction did not prevent the formation 
of cellulose III, and that the formation of cellulose uI is not necessarily due 
to incomplete washing, as was suggested previously 3. 6. 
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I N F R A - R E D  S P E C T R U M  O F  C E L L U L O S E  l I I  

The first evidence cited for the identification by i.r. spectroscopy of 
cellulose III formed from cellulose I was the characteristic band at 
3 484 cm -1 in the hydroxyl-stretching region 5. Since then this region has 
been investigated in detail s. 7, but there does not appear to be any definite 
information available on characteristic differences in band frequencies 
between this polymorphic form and cellulose I in the 1 500 to 650 cm-* 
region where cellulose I shows so many absorption bands. Spectra of 
celluloses incorporated into potassium bromide discs have been measured ~. ~ 
without yielding any satisfactory differentiation between cellulose I and nI 
(and II also) throughout the entire region of 4 000 to 670 cm -1. A sample 
of ethylamine-treated cotton containing a large proportion of cellulose IIi 
(as shown by X-ray diffraction) was examined over this range as a fibre- 
film1°; this form has the advantage over a potassium bromide disc that no 
grinding is required. Close inspection showed some minor differences in the 
1 400 to 1 I00 cm-* region between this film and fibre-films of cottons 
containing the cellulose I lattice only, but it really required evidence from 
bacterial cellulose films (see below), where the same differences were much 
more noticeable, to confirm them. These differences consisted of a weak 
band at ca. 1 228 cm-* and a shift in the absorption maximum near 
1 110 cm - t  from 1 111 cm -1 to 1 103 cm-*. Contrary to expectation there 
was no peak at 3 484 cm-a but a broad,absorption region centred at ca. 

3 410 c m - L  as was also found in the spectrum of the same sample measured 
as a potassium bromide disc. (In the latter there was a suggestion of a 
shoulder at ca. 3 484 cm-L)  This is probably due to the fact that the 
intrinsic absorption in the hydroxyl-stretching region of cellulose is too 
great for much detail to show within this region in the spectra of samples 
examined as fibres without their being severely ground, and such grinding 
would destroy their crystallinity. 

By contrast, an ethylamine-treated bacterial cellulose film, whose 
crystalline fraction contained at least 50 per cent cellulose Ill as estimated 
from its X-ray diffraction pattern, showed several distinguishing features in 
addition to the 3 484 cm-  ~ peak. There was a band at 1 363 cm-~ that may 
be a synthesis of the bands at 1 370 and ca. 1 357 cm-* which occur in 
bacterial cellulose both untreated and decrystallized (i.e. ethylamine-treated 
but containing no cellulose uI); this would account for the relatively 
increased intensity of the 1 363 cm-* band. There were also two weak bands 
at 1 264 and 1 224 cm-*, and two strong ones at 1 103 and 1 073 cm-*, all 
of which were characteristic. Finally the weak band at 900 cm-* appears 
to be sharper than in the spectrum of the decrystallized specimen. Figure  1 
shows the spectrum of the film containing cellulose uI, $ogether with those 
of untreated and of decrystallized bacterial cellulose films. (The ordinate 
origins have been shifted for ease of comparison.) By comparison with the 
absorption bands in native cellulose** the band found at 1 363 cm -~ is 
probably due to a C - - H  bending mode, while those at 1 103 and 1 073 cm -x 
are most likely due to single-bond stretching modes; the origin of the bands 
at 1 264 and 1 224 cm-* is uncertain. 

Ethylamine treatment, followed by pyridine washing, of a film containing 
cellulose IU resulted in the disappearance of the strong peak at 3 484 cm-1. 
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The spectrum of the dried film showed a band with a flat top from 3 440 to 
3 360cm -~ instead. A similar reversion was found by Barry et al. on 
treatment of a cellulose IIi sample with liquid ammoniaL 

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

All the films were about 5/~ thick. Their preparation, the method of 
ethylamine treatment, and the spectroscopic measurements were as 
described in Part II. 
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Figure / - - I n f r a - r e d  s p e c t r u m  1 500 to 650 cm -z o f  (a) un t r ea t ed  
bacterial cellulose film, (b) ethylamine-treated bacterial cellulose film 
containing no cellulose uI, and (c) ethylamine-treated bacterial cellu- 

lose film containing cellulose uI 

The film washed with n-hexane alone was given ten washes and that 
washed with chloroform alone four washes, all washings being at room 
temperature. Each film was examined in the region 3 650 to 3 000 cm-~ in 
the final wash liquids. Of the samples whose spectra are recorded in 
Figure 1, the film containing a large proportion of cellulose iii and the one 
that had been decrystallized had been treated together with ethylamine: 
the former was washed with n-hexane and then with pyridine, and the latter 
in pyridine only, always at room temperature. Two other films were washed 
with both n-hexane and pyridine. One of these was washed three times with 
hexane at room temperature, then in a Soxhlet with hot hexane for six hours 
(with phosphoric acid in the distillation flask to prevent recycling of amineS), 
and finally three times with pyridine at room temperature. The other was 
washed five times with ice-cold hexane and then twice with ice-cold pyridine 
before being transferred to pyridine at room temperature. 

The potassium bromide disc of the ethylamine-treated cotton was 
prepared by cutting the fibres fine with a Hardy mierotome, adding 
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potassium bromide,  and  grinding the mixture in  a vibrat ion mil l  for a very 
short t ime (3 min). 

The author thanks Dr J. O. Warwicker for measuring the X-ray 
diffraction patterns of samples and Miss S. Burgess [or experimental 
assistance. 

The Shirley Institute, 
Didsbury, Manchester 20 
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A Study of the Thermodynamic Properties 
and Phase Equilibria of Solutions 

of Polyisobutene in n-Pentane 
C. H. BAKER, W. B. BROWN, G. GEE, J. S. ROWLINSON, D. STUBLEY 

and R. E. YEADON 

The thermodynamic properties and phase equilibria have been studied for 
samples of polyisobutene of mean molecular weights from 250 to 2 2'50 000 in 
solution in n-pentane. The following properties have been measured for solu- 
tions of one or more samples; volumes of mixing at 25°C, free energies of 
dilution o] the solvent from 25 ° to 55°C (from which heats and entropies of 
dilution are derived by differentiation), the temperatures of phase separation 
and the relative volumes of the resulting phases on heating above 70°C, and 
the critical end-points. Polymers of low molecular weight are not precipitated 
until the solution is heated to temperatures near the gas-liquid critical point of 
pure solvent, and the thermodynamic properties of the solution at room tem- 
perature are given approximately by the Flory-Huggins equation with a positive 
heat of dilution. Polymers of high molecular weight are precipitated at tem- 
peratures little above the normal boiling point of the solvent. Their 
thermodynamic properties at room temperature are incompatible with the 
Flory-Huggins equation since both heat and entropy of dilution are negative. 

The volume of mixing at 25°C is negative for all molecular weights. 

AN ALKANE polymer that is above its melting point is generally miscible in 
all proportions with a paraffin solvent. The heat of mixing is very small and 
positive. The polymer is often incompletely miscible with aromatic and 
polar solvents in which the heat of mixing is always large and positive. The 
polymer becomes more soluble in these poor solvents as the temperature is 
raised, until complete miscibility is attained at an upper critical solution 
temperature (UCST). However, it has been shown recently 1 that hydro- 
carbon polymers can also be precipitated from all hydrocarbon solvents, 
whether aliphatic or aromatic, by raising the temperature sufficiently far 
above the normal boiling point of the solvent. The minimum temperature at 
which immiscibility occurs is a lower critical solution temperature (LCST). 
The heat of mixing must be negative at such a point to satisfy the well- 
known thermodynamic inequalities that hold at critical points ~. The 
occurrence of LCST in solutions of non-polar polymers, although estab- 
lished only recently, is apparently a very widespread, if not universal, 
phenomenon. This paper reports an extended study of the phase equilibria 
and thermodynamic properties of one system of this type, polyisobutene in 
n-pentane, in which it has already been established ~ that the LCST is as low 
as 75°C for polymers of long chain length. 

M A T E R I A L S  

Five samples of polyisobutene were used. Four were viscous liquids of mean 
molecular weights 250, 1 170, 14 000 and 62 000, which for convenience are 
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denoted Polymer I to IV respectively. These were maintained in  v a c u o  for 
several days to remove traces of monomer and dissolved air, but were 
otherwise untreated. 

Polymer V was a rubbery material whose mean molecular weight was 
initially about 1 400 000. 20 g of this sample was dissolved in 2 1. of carbon 
tetrachloride and the solution was filtered through glass wool to remove any 
crosslinked material. The polymer was recovered by precipitation with 
acetone, filtered, and freed from solvent by heating in  v a c u o  at 80°C until 
the pressure did not rise above 10 -~ mm of mercury on standing overnight. 
This material is called VA and had a mean molecular weight of 1 400 000. 
A second sample of 50 g of V was dissolved in 4-5 1. of benzene and frac- 
tionated by the addition of acetone, as recommended by Fox and Flory s. 
30 g of the precipitated polymer was dissolved in cyclohexane and the 
viscous solution was poured on to water. The cyclohexane was removed by 
evaporation in a dust-free atmosphere to leave a clear film of polymer which 
was free of air bubbles and which evolved no more residual gas or vapour 
after several hours evacuation at 90°C. The mean molecular weight of this 
sample, VB, was 2 250 000. 

The densities of I and II were approximately 0~82 and 0"875 g c m  -s. 
These values were obtained in the course of measurements of volumes of 
mixing and of vapour pressure respectively. The density of VB was 
measured carefully at 25°C by finding the density of aqueous alcohol in 
which pieces of the clear polymer film neither floated nor sank. The mean 
of three concordant results was 0"9141 g c m  -3. This density is 3 per cent 
lower than that of 0"9437 reported by Bawn and Patel" for material of  
molecular weight 45 000 to 100 000, but agrees with the value of 0"915 g 
cm-a found by Allen, Gee and Nicholson 5 for a sample from the same stock 
as V which was probably almost identical with polymer VA. The low 
density agrees with the value of 0'913 g cm -~ obtained for material of this 
molecular weight by an extrapolation (possibly unjustified) of an equation, 
proposed by Fox and Flory s to represent their result at higher temperatures. 

The samples used were, therefore, as follows: 

Polymer I II IlI IV VA VB 
10-aM 0"25 1' 17 14-0 62"2 1 440 2 250 

Density (g cm -a 25°C) 0"82 0'875 - -  - -  - -  0"914 

The molecular weights of I and II are those quoted by the suppliers; other 
molecular weights were determined from the intrinsic viscosity of solutions; 
in carbon tetrachloride at 25 °C by using the equation ~ 

[~] = 3.20 x 10-4M °'st4 

The n-pentane that was used for measurements of vapour pressure was 
obtained from the National Chemical Laboratory and had a quoted purity 
of not less than 99"98 per cent. Other measurements were made with 
pentane that was obtained by careful fractionafion of a commercial product. 
The principal impurity was isopentane, and gas chromatograms of the final 
product showed that all but 0.5 per cent had been removed. The physical 
properties of the purified material were as follows: 
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normal boiling point (°C) . . . . . . . . .  35"95 to 36"10 (36'074) 
density (g ml -x, 25°C) . . . . . . . . .  0"6212~ (0"62139) 
refractive index n~o . . . . . . . . . . . .  1"3573 (1"35748) 
critical temperature (°(2) . . . . . . . . .  196"63 (196-62) 

The values in parentheses are those recommended by the American 
Petroleum Institute s. The triple point of this sample was within O.I°C of 
that supplied by the National Chemical Laboratory. 

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

(1) Volumes of mixing 
The approximate volume of mixing of polymer I with n-pentane was 

measured by introducing weighed amounts of each (1 to 2 g) into a 
precision-bore tube of 5 mm internal diameter, with as little mixing as 
possible. The height of the meniscus was observed, the tube was stirred 
without loss of solvent, and the new height of the meniscus was observed. 

B 

H G 

c 
Figure /--Apparatus for measurement of mixing 

volume 

The volume change on dissolving the 'solid' polymer VB in the volatile 
solvent, n-pentane, was measured directly in the apparatus shown in 
Figure I. This was set up initially with all the mercury in bulb A" and a 
weighed amount of polymer in bulb B, whose volume was about 3 cm ~. The 
apparatus was evacuated to I0 -e mm of mercury for several days during 
which the mercury was occasionally boiled gently under total reflux. About 
35 cm s of mercury was then distilled into A, and bulb A'  removed by seal- 
ing at the constriction E. A weighed amount  of n-pentane, previously sealed 
in vacuo, was now distilIed into tube D. The mercury was cooled to prevent 
the too rapid warming of the solvent, and poured down the c/Lpillary to fill 

217 



~2 
0"5 1.0 

| 

B and D and to trap an iron rod, sealed in glass, in the pocket F. The 
constriction C was necessary to prevent the rush of mercury from snapping 
the break-seal. Air was now admitted through the tap to prevent the pentane 
forcing its way back up the capillary under its own vapour pressure as it 
warmed up to room temperature. The apparatus was now immersed in a 
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Figure 2--Volume changes on mixing: 
© Polymer VB, ~7 Polymer I 

thermostat at 25"00+0"01°C and the break-seal below H was broken with 
the iron rod. The pentane rose into B, displaced the excess mercury through 
G, and dissolved the polymer. The change of volume was measured by 
observing the change of height of mercury in the precision-bore capillary, 
whose diameter was 1 ram. The height became steady after a lapse of time 
of from several hours to ten days, according to the concentration of the final 
solution. The results are shown in Figure 2. 

(2) Vapour pressures 
The vapour pressures of dilute solutions of polymer are almost indistin- 

guishable from those of the pure solvent, and therefore the lowering of the 
vapour pressure in these solutions was measured indirectly by using the 
isothermal still described by Gee and err ' .  A known weight of polymer VA 
was placed in one compartment of the still and a known weight of .~-lupene 
(C3~H50) in the other. The still was evacuated to 10 -5 mm of mercury and 
solvent added by distillation on to the .,,-lupene. The weight of solvent was 
found both by weighing the sealed still and by observing the decrease in the 
volume remaining in the reservoir from which it was distilled. The two 
weights agreed well. The solvent distributed itself between the two solutes 
by isothermal distillation. The weight of solvent that remained in the 
solution of ~-lupene was found by measuring the volume of this solution 
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in a precision-bore tube attached to the still, under standard conditions of 
temperature and time of drainage. The weight in the polymer solution was 
found by difference after allowance for the amount in the vapour. The 
difference in chemical potential between pure pentane and the pentane in 
either solution was found by assuming that the solution of ~-lupene was 
ideally dilute. This assumption was justified since the mole fraction of 
solute never exceeded 0.02. Measurements above 40°C could not be made 
by this method because of the large correction for the amount of solvent in 
the vapour phase at temperatures above its normal boiling point. 

The vapour pressures of solutions in which the weight fraction of polymer 
exceeded 0-4 were measured directly for polymers II and VB at 25 °, 35 °, 
45 ° and 55°C. The apparatus was essentially that of Baxendale, Enustun 
and Stern x°, with the modifications of Rowlinson and Thacker H to eliminate 
any contact between the mercury in the null-manometer and the rubber 
tubing. A further small change was the replacement of the conventional tap 
at the base of the null-manometer by a greaseless tap with a key of solid 
polytetrafluoroethylene. An additional sample tube was attached to the space 
above the null-manometer to allow the simultaneous measurement of the 
vapour pressure of the solvent. All pressures were reduced to mm of 
mercury at 0°C and standard gravity. 

The vapour pressures of n-pentane at 25 °, 35 °, 45 ° and 55°C were 
respectively 512.3, 732"2, 1 021-4 and 1 389-8 mm of mercury. These differ 
from those recommended by the American Petroleum Institute 8 by -0"2,  
-0-3,  +0"7 and +0-8 mm of mercury respectively. The maximum differ- 
ence is 0"07 per cent. The difference of chemical potential ~ 1 -  #0) between 
the pentane in solution and the pure pentane was calculated from the ratio 
(px/p °) after correction to the perfect-gas state with the second virial 
coefficients measured by Beattie, Levine and Douslin 12. The volume frac- 
tions at 25°C were calculated from the densities quoted above without any 
correction for the volume change on mixing. The volume fractions at higher 
temperatures were calculated from densities of the polymers derived from 
the measurements of the coefficients of thermal expansion of Fox and Flory 6. 
The parameter X of the Flory-Huggins equation was obtained from the 
chemical potentials and volume fractions 

(izl-#*)/RT= In 91 + 92 (1 - r -x) + Xg~ (l) 

where r is taken to be the ratio of the molar volumes of solute and solvent. 
The results for polymer II are given in Table 1; those from the isothermal 
distillations for polymer VA, and of the direct measurements for polymer 
VB are collected in Table 2. 

The isothermal distillation data are shown in Figure 3, from which it is 
concluded that x varies linearly with 92, up to 92 =0-4. The equations to the 
straight lines drawn are: 

25°C, X =0"485+0"220 92 
40°C, X =0"488+0"212 92 

It appears from Figure 3 that the vapour pressure data at 25°C do not fit 
this pattern, the three highest of the four observed points indicating rather 
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Table 1. The partial pressure of solvent (Pl), the chemical potential ~q - ~i ° (=A~I), and 
the Flory-Huggins parameter ;C, as functions of the weight and volume fractions of 

polymer, wa and 

Polymer I1: 

we ~ pl --A~tl/RT 
mm Hg 

25°C 
0-413 0"333 500.4 0"023 
0-500 0"415 488.1 0.047 
0"596 0-512 460-9 0"103 
0.680 0.601 429-4 0"173 
0-785 0.722 387.2 0-274 
0.902 0.868 223.3 0-817 

35°C 
0"415 0-333 710-0 0.030 
0"501 0"414 694-0 0-052 
0-598 0"511 655.0 0.108 
0-682 0.601 609-2 0"179 
0-786 0.720 541.1 0-295 
0-903 0.867 313"7 0"830 

45°C 
0"418 0"334 983-4 0.036 
0-600 0"511 907-7 0-114 
0"685 0.602 844.9 0.183 
0"787 0-720 741.6 0-309 
0"905 0-869 428"8 0-845 

55°C 
0"422 0-336 1333-0 0.040 
0.603 0"512 1230"5 0-116 
0"688 0.604 1141-8 0"189 
0"788 0-720 944.8 0.320 
0.907 0-871 571.4 0.860 

tha t  x = 0-63, independent  of 9~. This  is in agreement  with the obserx, a t ions 
of  Prager ,  Bagley and  Long  13, who ob ta ined  X = 0.62 + 0-04 for  the range 
92 > 0"5. Th is  high va lue  of X canno t  persis t  b e l o w  92 =0-3 ,  for  Figure 3 
also shows the l imit ing values  of  X for  which A t q  = 0  (for r > oo). The  
mos t  l ikely exp lana t ion  of the appa ren t  d iscrepancy between the two lines 
of evidence appears  to be that  the  v a p o u r  pressure  measurements  were much 
less precise than  had  been hoped.  I t  mus t  be  borne  in mind  tha t  the calcula-  
t ion of X imposes  a severe test  on  the re l iabi l i ty  of free energy data .  W e  
consider  i t  to  be well  es tabl i shed  tha t  X increases with 92 up to at  least  
9~ = 0-5. The  behav iour  at  higher  concentra t ions  meri ts  fur ther  invest igat ion,  
bu t  the ba lance  of present  evidence suggests tha t  X tends to level off to a 
value of ca. 0"65. 

The  results for  po lymer  I I  a re  even less sat isfactory,  and  we h a v e  judged 
i t  best to use a less exacting method  of  evaluat ion.  In  Figure 4 ,  ×¢~ is 
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Table 2. Polymer V 

wz 92 pl  -- A~q/ RT  Z 
mm Hg 

25°C 
0" 112 0"0789 - -  0.00016 0.498 
0-174 0-125 - -  0-00055 0-513 
0"241 0" 178 - -  0"00135 0.528 
0-285 0"213 - -  0-00241 0"532 
0. 383 0" 297 - -  0" 00596 0" 550 
0"414 0"324 - -  0"00987 0" 549 

0"438 0"346 - -  0"0110 0"565 
0'457 0"364 - -  0"0135 0-566 
0-476 0"380 504.5 0-0150 0-575 
0-594 0.496 496-2 0"0310 0-637 
0- 700 0- 612 462.2 0" 1004 0" 627 
0.811 0-744 388.7 0"270 0-630 

35°C 
0"477 0"379 721-2 0.0147 0-577 
0.594 0"495 707.2 0'0336 0-631 
0-701 0-611 660.9 0"0994 0.627 
0-812 0.743 554.3 0-271 0-630 

40oc 
0.123 0.0860 - -  0.00016 0.507 
0.188 0.134 - -  0-00057 0.516 
0.266 0.196 - -  0.00153 0.533 
0-308 0-230 - -  0.00274 0-537 
0"373 0"285 - -  0.00541 0-550 
0.402 0-311 - -  0-00757 0.552 
0-435 0-341 - -  0.0111 0"554 
0-471 0"374 - -  0-0136 0-571 
0.489 0"391 - -  0-0167 0"570 

45oc 
0.477 0-379 1002-8 0.0174 0.558 
0.596 0.495 986-0 0-0339 0.630 
0-703 0-610 920.1 0-1007 0.621 
0-815 0.745 769-6 0-273 0.628 

55°c  
0-482 0-381 1368.8 0.0151 0.576 
0.597 0.495 1342.8 0-0329 0.634 
0.706 0-613 1250-3 0.1007 0.627 
0-818 0-748 1041-3 0-277 0.633 

p l o t t e d  a g a i n s t  923 , a n d  t h e  b e s t  s t r a i gh t  l ine  d r a w n  to  give  m e a n  va lues  o f  

X o v e r  t he  r a n g e  of  m e a s u r e m e n t .  T h e  l ines  d r a w n  give  : 

t°C . . . . . .  25 35 45 55 
x . . . . . .  0.59 0.56 0.55 0-51 

H a v i n g  r e g a r d  to  t h e  l ow m o l e c u l a r  w e i g h t  o f  th is  p o l y m e r ,  t he se  va lues  of  
X c o u l d  pe r s i s t  d o w n  to  93 = 0 ,  w i t h o u t  p r o d u c i n g  p h a s e  s e p a r a t i o n .  T h e y  
a re  t h e r e f o r e  t a k e n  as  t he  b e s t  a v a i l a b l e  r e p r e s e n t a t i o n  o f  o u r  d a t a  fo r  th is  
p o l y m e r .  
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Figure 3--X versus % for polymer V ( 0  Iso- 
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(3) Heats and entropies of dilution 
Three different methods have been used to derive heats of dilution from 

the relationship 

Ah 1 = - RT2[O(A#x/RT)[ OT]~ 2 

(1) The isothermal distillation data on polymer V were plotted in the 
form A/~I/RT versus w2 at 25°C and 40°C, and smoothed curves used to 
read off AI~I/RT at w2=0"15 to 0"45 for each temperature. 

(2) The data for polymer II have been represented by plots of X versus 9.~ 
at each of four temperatures. It is easily shown that 

This equation has been used, with (0X/,0T)~2 = -2 "7  x 10 -3 deg -1, 

(aX/O~P~)r=0, '~1- % = 8.0 x 10- '  deg -1 

(3) The vapour pressure data can be seen from Tables I and 2 to fall into 
groups. Once the apparatus had been filled, measurements were made at a 
series of temperatures. Within this group w~ changes only by reason of 
evaporation of more solvent as the temperature is raised. Correction ot~ 
A#I /RT for the small increase 8w2 is readily calculated, since 

P2(q~2 +% P'I ~ (92/91+ 1/r-  2X%) [a(A/~,/ RT)/~W2]T= 
Pl\ P2/ 

In this equation X has been assumed independent of % as suggested by the 
vapour pressure data. This comparison of the measurements in groups 
greatly reduces the experimental scatter which has been mentioned above, 
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Figure 5--Calculated heats of dilution: A I I  
at 40°C (method 2), • V at 32"5°(2 (method 1), 

© V at 40°C (method 3) 
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and shows that the latter must arise from irreproducibility in our procedure 
for setting up the system. Most probably, with polymer II (where the scatter 
is most marked), the different systems contained slightly variable propor- 
tions of low polymer. 

As shown in Figure 5, the methods 1 and 3 give results in satisfactory 
agreement, bearing in mind the difficulties inherent in the determination of 
heats by differentiaton of free energies. There can be no doubt that Ah~ is 
positive in solutions of polymer II and negative in solutions of polymer V. 
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Figure 6--Derived entropies of dilution: A Polymer II, 
• (2 V. Dashed curve--Theoretical (Pol. II). Chain-dotted 

curve--Theoretical (V) 

The entropies of dilution are no more accurate than the heats. However, 
Figure 6 shows that the entropy of dilution in polymer II conforms to the 
Flory-Huggins expression 

As, /R= - l n  9 , - ( 1 - r - 1 )  92 (2) 

within the experimental error. This equation is consistent with equation (1) 
if the term in X is purely a heat of dilution; that is, if X is inversely 
proportional to the temperature. 

The entropy of dilution of the solution of polymer V is small, and is 
definitely negative at low concentrations. 

(4) Phase equilibria 
Polymers II, III, IV and VB could be precipitated from n-pentane by 
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heating the solutions above 70°C. The lower phase was either a viscous 
liquid or a gel according to the concentration and molecular weight of the 
polymer. 

Weighed amounts of polymer and solvent were mixed in vacuo in glass 
tubes which were then sealed. The concentrated mixtures were stirred gently 
at 60°C until solution was complete. The tubes were heated in a stirred bath 
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Figure 7--Phase boundary curves: AII ,  • III, 
[] IV, • © VB 

of 1 1. of a silicone oil whose temperature was controlled by a vapour jacket 
and manostat. The temperature of phase separation was found by heating 
the bath very slowly, usually at 0.2°C per hour, until a strong opalescence 
or a second phase could be seen. The results for all four polymers a re  shown 
in Figure 7. Those for polymer VB, which extend over a wide range of 
compositions, are also shown in Table 3. Unfortunately weight fractions 
above 0"25 could not be studied for this system because of the high viscosity 
of the solutions. The accuracy of the results at this upper limit is only 
+0.3°C. The point of inflection at a weight fraction of 0-07 appears to be 

well-established since the reproducibility of the results in this region was 
+ 0-1 °C. It  may, of course, be a peculiarity of this sample of polymer. 

The ratios of the volumes of the two phases at temperatures just above the 
point of separation were estimated by measuring the lengths of tube 
occupied by each. These are shown in Figure 8. 
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Some very dilute solutions of polymer v B  were prepared in order to find 
the critical end-point 1 of this system. This is the temperature and composi- 
tion at which the liquid phase that is poorer in polymer becomes identical 
with the vapour phase. Sealed tubes which contained from 0'9 x 10 -5 to 
20 x 10 -s weight fraction of polymer were prepared by successive dilution 

Table 3. Temperatures of phase separation for solutions of polymer VB in n-pentane 

w2 T w~ T w~ T 
(oc) (oc) (°c) 

0"000953 
0"00178 
0"00209 
0"00273 
0"00530 
0-00783 
0"0125 
0"0195 

82-70 
79.60 
78.60 
78.00 
77-35 
76"88 
76-80 
76-35 

0"0202 
0-0282 
0"0341 
0.0495 
0.0754 
0-0830 
0.0982 
0-128 

76"50 
76"18 
76.00 
75-40 
73.90 
73"20 
72-5 
71-1 

0.162 
0-171 
0.179 
0.201 
0"225 
0.246 
0-254 

70.7 
70"6 
70.4 
70-2 
70.3 
70" 1 
70-1 

of a stock solution made up by weight. Great care was taken to exclude both 
air and grease. All tubes had the same critical temperature of 197'05°C, 
within the reproducibility of the results, ~+0-05°C. This temperature is 
0-42°C above that of the pure solvent. The difference shows that some of the 
polymer is soluble in pentane at its critical point. However, the observed 

'°° I 
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-~ 40 

20 

0'1 0-2 03 0-4 
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Figure 8--Relative phase volumes : AI I ,  • III, 
O IV, 0 V B  

critical temperatures were independent of w~ and so excess polymer must be 
present in each tube. The solubility, therefore, must be less than a weight 
fraction of I O- s. 
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Polymer VA, which contains some material of comparatively low mole- 
cular weight, had a critical end-point of 197"33°C, or 0"70°C above the 
critical temperature of pure solvent. Clearly the material of lower molecular 
weight must be more soluble. The critical end-point of polymer II was at 
205.33°C. 

D I S C U S S I O N  

A comparison of results obtained with polymer II with those obtained with 
V shows that the properties of polyisobutene change profoundly as the chain 
length of the polymer increases. A solution of a polymer of low molecular 
weight is a long way belpw its critical solution point at room temperature. It 
dissolves with a small positive heat of mixing and with a change of entropy 
that is represented adequately by the Flory-Huggins equation. This result 
accords with that of der Minassian and Magat 14 who found that polyisobu- 
tene (of unspecified molecular weight) conformed to the Flory-Huggins 
equation in solutions of cyclohexane. It accords also with the results of 
Bawn and Patel 4 who found that polyisobutene (M = 45 000) in cyclohexane 
was in reasonable agreement with the Flory-Huggins equation from 25 ° to 
60°C, although X increased with ~2 for volume fractions above 0"7. At room 
temperature these solutions in cyclohexane are also a long way below their 
critical temperaturesL 

The solutions of polymer V are, however, quite incompatible with the 
Flory-Huggins equation. The parameter × depends strongly on concentra- 
tion, as is shown in Figure 3. The entropy of dilution at 40°C is very small 
and is, in fact, negative at low concentrations. The heat of dilution at 40°C 
is also small and is negative at all concentrations. Negative heats and 
entropies are thermodynamic necessities in a binary solution that is close to 
a LCST. 

The general pattern of the thermodynamics of solutions of hydrocarbon 
polymers becomes clear after a comparison of these results and the measure- 
ments of LCST previously reported 1. An amorphous polymer of low 
molecular weight, say 103 to 104 , dissolves in all paraffins at room tempera- 
ture with a small positive heat of solution and an entropy of solution that 
is given approximately by the Flory-Huggins equation. It can be precipitated 
from these solutions at a LCST that is within 10 ° to 50°C of the critical 
temperature of the pure solvent. At these high temperatures it is necessary 
that the heat and entropy have become negative (insofar as these can be 
defined satisfactorily at high vapour pressures). As the chain length of the 
polymer increases, this region of negative heats and entropies, and the 
associated LCST moves to lower temperatures relative to the critical point 
of the pure solvent. Thus polypropylene of M =  2 x 104 can be precipitated 
from n-pentane at 152°C (i.e. 44 ° below the critical temperature of the 
solvent) but polypropylene of M = 2 x l0 s can be precipitated at 105 °C (that 
is, 91 ° below the critical temperature). The results above show that polyiso- 
butene behaves similarly, and imply that the regions of temperature where 
the heat and entropy are negative have also moved to lower temperatures 
at the higher molecular weights. For a polymer of given molecular weight 
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the temperature range of negative heat and entropy is determined primarily 
by the critical temperature of the pure solvent. If this is as low at 200°C 
as for n-pentane, then the region will extend to room temperature for 
polymers of M = 105 and above. This applies with polymer V, and also with 
natural rubber in n-pentane 15. 

This general pattern of behaviour can be re-expressed in terms of an 
equation of the Flory-Huggins type, where the parameter X is in general 
dependent on both temperature and composition, to be determined experi- 
mentally. In the region where polymer and liquid are infinitely miscible 
Ahl is generally positive, and X therefore decreases with rise of temperature. 
If Ahl is temperature dependent, xT=constant. This is approximately true 
for our measurements on polymer II. 

T(°K)  . . . . . .  298 308 318 328 
xT . . . . . .  176 172 175 167 

If the temperature is lowered sufficiently, X becomes large enough for phase 
separation to be observed. 

The separation observed on heating means that at sufficiently high 
temperatures X has again become large. It is evident then that (with rise of 
T) X passes through a minimum beyond which OX/.~T becomes positive, and 
Ahl negative, An approximate estimate of X at the LCST can be obtained 
by solving the equations (~ / .~ l ) r=(~ /~ /~9=l ) r=0 .  This gives X"~ 0"85 
for polymer II, x ~ 0.53 for polymer V; these values apply at the respective 
LCSTs, 130°C and 71°C. It may be noted that UCSTs should occur at the 
same X as the LCSTs. If x T  remains constant for polymer II the expected 
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Figure 9 - - T e m p e r a t u r e  dependence  o f  X : /~ II, © V 

UCST is at ca. 200°K; no prediction can be made for polymer V. Experi- 
mentally, UCST for II is found at ca. 230°K: its determination for V has 
not been found possible owing to the high viscosity of the solutions. 
Figure 9 summarizes our rather fragmentary data on the temperature 
dependence of X. 
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This analysis in terms of x only reformulates the problem of the physical 
origin of the phenomena observed. This kind of variation of x with T could, 
however, be foreseen in relation to the dependence of × on the solubility 
parameters 01 and 02 of liquid and polymer. There is a good deal of 
evidence that, over a range of liquids, x increases with (a~-02) 2. A similar 
dependence might therefore be expected for a single liquid over a range of 
T. Now as the critical temperature of the liquid is approached a~ falls 
rapidly and x would therefore be expected to increase rapidly. This is 
essentially a more sophisticated way of saying that at high temperatures the 
liquid becomes more gas-like and therefore a poorer solvent. 

This view of the origin of the LCST also suggests that as this temperature 
is approached negative mixing volumes might be expected, as the liquid is 
transferred from a highly expanded liquid structure to one much more 
condensed. 

The volume of mixing is indeed negative for solutions of both polymer i 
and polymer V at 25°C. Negative volumes of mixing near the critical 
temperature are the rule for all systems 2 which are known to have LCSTs, 
and the solution of polymer V is no exception. Nevertheless it does not 
appear that the occurrence of such a contraction is necessarily related to the 
occurrence of a LCST. It is a much more common phenomenon in non-polar 
systems; for example, contractions are often found in mixtures of aliphatic 
hydrocarbons of widely different chain lengths. There is a contraction on 
dissolving so low a 'polymer' as n-hexadecane (M=226)  in n-pentane, 
n-hexane, n-heptane or n-octane 1~, as well as on dissolving polymers I and 
V in n-pentane. 

We conclude, therefore, that contraction occurs whenever two aliphatic 
hydrocarbons of widely different chain lengths are mixed. This is attributed 
to a reduction in the mean molecular volume that occurs when a molecule 
of the lighter component is transferred from a liquid of very low internal 
energy to a mixture of much higher average internal energy. This transfer is 
a process that is similar to, but much less drastic than, the transfer of a 
molecule from a pure vapour to a pure liquid. Both are accompanied by a 
very large reduction of the mean molecular volume and by decreases in the 
mean molecular heat and entropy. The results above show, however, that 
the difference between the components must be greater for there to be 
negative heat and entropy of dilution than for there to be a negative volume 
of  mixing. 

A final point which calls for a comment is the shape of the phase- 
boundary curves and their relation to the relative volumes of the two phases 
just above the phase boundary. At UCSTs it is found that the critical con- 
centration of polymer decreases as the molecular weight increases. This is 
in accord with the Flory-Huggins equation. However, the minima of the 
curves in Figure 6 are all very close to the boundary except for that of 
polymer V which appears to be at about a weight fraction of 0-25. On the 
other hand, the composition at which the system divides into two phases of 
equal volume does behave regularly, and moves monotonically to lower 
concentrations of polymer as the molecular weight increases (Figure 8). The 
Tack of concordance of the results in Figures 7 and 8 shows that the 
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polymer-solvent  system cannot  be treated as a b inary system and  that  some 
fract ionation of the polymer  is occurring between the two phases. This  point  
is to be studied further. 

Depar tment  o f  Chemistry ,  
Universi ty  o f  Manches ter  

(Rece ived  February 1962) 
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Polymerization of Epoxides Part IV (1) 
Polymerization of Propylene Oxide and Ethylene 

Oxide with Ferric Chloride Catalyst 
G. GEE, W, C. E. HIe~INSON and J. B. JACKSON 

Ferric chloride reacts rapidly with propylene oxide at room temperature 
giving a product analysing approximately FeC!3(CnH60) 4. This product has 
been employed as catalyst in the polymerization of prvpylene oxide and ethylene 
oxide at higher temperatures. Kinetic studies have shown that ethylene oxide 
polymerizes at a rate proportional to catalyst and epoxide concentrations. A 
period op acceleration observed in the initial stages o] propylene oxide poly- 
merization is attributed to a unimolecular change in the catalyst. 

Addition o] water accelerates both polymerizations and greatly increases 
the yield of crystalline polymer obtained from propylene oxide. This behaviour 
is attributed to partial hydrolysis of the catalyst ]allowed by condensation to 

structures containing F e - - O - - F e  bridges. 

PRICE 2 observed that propylene oxide can be ,polymerized with ferric 
chloride to give a partially crystalline product, and the reaction has two 
clearly defined stages. The first stage occurs at or below room temperature 
and the product of the reaction appears 2, 3 to have the structure I. Virtually 
no further reaction takes place until mixtures of this product and the 
monomer are heated in the range 70 ° to 100°C. 

j (O.  CH~CHMe)~C1 
Cl.  Fe ~ (O.  CH2CHMe)~C1 where x + y ,~ 5 

I 
The present kinetic investigation employed the initial reaction product as 

catalyst in excess propylene oxide (the solution being stored at 0°C) to 
polymerize both ethylene oxide and propylene oxide. Kinetic measurements 
were made dilatometrically, the method having previously been shown 
valid'. Most of the data reported here relate to measurements at 91"6°C. 

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

Ethylene oxide was first treated with sodium in polyglycol 400, then 
distilled in vacuo on to calcium hydride for final drying and storage (b. pt 
10.5°C[ 760). Propylene oxide was dried over calcium hydride, decanted and 
then fractionated from fresh calcium hydride. A vacuum-jacketed column 
(25 cm x 2 ella) packed with Dixon rings was used in conjunction with a 
total condensation variable take-off head and a reflux ratio of 30 : 1 (b. pt 
33-0°C/760). Methylene chloride was dried and fractionated in the same 
way (b. pt 39-5°C/755). All these liquids were stored over calcium hydride, 
in absence of air. 

Ferric chloride was made by burning pure, dry iron wire in dry chlorine 
and distilling the product from a side arm into the main vessel. The side 
arm was sealed off and any non-volatile impurities removed. The c~talyst 
solution was made by distilling a measured volume of propylene oxide on to 
the anhydrous ~rric chloride. The two were allowed to react, control being 
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achieved by occasional chilling of the reaction flask, and on completion the 
pressure was adjusted to atmospheric by addition of dry gaseous nitrogen. 
The stock solution was stored at 0°C. 

Procedure 
A vacuum line technique was used for filling dilatometers, which con- 

sisted of 25 cm lengths of tubing, accurately 8 mm bore, sealed at the 
bottom, constricted at the top and joined to a B14 cone. Dilatometers used 
later for polymerizations in solvent consisted of a 20 ml bulb sealed to a 
20 cm length of 4 mm bore Veridia tubing, constricted and joined to a B14 
cone. All dilatometers were pumped on the vacuum line for 24 hours before 
use. Transfer of catalyst solution was from a second side arm via a self- 
sealing vaccine cap and small tap with an Agla micrometer syringe (claimed 
accuracy +0-5 per cent). The syringe was dried in an oven at 150°C for 
several hours before use. A 7 in. stainless steel needle was used to pass 
through a second vaccine cap and small vacuum tap on the vacuum line and 
past the constriction on the dilatometer. The dilatometer was flushed with 
dry nitrogen to equalize pressures before inserting the needle. After trans- 
ferring the requisite volume of catalyst solution, a measured volume of 
monomer was distilled under vacuum into the dilatometer chilled with 
liquid nitrogen, and the dilatometer sealed at the constriction. Shaking of the 
mixture after warming to room temperature ensured homogeneity of the 
solution before placing in the high temperature bath. 

The effect of water added to the catalyst during the filling of the 
dilatometer was investigated. Various runs were made with a small added 
quantity of water, which was measured in the vapour phase and then 
condensed into the dilatometer. A few preliminary polymerizations in 
solvent (methylene chloride) were carried out, the procedure being similar to 
that for bulk runs. Methylene chloride was condensed, however, under 
acetone-carbon dioxide mixtures before sealing, due to a tendency to crack 
the dilatometer on warming if liquid nitrogen was used. 

Purification ot polymers 
Propylene oxide polymerization products were dissolved in boiling 

methanol and the ensuing solution acidified with one drop of concentrated 
nitric acid. The colour of the solution changed slowly from brown to a 
yellow-green characteristic of free iron (in) in methanol. This ion was 
removed by passing the solution through an ion-exchange column Amberlite 
IR-120 and the solution was passed through a second column containing 
Amberlite IRA-400 to remove acid. Both columns were flushed with 
methanol before use. Methanol was removed by evaporation in a vacuum 
oven (30°C and ½ mm) before re-dissolving the polymer in acetone in order 
to fractionate the product. 

The polymer was split into two fractions by chilling the acetone solution 
to - 3 0 ° C  for at least two days. The precipitate (described below as the 
crystalline fraction) was rapidly filtered from the cold solution, and dis- 
solved in benzene. The bulk of this solvent was removed by freeze-drying at 
- 7 5  o, followed by final drying at 40 ° and ½ mm for several hours. Poly- 
meric material present in the filtrate was recovered by drying at 40 ° and 
½ mill. 
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The produqts of ethylene oxide polymerization experiments were 
dissolved in boiling methanol and a drop of concentrated nitric acid was 
added. The bulk of the polymeric material crystallized on holding this 
solution at 0 ° for several days. This material was dissolved in benzene and 
freeze-dried as described for the propylene oxide polymer. The methanolic 
filtrate obtained at 0°C contained only a small amount of material of low 
molecular weight and iron (m). 

Characterization of polymers 
Molecular weights were determined viscometrically in Fitzsimons visco- 

meters in benzene soltttion at 25°C. The values of K and ~ used in the 
Houwink equation were those determined by Price and Osgan ~ for poly- 
propylene oxide and by Price and Mille# for polyethylene oxide. 

R E S U L T S  
Kinetic data 

Typical dilatometric plots for the bulk polymerization of ethylene oxide 
and propylene oxide at 91"6°C are shown in Figure 1 and the correspond- 
ing logarithmic plots in Figure 2. Polymerization of ethylene oxide under 
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these conditions is seen to follow a first order law, whereas with propylene 
oxide the polymerization obeys a first order rate law in the later stages of 
the reaction only. This behaviour was observed in all experiments with 
propylene oxide using the stock catalyst solution in the absence of added 
water; about three days elapsed before the onset of first order kinetics, 
irrespective of the concentration of catalyst. The significance of this period 
of acceleration is discussed below; for our present purpose the first order 
constant calculated from the later stages of the reaction is used as a measure 
of rate. This procedure is supported by the results of a few measurements in 
methylene chloride solution. Ethylene oxide again showed first order plots, 
with constants (for a fixed catalyst concentration) independent of monomer 

Table 1. Velocity constants for polymerization in bulk and in methylene chloride 
(at 91.6°C) 

Ethylene oxide 
[M]o 103[C]o 104k~ 

moles 1-1 moles 1-1 I mole -1 sec - l  

17"3" 6"3 to 521" 2"9 
6"0 I "75 2"6 
3"61 I "70 2"55 
2"68 I "66 2"85 
1 - 6 4  1 " 6 4  2.9 

Propylene oxide 
[M]o lOa[C]o 104ka 

13" 6-3 to 45t 1 "81 
4.07 1 "61 1 "3a 
3"61 1 "68 1.4a 
2"26 1-65 1 "45 
1 "45 1 "57 1"42 

*Undiluted; tFigure 3. [M| 0 is initial monomer concentration; [C]. is catalyst concentration. 

concentration. A similar conclusion is reached with propylene oxide (ignor- 
ing again the period of acceleration). In Figure 3, values of k~ = - d  In 
[monomer]/dt  are plotted against catalyst concentration, and it is evident 
that, for both monomers, the reaction is first order in catalyst. Table 1 
records second order constants k2 = -  [catalyst]-i d In [monomer] /& from 
Figure 3 and from experiments in methylene chloride solution. All of these 
have been corrected" for the volume change accompanying polymerization. 

A few bulk polymerizations were carried out at considerably lower 
temperatures. Ethylene oxide again showed simple first order behaviour 
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with respect to both monomer and catalyst, giving a mean second order 
constant at 25°C of 2.1 x 10 -5 1. mole - '  see -1. Propylene oxide at 30°C 
also polymerized according to the simple rate equation, i.e. no period of 
acceleration was observed, Polymerization was extremely slow, the rate 
constant being 0"56 × 10 -5 1. mole -1 sec -1. 
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Figure 4--Bulk polymerization in presence of water 

Effect of water 
The effect of adding water to the reaction mixture was studied for both 

monomers, and typical curves are shown in Figure 4. The polymerization of 
ethylene oxide remained first order in monomer concentration and up to 
values of the ratio [H20]/[catalyst] of approximately unity the value of k2 
increased with increase in this ratio. When the reaction solutions were made 
up at room temperature precipitation of part of the catalyst occurred for 
values of '[H20]/{catalyst] in excess of unity, although the precipitate 
apparently re-dissolved on warming to 91.6°C for values not exceeding 1'4. 
This observation suggests that the fall in the value of k2 as the ratio 
[H20]/[catalyst] is increased above unity is due to precipitation of catalyst 
in an inactive form. 

In the propylene oxide system an increase in k2 was observed with 
[H20]/[catalyst] followed by a decrease as this ratio exceeded 0"9. Again 
precipitation occurred at room temperature for values of the ratio [H~O]/ 
[catalyst] exceeding the value corresponding to the maximum in k~. A further 
effect of adding water to this system was that the deviation of the logarithmic 
plots from linearity was reduced and for values of the ratio [H20]/[catalyst] 
of 0.8 or greater these plots were linear throughout the reaction. The effect 
of water on the second order rate constant is shown in Figure 5. 
Supplementary observations 

Two additional experiments were carried out to try to throw further light 
on the reaction. In the first, a small volume of the stock catalyst solution 
(which contained excess propylene oxide) was heated at 90°C for two days, 
cooled, and further propylene oxide distilled in. Polymerization was then 

235 



G. GEE, W. C. E. HIGGINSON and J. B. JACKSON 

t/I 

O 

E 3 

2 

o Ethylene oxide 
[] P ropy lene  oxide 

o 

q~ 

Figure 5--Effect of water on 
rate constant 

a q~ o 
o 

o 
o o 

i i i i i i i ,  i i 
0 0"4 0'8 1-2 1"6 

H20/F'e ratio 

followed at 91"6°C in the usual way and gave substantially the normal rate 
constant, but monomer disappearance followed a first order law from the 
start. Thus the induction period had been eliminated, for the quantity of 
polymer formed during the pre-heating period was very much less than is 
normally formed during the period of acceleration. 

In the second experiment, a propylene oxide polymerization was carried 
substantially to completion, cooled, and a second quantity of monomer 
distilled in. After the first reaction product had dissolved in the new 
monomer, the temperature was raised to 91"6°C, when the additional 
monomer was observed to polymerize at a normal rate. 

Study o[ the polymer 

The polymers have not been exhaustively examined. The only fractiona- 
tion undertaken was the crude separation of the propylenc oxide polymers 
into two fractions. The less soluble of these was always solid at room 
temperature; comparable samples have been shown by X-ray examination 
to be partially crystalline. The more soluble fraction varied from liquid to 
rubber according to its molecular weight, and was evidently substantially or 
completely amorphous. The ratio crystalline/amorphous did not change 
significantly during the course of a polymerization. All the ethylene oxide 
polymers were solid (crystalline) at room temperature. 

There is a very striking effect of water on the relative proportions of the 
two fractions obtained in the polymerization of propylene oxide (Figure 6). 
It is believed that the limiting value of ca. 0.12 for the crystalline/ 
amorphous ratio in absence of water is a true result, and not simply a 
measure of our failure to dry the system. Very similar ratios were found in 
experiments in dry methylene chloride solution. 

The only molecular weight measurements were based on intrinsic viscosi- 
ties and, in the absence of distribution curves, are of only semi'quantitive 
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Table 2. Typical molecular weight data* 

[C]0 HzO/Fe 10-sMW Moles polymer/atom Fe 

(a) Ethylene oxide polymers 
0-63 0 28 4"9 
1-6 0 11 4"9 
3"2 0 6 4"9 
5"4 0 3"7 4"6 
1.7 0-34 100 0.53 
1-7 0-78 65 0.77 
1 - 7  1 . 0 2  47 1 . 1 0  
1-7 1 '25 58 0.88 

Cryst. Moles polymer~atom Fe 
[C]o H20/Fe Amorpti. Cryst. Amorph, Total 

(b) Pr~yleneoxi~polymers  
0.63 0 0-12 0.6 6.4 7-0 
1"5 0 0"10 0"3 5-3 5-6 
4"5 0 0"12 0.2 3-1 3"3 
1"5 0-21 0.28 0.9 5.0 5"9 
1"5 0-78 0"45 0"3 1"3 1.6 
1-5 0 - ~  0-50 0.2 1.0 1.2 

*All  po lymer iza t ions  in bu lk  a t  9 1 ' 6 " C  ca r r i ed  to  comple t ion .  

1-0 _o 

0-8 

o0'6 
~ o.4 

~ 0.2 
t..I 

I I I I I I I I 
0 0.4 0-8 1.2 1-6 

Added water/Fe ratio 

Figure 6--Effect of water on yield of crystalline polymer 
from propylene oxide 

significance. F o r  bo th  po lymers  they ranged f rom a few thousand  to 10 ~, and  
in Table 2 have been used to calcula te  the number  of moles  of p o l y m e r  
p roduced  per  a t o m  of i ron in the ca ta lys t  employed .  Mos t  of the da t a  refer  
to po lymer iza t ion  car r ied  to comple t ion ,  and  it will  be seen tha t  in the  
absence  of water  several  po lymer  molecules  are  fo rmed  per  a tom of iron,  
average numbers  being four  for  e thylene ox ide  and six for  p ropy lene  oxide.  
T h e  higher  molecu la r  weights found  in 'wet '  systems are  reflected in a 
reduct ion  in this ra t io  to app rox ima te ly  uni ty  for  ei ther  monomer .  In  the 
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few cases where molecular weight was determined as a function of conver- 
sion the number of polymer molecules in the system was found to increase 
with conversion. 

In the  purification of polymer samples f o r  investigation, our normal 
procedure involved acidification to remove combined iron. When this step 
was omitted the polymer was of higher intrinsic viscosity. Calculation 
showed that in runs without added water there was approximately one less 
polymer molecule per iron atom. It is therefore concluded that in the reaction 
mixture each iron atom is associated with two polymer chains. 

Infra-red examination of polymers from both monomers revealed the 
presence of small concentrations of both - - O H  groups and unsaturation. 

D I S C U S S I O N  

We begin by considering the polymerization of ethylene oxide, which is 
kinetically straightforward. Earlier discussions have supported a mechanism 
termed by Price and Miller 5 'coordinate complex polymerization', which 
can be written, for this system: 

O CI CI 
J ' \  I I 

CI Fe(OR)2 + CH2--CH2 ~ RO.  Fe.  O R  > R O - - F e  
I 

O O .  CH2. CH2 • OR 
/ \  

CH2 - CH2 
The product of this pair of reactions is kinetically equivalent to the original 
catalyst so that the total concentration of all growing centres will remain 
constant, and equal to that of the catalyst originally added. The significance 
of the observed second order constant will depend on the rate of the second 
step relative to dissociation of the complex into its original components. The 
observed rate constant will only measure directly the rate of the first 
reaction if this is the slow step. As previously pointed out, the actual process 
will be more complicated than is represented here, since a coordination 
number of 4 is doubtless retained throughout by all the iron atoms, by 
association and /or  chelation. The rate constants reported above lead to 
Arrhenius parameters of E=9"4  kcal, A = 1.5 × 102 1. mole -1 sec-L These 
very low values appear to be superficially consistent with the suggested 
mechanism. 

Two other predictions of this interpretation can be readily tested. In the 
absence of a termination reaction, growth should re-start if fresh monomer 
is admitted at the end of a reaction: this has been reported above. The 
second prediction is that two polymer chains should be formed per catalyst 
molecule and that both should remain attached to Fe. Experimentally we 
find the two attached chains, but also some others. There must therefore be 
some kind of transfer process and this is no doubt concerned with the 
production of the unsaturation already reported; e.g. Price has plausibly 
suggested 

Fe--OCH~CH2OR ~ Fe---OH + CH2 : CHOR 

Turning now to propylene oxide, polymerization at 30°C appears to 
follow exactly the same pattern. The overall rate is about a quarter of that 
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of ethylene oxide at the same temperature. At 90°C more complicated 
behaviour is observed. Our tentative interpretation is that the initial rate 
refers to the process which at 30°C continued throughout the reaction. This 
initial rate is difficult to estimate, but is probably not more than one tenth 
of that of ethylene oxide at the same temperature. At 30°C the reactivities 
are of the same order but the ratio is about four. If this interpretation is 
correct, the Arrhenius parameters for the two monomers are comparable, E 
being somewhat lower for propylene oxide. We must then attribute the 
acceleration to some process which occurs in propylene oxide polymeriza- 
tion at 91-6°C but not at 30°C, and does not occur in ethylene oxide at 
either temperature. The nature of this process is by no means fully under- 
stood, but the following evidence leads us to attribute it to a change in the 
nature of the catalyst. 

Two observations already reported suggest that this process is 
independent of both catalyst and monomer concentrations. (a) The time 
required to establish first order disappearance of monomer is essentially 
independent of catalyst concentration. (b) The acceleration period can be 
eliminated by pre-heating the catalyst (effectively a highly concentrated 
catalyst solution in monomer) for the same length of time. Further support- 
ing evidence comes from a kinetic analysis of the complete polymerization 
curve. Denoting the initial catalyst by C and an actively growing centre by 
P, we assume a unimolecular rearrangement of C to P, followed by growth : 

C > P (k,) 

M + P ---->- P (k2) 

If [C]o is the initial catalyst concentration 

- d[C]dt = d[P] ] dt = kl { [C]o - [C] } 

whence [P] = [C]o(1 - e-  h ')  

If, to a first approximation, we ignore polymerization induced by unchanged 
catalyst (M-4-C > C), we have 

- d [ M ]  / d t  = k 2 [ M ]  [C] o(1 - e -  ul') 

It is easily shown that if this equation holds, the linear section of the log 
plot in Figure 2 can be extrapolated to 

to=l/kl at ln[M]0/[M]=0 

Using the value of kl obtained in this way, with k2 from the linear slope, the 
full curve of Figure 1 was calculated, and is seen to represent the observed 
behaviour very well, with kl = 3-0~ x 10-6 see-1. A further check was made 
by carrying out* an additional series of runs in methylene chloride at 
101-1°C, in which initial monomer concentrations ranged from 0'73 to 4.3 
moles 1-1. These gave an average value of k2=2"7 x 10-" 1. mole -1 sec -1, 
while kl decreased from 13-6 x 10 -s to 9-7 x 10 -s sec -~ with increasing [M]0. 

*This  w o r k  was d o n e  by J. R.  Atk inson ,  to w h o m  our  thanks are due. 
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Comparison of the kl values at 91"6°C and 101"1 °C indicates an activation 
energy of roughly 30 kcal, and shows that this process would be far too slow 
to observe under our experimental conditions at 30°C. 

The kinetic evidence for a unimolecular process appears compelling, but 
the chemistry involved is far from clear. A tentative suggestion identifies 
the process with the replacement of the third C1 atom on the iron, e.g. 

RO O RO OCH2. CH : CH~ 
\/ \ \/ 

Fe CH., Fe 
/"., I "> \ 

Ci RO---CH ( - HCI) OR 
\, / 

H--CH2 

In support of this suggestion is the observation that the base-catalysed 
polymerization of propylene oxide is limited by a reaction believed to be 

O 
/ \  

RO- + CH3CH----CH2 ~ ROH + CH~ : CH. CH~O- 

No comparable reaction has been reported for ethylene oxide. Further 
support comes from polymerization rate studies with ferric tri(n-butoxide) 
as catalystS: the initial polymerization rate was comparable with the 
maximum rates reported here, and increased only slightly as polymerization 
proceeded*. 

An alternative hypothesis as to the chemical changes occurring in the 
catalyst would relate these with condensation reactions similar to those 
discussed in the next section. 

Effects of water 
The addition of water in quantities less than a molecular equivalent of 

the iron produces the following effects: (a) an increase in the overall rate; 
(b) reduction and eventual elimination of the accelerataion period observed 
with dry propylene oxide at 90°C; (c) reduction in the number of polymer 
molecules produced; (d) increase in the crystalline/amorphous ratio for 
propylene oxide polymers. 

(b) We shall discuss first point (b), because it appears to be closely related 
to the preceding section. The primary reaction of water must be hydrolytic, 
and there are independent lines of evidence suggesting the removal of both 
alkoxide and --C1. Borkovec 8 has isolated the first reaction product (I) of 
ferric chloride with propylene oxide, dissolved it in carbon tetrachloride 
plus hexane, and slowly added 0-7 mole H20 (per Fe)dissolved in propy- 
lene oxide. His analysis of the resulting precipitate (which was an active 
Catalys0 shows it to be very nearly CIFe(OH)~. Our own observation is that 

*The overall polymerization showed further complicating features, possibly due to the progressive replace= 
ment o f  the 3 ---OBu grouvs by polymer chains. 
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when polymerization has been carried out at 90°C in presence of water, no 
ionic chlorine remains. We therefore regard the effect of water as being 
essentially parallel with that of heating the dry catalyst, in that structural 
changes are produced. Hydroxyl groups are unlikely to survive under the 
polymerization conditions. Unless first incorporated (as terminal OH) in a 
growing chain, they must be expected to condense, giving O 

/ \  
Fe Fe 

structures. Catalyst precipitation which eventually occurs at high water 
contents gives visual evidence of the extension of these condensation 
products. 

(c) The observed reduction in the number of polymer chains implies that 
only a fraction of the iron atoms remains catalytically active. The obvious 
interpretation is that in a condensed polymeric catalyst only the peripheral 
atoms are sterically accessible for reaction. The considerable scatter in the 
last column of Table 2 is not surprising in view of the difficulty of ensuring 
that the condensation occurs uniformly. In particular, when catalyst separa- 
tion is observed at room temperature, there must be doubts as to the state 
of aggregation in the apparently homogeneous solution obtained on heating. 

(a) Despite this loss of catalyst, the overall polymerization rate is 
increased, which can only mean that new types of site of enhanced specific 
activity have been produced. At present we can only speculate as to their 
nature, but it is tempting to identify them with oxygen-bridged iron, which 
make possible a two-centre propagation process, involving a six-membered 
cyclic transition complex, instead of four-membered. 

O O 
/ \  / \  

> F e  Fe j > F e  Fe -~ 
¢ I > I 
0 OR OCH2CH2OR 

/ \ /  
CH2--CH2 

(d) The remaining problem is the origin of crystalline polymer, from a 
monomer which is a mixture of two optical isomers. Crystallinity implies 
the presence of stereoregularity, and X-ray evidence has shown these 
crystalline propylene oxide polymers to be isotacticL Growth of an isotactic 
chain could occur in two different ways: (i) by preferential incorporation 
of one of the optical isomers, with retention (or complete reversal) of 
configuration, or (it') by random selection of monomer, with control of 
configuration in the ring-opening reaction. Our evidence would not 
distinguish between these, for either appears to depend on steric restrictions. 
It is entirely in line with the views expressed above that the condensed 
catalyst structures produced by partial hydrolysis should possess a greater 
proportion of suitably hindered sites than is present in the original catalyst. 

Department of Chemistry, 
University of Manchester 
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Glass Reinforced Plastics 

Ed. PnlLLIP MORGAN 

Iliffe: London; Interscience: New York; for British Plastics, 1961. 
(xvi+340 pp.; 6 in. by 9¼ in.), 50s. 

IN ThE preface to the third edition the editor notes that there have been few 
major technical developments in the four years since the last edition of this book 
appeared but draws attention to the increased usage of glass reinforced plastics. 
It is indeed significant to compare the data, on page 296, for the annual 
production of polyester and epoxide resins used for laminates in the U.K. since 
this book was first published in 1954. The quantities given are 430 tons and 
8 550 tons for 1954 and 1960 respectively. These data certainly illustrate the 
need for a revised text  on a subject such as this. 

The treatment remains unaltered; a comprehensive account of glass reinforced 
plastics is given in 21 chapters, each chapter being written by a specialist on 
that part icular subject. The first seven chapters describe briefly, but adequately, 
the various raw materials used in the manufacture of these substances and the 
next five chapters deal with the methods used for moulding various products. 
The chapter dealing with commercial  moulding processes has been improved by 
splitting it into three sections to cover separately hand lay-up and contact 
moulding, spray techniques, and matched die moulding. The section dealing 
with polyester dough moulding compounds has been expanded from 3 to 18 
pages and this now forms a chapter by itself. The remaining 8 chapters describe 
the specialized applications of glass reinforced plastics, and here new chapters 
have been added which deal with reinforced sheeting and pressure vessels. 
Addit ional  data are becoming available for the design of structures, although it 
is evident that much remains to be done in this field. 

The very interesting chapter on miscellaneous applications has doubled in size 
and the increasing number of end-uses for these materials is illustrated by the 
addit ional  200 references given in this edition. Some interesting tables give 
production data and the proport ional  usage of glass reinforced plastics is 
included in this edition but these are not indexed very clearly. 

The book is essentially a practical guide to glass reinforced plastics. It is 
easy to read and the convenient arrangement of the varied topics covered 
enables one readily to attain an up-to-date basic knowledge of this rapidly 
expanding field. Useful references to literature and patents are given for most 
subjects for anyone with a particular interest. 

A. G. TURNER 

Die hochpolymeren organischen Verbindungen-Kautschuk und Cellulose 

H. STAUDINGER 

Springer-Verlag: New Impression, Berlin, 1960. 
(xvi+540 pp.; 6½ in. by 10 in.), DM 59.00. 

"'Vier Tage hintereinander kam ich nicht aus der Wohnung. Denn STAUDINGER 
hat reich befcmgen. Und alles andere ruhte."* Thus wrote LIESEGANG when 
reviewing this book in the KolloM Zeitschrift on its first appearance in 1932. 

* ' F o r  f ou r  d a y s  o n  end  I h a v e  n o t  le f t  m y  house .  F o r  Staudinget"  h a d  m a d e  m e  a p r i sone r .  A n d  al l  e lse  
had t o  wa i t ' .  
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The quotation may help to recall something of the force of its impact on colloid 
chemists at the time, resulting, after considerable resistance, in a revolutionary 
change in the concept of 'lyophilic colloids'. Its reappearance, reprinted in its 
original form, after almost thirty years, stimulates reflections on a remarkable 
turning point in the history of science. 

Colloid chemistry in its early days had been a descriptive science. Largely as 
the result of the invention of  the ultramicroscope, considerable advances were 
made in the first two decades of the century in the understanding of lyophobie 
colloids. A more difficult problem was presented by many natural products 
which were classified as lyophilic colloids. The complexity of their large sub- 
microscopic particles, as for instance in proteins, seemed to present the organic 
chemist with insurmountable difficulties or, in cases where the chemistry was 
simpler, the large and variable particle size was attributed to micelle formation 
and it was strongly held that these 'sols' could not be treated as dispersions of 
single molecules. 

Attempts were therefore made, not without qualitative success, to explain 
their properties in terms of the size, shape and surface characteristics of the 
particles and by supposing that, unlike lyophobic colloids, they were surrounded 
by an envelope of 'bound'  solvent which considerably increased the effective 
size of the particle and so accounted for the viscosity being much greater than 
would have been expected from the Einstein equation which held for lyophobic 
colloids. 

In a few years of intensive research STAUDINGER (with his many collaborators) 
radically changed the situation by concentrating his researches on a few 
synthetic polymers, particularly polystyrene, polyoxymethylene, polyethylene 
oxide and polyacrylic acid. As early as 1922 he was able to establish formulae 
for polystyrene and to show that there were simple long-chain molecules of  
varying chain length. STAUDINGER called polymers having molecular weights 
between l0 s and 104 Hemikolloide and those having molecular weights between 
104 and 10 ~ Eukolloide, the former range being those whose molecular weights 
could be determined by cryoscopic methods or end-group determinations. Well 
established information was obtained correlating the physical properties with 
the chemical nature and chain length of the first group and this was skilfully 
used to establish, with the help of other observations, at least the principle of  
the correlation in the second group. 

The most characteristic property of high polymers and lyophilic colloids is 
their unique ability to give highly viscous solutions even at great dilution. 
Viscosity is also a property which is easily measured and it was chosen by 
STAUD1NGER as the main tool of his research other than the methods of organic 
chemistry. The original Staudinger equation expressed a linear relationship 
between viscosity and molecular weight. This of course was an over-simplifica- 
tion and was inaccurate, but was a great advance on previous ideas since it 
showed the chain length to be the essential factor in determining the viscosity 
of unassociated linear polymers and in STAUDINGER'S hands it proved remark- 
ably fruitful in explaining the nature of the synthetic linear polymer and the 
essential similarity of certain natural organic colloids (cellulose and rubber), 
their derivatives and their degradation products. 

That STAUDINGER'S simple conception of the nature of linear molecules could 
be applied to many natural polymers was still being strongly resisted when this 
book appeared. MEYER and MARK, who in 1928 were attributing the high 
viscosity of rubber in benzol to 'very strong solvation of the micelles', were 
doubting (Der Aufbau der hochpolymeren organischen Naturstoffe, 1930) the 
evidence that linear molecules could be longer than the crystallites they form. 
FREUNDLICH, in the fourth edition of Kapillarchemie, which appeared in 1932, 
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remained faithful to the old approach and failed to appreciate the wide 
applicabil i ty of STAUDINGER'S conception. KRUYT'S Colloids, second edition 
1930, did not even mention STAUmNGER'S work. But although it was still some 
t ime before his point of view was generally accepted (as late as 1939 it was still 
possible for WEISER to publish his Colloid Chemistry without referring to 
STAUDINGER) the romantic age of colloid chemistry had come to an end and the 
modern science of polymers had been born as the work of CAROTHERS and 
.others in the next few years made clear. 

In reading the book now one is impressed by the extraordinary simplicity of 
his approach, the clearness of thought and the skill shown in choosing and 
attaining his limited objectives. It is also remarkable how many conceptions 
are introduced which need little modification today. The monotonous repetition 
of his theme and the amount of space given to detail were perhaps justified at 
the time when defending an unpopular  theme. The almost naive character of  
some his theories probably prejudiced some physical chemists against his point 
of view. But it was his insight into what was essential for his purpose that led 
to his success. 

C. ROBINSON 
Polymeric Materials 

C. C. WINDING and G. D. HIATT 

McGraw-Hil l  Publishing Co. Ltd :  London, 1961. 
(x+406 pp.; 6-I- in. by 9¼ in.), 93s. 

DR WINDING, who is Chairman of  the Education Committee of the Society of 
Plastics Engineers, and Dr  HI^Tr have evidently seen the need for a volume 
which would provide a general technical introduction to polymers. Polymeric 
Materials is aimed at engineers and scientists who are not actively engaged in 
the field but wish to become conversant with the general principles used in the 
manufacture and fabrication of polymers. Within this framework the authors 
have been successful. 

The book opens with a satisfactory description of the basic chemical 
principles involved in polymerization. This is follgwed by a rather less satisfac- 
tory.discussion of the factors affecting the physical properties of polymers. Two 
important  omissions were noticed in this section. The effect on physical 
properties of changing the crystal l ine/amorphous rat io of a polymer is 
inadequately described and there is no reference to the effect of rate of testing 
on mechanical properties. 

The third section of the book is devoted to a general description of the 
fabricat ion of films, fibres, mouldings, laminates, etc. from polymers. Here the 
American origin of the book becomes apparent. For  instance, in the description 
of  the injection moulding process, screw preplasticizing machines, which are 
widely used in Europe, are not mentioned. 

The final chapters set out to describe the methods of production and the 
fields of application of  all the commercially important  polymers. The treatment 
of the older polymers such as the thermosets, the cellulose derivatives, polyvinyl 
chloride, polystyrene, polythene and nylon is most successful. However, when 
the authors come to the more recent developments such as the polycarbonates,  
polypropylene, and polyfor~aldehyde,  the information is not available and they 
have to be content with a few lines of general description gleaned from the 
patent literature. 

Like all McGraw-Hil l  publications, the book is a joy to handle. The line 
diagrams and formulae are very clear and the reviewer did not notice any 
printing errors. Unfortunately one has to pay a high price for one's pleasure. 

B. E. JENNINOS 
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appeared but draws attention to the increased usage of glass reinforced plastics. 
It is indeed significant to compare the data, on page 296, for the annual 
production of polyester and epoxide resins used for laminates in the U.K. since 
this book was first published in 1954. The quantities given are 430 tons and 
8 550 tons for 1954 and 1960 respectively. These data certainly illustrate the 
need for a revised text  on a subject such as this. 

The treatment remains unaltered; a comprehensive account of glass reinforced 
plastics is given in 21 chapters, each chapter being written by a specialist on 
that part icular subject. The first seven chapters describe briefly, but adequately, 
the various raw materials used in the manufacture of these substances and the 
next five chapters deal with the methods used for moulding various products. 
The chapter dealing with commercial  moulding processes has been improved by 
splitting it into three sections to cover separately hand lay-up and contact 
moulding, spray techniques, and matched die moulding. The section dealing 
with polyester dough moulding compounds has been expanded from 3 to 18 
pages and this now forms a chapter by itself. The remaining 8 chapters describe 
the specialized applications of glass reinforced plastics, and here new chapters 
have been added which deal with reinforced sheeting and pressure vessels. 
Addit ional  data are becoming available for the design of structures, although it 
is evident that much remains to be done in this field. 

The very interesting chapter on miscellaneous applications has doubled in size 
and the increasing number of end-uses for these materials is illustrated by the 
addit ional  200 references given in this edition. Some interesting tables give 
production data and the proport ional  usage of glass reinforced plastics is 
included in this edition but these are not indexed very clearly. 

The book is essentially a practical guide to glass reinforced plastics. It is 
easy to read and the convenient arrangement of the varied topics covered 
enables one readily to attain an up-to-date basic knowledge of this rapidly 
expanding field. Useful references to literature and patents are given for most 
subjects for anyone with a particular interest. 
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H. STAUDINGER 
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"'Vier Tage hintereinander kam ich nicht aus der Wohnung. Denn STAUDINGER 
hat reich befcmgen. Und alles andere ruhte."* Thus wrote LIESEGANG when 
reviewing this book in the KolloM Zeitschrift on its first appearance in 1932. 

* ' F o r  f ou r  d a y s  o n  end  I h a v e  n o t  le f t  m y  house .  F o r  Staudinget"  h a d  m a d e  m e  a p r i sone r .  A n d  al l  e lse  
had t o  wa i t ' .  

243 



BOOK REVIEWS 

remained faithful to the old approach and failed to appreciate the wide 
applicabil i ty of STAUDINGER'S conception. KRUYT'S Colloids, second edition 
1930, did not even mention STAUmNGER'S work. But although it was still some 
t ime before his point of view was generally accepted (as late as 1939 it was still 
possible for WEISER to publish his Colloid Chemistry without referring to 
STAUDINGER) the romantic age of colloid chemistry had come to an end and the 
modern science of polymers had been born as the work of CAROTHERS and 
.others in the next few years made clear. 

In reading the book now one is impressed by the extraordinary simplicity of 
his approach, the clearness of thought and the skill shown in choosing and 
attaining his limited objectives. It is also remarkable how many conceptions 
are introduced which need little modification today. The monotonous repetition 
of his theme and the amount of space given to detail were perhaps justified at 
the time when defending an unpopular  theme. The almost naive character of  
some his theories probably prejudiced some physical chemists against his point 
of view. But it was his insight into what was essential for his purpose that led 
to his success. 

C. ROBINSON 
Polymeric Materials 

C. C. WINDING and G. D. HIATT 

McGraw-Hil l  Publishing Co. Ltd :  London, 1961. 
(x+406 pp.; 6-I- in. by 9¼ in.), 93s. 

DR WINDING, who is Chairman of  the Education Committee of the Society of 
Plastics Engineers, and Dr  HI^Tr have evidently seen the need for a volume 
which would provide a general technical introduction to polymers. Polymeric 
Materials is aimed at engineers and scientists who are not actively engaged in 
the field but wish to become conversant with the general principles used in the 
manufacture and fabrication of polymers. Within this framework the authors 
have been successful. 

The book opens with a satisfactory description of the basic chemical 
principles involved in polymerization. This is follgwed by a rather less satisfac- 
tory.discussion of the factors affecting the physical properties of polymers. Two 
important  omissions were noticed in this section. The effect on physical 
properties of changing the crystal l ine/amorphous rat io of a polymer is 
inadequately described and there is no reference to the effect of rate of testing 
on mechanical properties. 

The third section of the book is devoted to a general description of the 
fabricat ion of films, fibres, mouldings, laminates, etc. from polymers. Here the 
American origin of the book becomes apparent. For  instance, in the description 
of  the injection moulding process, screw preplasticizing machines, which are 
widely used in Europe, are not mentioned. 

The final chapters set out to describe the methods of production and the 
fields of application of  all the commercially important  polymers. The treatment 
of the older polymers such as the thermosets, the cellulose derivatives, polyvinyl 
chloride, polystyrene, polythene and nylon is most successful. However, when 
the authors come to the more recent developments such as the polycarbonates,  
polypropylene, and polyfor~aldehyde,  the information is not available and they 
have to be content with a few lines of general description gleaned from the 
patent literature. 

Like all McGraw-Hil l  publications, the book is a joy to handle. The line 
diagrams and formulae are very clear and the reviewer did not notice any 
printing errors. Unfortunately one has to pay a high price for one's pleasure. 

B. E. JENNINOS 
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Interference Microscopy of Solution-grown Polyethylene 
Single Crystals 

DURING the course of our investigation of the thermodynamics of the 
crystalline state of polyethylene 1, ~, it became necessary to acquire informa- 
tion about the different possible growth habits of solution-grown crystals. To  
observe the habit, as well as measure length, width, and thickness, an 
interference microscope ~ was used. Its main features are the ability to 
detect vertical thickness of polyethylene down to 20A and to measure it 
with a precision of + 6A in favourable cases 3. In this note three new growth 
habits of polyethylene will be described: needles, six-ended single crystals, 
and right angle crystal clusters. 

A. N E E D L E S  

Figure 1 shows a large number of typical needles of polyethylene. The 
needles were grown from a solution of 0" 1 per cent linear polyethylene in 
chlorobenzene over which pure toluene was layered. The growth occurred 
isothermally at the interface at 89' 7 °C. 

Figure /--Interference micrograph of 
polyethylene needles. Air mounted, 40 × 
shearing interference objective, the long 

diagonal of the figure is 0'15 rnm 

The needles look similar to those found for paraffins by Rhodes, Mason 
and Sutton 4. The paraffin needles were proved to be rolled up platelets ~. 
There is some evidence which indicates a similar mechanism for the poly- 
ethylene. The polyethylene needles were found in a preparation which also 
contained large amounts of single crystal platelets. Under the polarizing 
microscope the thickest needles show a weak line of birefringence on each 
of the two sides, but little or none in the middle~ which is actually thicker. 
Estimation of the birefringence from measurements of the retardation with 
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a Berek compensator and values of the thickness of identical regions 
measured with the interference microscope 5 resulted in an approximate 
order of magnitude of 10 -2 . Light vibrating parallel to the long axis has the 
low refractive index. This is in accord with the assumption of rolled crystals, 
which would show a side view of the curved single crystal along the edges. 
Thus the c axis (chain axis) would be only along the sides at right angles to 
the needle direction. The birefringence ~ for light vibrating parallel to c and 
a or b is 0-062. Light vibrating parallel to a and b has a weak birefringence 5 
of 3 × 10 -~ and could account for the unrecognizable birefringence in the 
centre of the needles. The sizes of the needles varied. Typical dimensions 
are : 10 to 20 × 10 -4 Cm long, 0'5 to 2 × 10 -4 cm wide, and a thickness at the 
centre of 0"1 to 0'5 × 10 -4 cm. 

B. S I X - E N D E D  S I N G L E  C R Y S T A L S  

Figure 2 shows two single crystals with considerable overgrowth at right 
angles to the long dimension. These crystals exhibit the only habit found 
for slow crystallization of a 0"052 per cent linear polyethylene solution in 
toluene at 129°C under a pressure of 2 600 atm. Reducing the pressure to 
2 300 atm, approximating equilibrium conditions at a somewhat lower 
temperature, yields normal orthorhombric single crystals 7 with four (110) 
growth faces. Increasing the pressure to 3 000 atm or more renders the 
solution strongly supersaturated at 129°C and six-ended dendrites arise, 
which are fully described in ref. 5. 

Figure 2--Interference micrograph of 
six-ended polyethylene single crystals. 
Air mounted, 40× shearing interference 
objective, the long diagonal of the figure 

is 0"12 mm 

Quenching more concentrated solutions of polyethylene under a room 
temperature gradient at atmospheric pressure also gives six-ended dendrites. 
Crystallographically, it is possible to describe six-ended growth, assuming 
two(110)twin planes and one (120) twin plane. The theoretical angle between 
the a axes of 67o40 " is closely approximated by the crystals of Figure 2. 
The average of ten crystals measured was 70+2*.  Dendrites have been 
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reported to show the same angle 5. The thickening across the long dimensions 
is similar to the thickening of analogous branches in the corresponding 
dendrites. 

C. R I G H T  ANGLE C R Y S T A L  C L U S T E R S  

Figures 3 and 4 show clusters of polyethylene crystals grown from a 
common centre with almost right angle boundaries. The growing conditions 
were identical to those described in part  A. The isolated growth spirals on 

Figure 3--Interference micrograph of 
a right angle polyethylene crystal cluster. 
Air mounted, 40× shearing interference 
objective, the long diagonal of the figure 

is 0"25 mm 

the right angle baseplates and the large growth spiral at the bottom of 
Figure 3 indicate that the long faces are (110) planes. A careful measure- 
ment of the 'right angles' shows that they are 87"5 ° . This is close to the 

Figure 4--Interference micrograph of 
a right angle polyethylene crystal duster. 
Air mounted, 10x shearing interference 
objective, the long diagonal of the figure 

is 0"40 rnm 
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theoretical angle between a (110) and a (210) face (86 ° 45'). The cut-off 
corner in Figure 4 shows an angle of 142 ° with the (210) face and 124 ° with 
the (110) face which agrees with the assignment of a (100) plane for the 
cut-off face (theoretical angles 143 ° and 123 ° 40'). The right angle clusters 
are thus made up of (110)-twin crystals. The thickness of the baseplate is 
approximately 95A and the large number of small growth spirals at the 
edges reach as high as 3 000A. 

This research has been supported in part by the Advanced Research 
Projects Agency and the O~ce of Naval Research. Their support is gratefully 
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The Formation of Nuclei  in Crystallizing Polymers 

DURIN~ an investigation into the crystallization of poly(decamethylene 
terephthalate) an effect was observed which is likely to be of importance in 
relation to crystallization mechanism. The picture normally proposed to 
account for the formation of crystallinity in a polymer cooled from the melt 
is that nuclei form at random positions in the supercooled liquid, and grow 
at a constant linear rate in one, two or three dimensions, to form rods, discs 
or spheres 1, 2. The nuclei are postulated to appear either instantaneously at 
the start of the process, in which case they are assumed to be derived from 
pre-existing heterogeneities; or sporadically, with a linear dependence on 
time, as a result of random fluctuations in a homogeneous material. The 
present observations suggest that these may be two special cases of a more 
general relationship. 

Samples of polymer, prepared by the method of Flory and Leutner 3, were 
pressed between cover slips at various temperatures above the melting point 
(137.5°C) to give films approximately 10/~ thick. The behaviour of the 
material was very much dependent on the method of film preparation, a 
point which is discussed in a separate publication 4, but was reproducible 
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once the film had been formed. In the present case, ca. 1 mg was heated 
in vacuo at 170°C for 15 min prior to covering with a glass slip and heating 
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Figure /--Nucleus formation in poly(decamethylene 
terephthalate) 

for a further 30 min at 200°C. Nucleus formation was observed micro- 
scopically between crossed polaroids, using a thermostatted hot-stage 
controlled to + 0-1 °C, and in general the sample was raised to 160°C for 
5 min prior to crystallizing at a fixed temperature below the melting point. 
It was established, however, that melting at 140°C, and at 300°C, produced 
results identical with those at 160°C. 

Figure 1 indicates the relationship between number of nuclei and time, 
observed for a range of crystallization temperatures. It takes the form of a 
constant rate of increase terminating sharply after a period of time charac- 
teristic of the temperature of crystallization, to leave a number which 
remains constant throughout the subsequent crystallization. Slight deviations 
from linearity during the initial stages were considered to be due to the 
arbitrary, but reproducible, size at which a nucleus becomes visible. The 
maximum area covered by the birefringent spherulitic structures grown from 
the nuclei was estimated to be approximately 5 per cent, so that reduction 
in the space available for nucleation was not considered to be a relevant 
factor in causing the cessation. It  was established that the nuclei reappeared 
in the same positions, although not necessarily in the same order in time. 
The possibility that they might result from undissociated remnants of 
previous structures was considered unlikely in view of the fact that 
although memory effects could be observed under appropriate conditions, 
they disappeared at temperatures greater than 1 °C above the melting point. 
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The following points arise from these observations: 
(1) In general, 'predetermined' nucleation will be apparently operative 

when the time at which the nuclei cease to be formed is short compared with 
the overall time of crystallization. 

(2) 'Sporadic' nucleation will be the relevant process when crystallization 
is complete before the cessation point is reached. 

(3) Nucleation may sometimes appear to change from 'sporadic' to 
'predetermined' during the course of crystallization. The kinetics of the 
process will in consequence be more complicated, a point considered by 
Price and his colleagues in connection with some recent work on 
polyethylene oxideL 

(4) The most important implication is that all nucleation processes, 
whether 'predetermined' or 'sporadic', arise from heterogeneities, and as 
such can be controlled by varying the number of centres present, once their 
nature is known. 

The first three factors considered above are only relevant provided that 
the point at which nucleation stops t~ can be varied relative to the time of 
crystallization. A consideration of some dilatometric data, obtained for the 
same polymer 5, showed that temperature of crystallization was not an 
important factor in this connection, as the ratio t,/t~ varied by only 20 per 
cent over the range of temperature covered in Figure 1. It was observed, 
however, to be affected by variations in specimen preparation, a feature 
which does not seem unreasonable in view of the fact that nucleation 
appears to depend on heterogeneities. In addition, preliminary results on a 
range of polymers (polyethylene oxide, polyoxymethylene, polypropylene 
and polyethylene) indicated that the relationship observed in Figure 1 is of 
general application. Consequently the nature of the polymer itself is likely 
to be an important factor in deciding whether the nucleation process is 
apparently 'predetermined' or 'sporadic'. 

A. SHARPLES 
Arthur D. Little Research Institute, 

Inveresk, Musselburgh, Midlothian 
(Received February 1962) 
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Single Crystals from Polyamide Melts 

SINGLE crystals of a number of polymers have been obtained by crystal- 
lization from dilute solutions in various solvents 1, 2. In particular, polyamide 
crystals have been grown in this manne#, 4. Crystallization from polymer 
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melts normally results in spherulitic forms, the most crystalline of these 
being the aggregates 5, 6 of nylon 6.6 and the hedrites of polyoxymethylene r. 

Recent work in these laboratories 1° has shown that single crystals can be 
obtained from polyamide melts when crystallization is carried out iso- 
thermally in thin films for long periods (upwards of several hours) at small 
degrees of supercooling. Birefringent aggregates are formed in thick films 
crystallized under these conditions suggesting that such structures are com- 
posed of single crystal platelets. Optical micrographs of structures grown in 
thin films are shown in Figures 1 and 2 for nylons 5.6 and 5.7 respectively. 

Figure 1 

Figure 2 
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Rotation of these specimens between crossed polars showed uniform extinc- 
tion of individual platelets, many of which appear in the extinction position 
in the completely crystallized film in Figure 2. This behaviour was observed 
in films of different thicknesses down to less than 0" 1/~. 

The electron microscope was used to obtain selected area electron 
diffraction patterns of these thin films. Using an aperture corresponding to a 
specimen area of approximately 40/~ square, the patterns shown in Figures 3 
and 4 were obtained from nylons 5.6 and 5.7 respectively. These patterns 

Figure 3 

confirm the single crystal nature of the platelets observed optically. Normal 
beam intensities rapidly destroyed the crystalline structure giving rise to the 
diffuse diffraction pattern, In these patterns the diffraction spots are pseudo- 
hexagonally arranged and in some instances extend out to five orders on the 
photographic negative. A detailed analysis of the diffraction patterns has 

Figure 4 
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yet to be made, but their observed symmetry is in agreement with the unit 
cells proposed by Kinoshita 8 for 'odd-odd' and 'odd-even' polyamides 
where it is assumed that the molecular chains are lying normal to the 
film plane. 

Figure 5 shows a dark field electron micrograph obtained by using one of 
the inner reflections. To obtain the most favourable conditions for diffrac- 
tion this specmen was thinned by negative ion bombardment for 15 minutes 

Figure 5 

using a discharge in pure oxygen under the conditions described by SpitL 
No evidence of any change in internal structure has been observed when this 
etching technique is used. The extent of suitably oriented diffracting areas 
is consistent with the single crystal nature of the platelets observed optically 
(Figure 2). 

Uniformly extinguishing platelets similar to those shown in Figures 1 and 
2 have been found in nylon 5.5, nylon 6.6, nylon 8 and nylon 10.10 and are 
under investigation. Results will be described in more detail later. 

Thanks are due to Pro[essor M. H. L. Pryce, F.R.S., H. H. Wills Physics 
Laboratories, University o[ Bristol, [or kindly providing electron microscope 
[acilities. 

J. H. MAGILL* 
British Nylon Spinners Ltd, P . H .  HARRIS 

Research Department, 
Pontypool, Mon. (Received October 1961) 

*Present address of J. H. M. : Mellon Institute, 4400 Fifth Ave., Pittsburgh 13, Pa, 
U.S.A. 
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The K&etics of the Polycondensation of 
12-Hydroxystearic Acid 

C. E. H. BAWN and M. B. HUGLIN 

The polycondensation of 12-hydroxystearic acid, catalysed by p-toluene- 
sulphonic acid, obeys simple second order kinetics for about 85 per cent 
of the reaction. Thereafter a tailing-off in degree of polymerization obtains. 
The constants K v and ~ in the Staudinger viscosity~molecular weight rela- 

tionship are derived for poly 12-hydroxystearates. 

THE mechanism of condensation polymerization between dibasic acids 
HOOC.[CH,],,.COOH and dihydric alcohols HO.[CH2],.OH as well as 
that of hydroxyacids HOOC.[CH2],.OH is well established, although a 
complete kinetic analysis of the latter type of reaction has not yet been 
reported. For all such reactions the degree of polymerization varies with 
time in accord with equation (1). 

1/(1 -p)=~/CoKt+ 1 (1) 

in which p denotes the extent of reaction, 1 / (1-p)  is the degree of poly- 
merization, K is the specific velocity constant, Co is the initial concentration 
of functional groups, 7 is the concentration of acid catalyst, and t is the 
time of reaction. 

For the reaction between adipic acid and diethylene glycol, Flory 1 has 
shown, that equation (1) is obeyed except for the initial stage of reaction. 
More recently Pope and Williams ~ have corroborated this on the same 
system. The purposes of the present study were twofold: first, to re- 
investigate the early stages of reaction on a new system and secondly, to 
utilize a branched hydroxy acid in order to observe any steric effect of 
the side chain on the kinetic behaviour. 12-Hydroxystearic acid was used 
as monomer and the reaction, which was performed in the melt to prevent 
any ring formation, can be represented thus 

nHO.CH(C~HI~).[CH~]~0.COOH > 
H--{---O.CH(CtHls).[CH2]~0.COO },,---OH+ ( n -  1)H20 

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

Materials 
The monomer was crystallized five times from ethanol. Removal of 

stearic acid was effected by repeated refluxing with petroleum ether in 
which this impurity is soluble. Three crystallizations from ethylacetate 
yielded the monomer of m.pt 81 "0°C. The catalyst, p-toluenesulphonic acid 
of B.D.H. 'micro-analytieal reagent' grade, was used without further 
purification and was stored as a solution in AR chloroform. 
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A P P A R A T U S  A N D  M E T H O D  

3 to 4 g of monomer were weighed out in pellet form for convenience of 
handling. The volume of catalyst solution necessary for the requisite value 
of 3' was pipetted into the round-bottomed reaction vessel and the solvent 
was pumped off. After addition of the monomer the vessel was placed in 
the thermostat and opened to a vacuum system (10-2mm). Boiling 
n-butanol, chlorobenzene, bromoform and cyclohexanol afforded tempera- 
tures in the thermostat of 116.6, 133-5, 152'5 and 160-5°C respectively. 
constant to + 0" 1 °. At convenient intervals of time the reaction vessel was 
isolated from the pumping line and dry air was admitted. The molten 
polymer was stirred, a sample withdrawn into a tared flask, and quickly 
chilled to quench the reaction. After the aliquots had attained room tem- 
perature in a desiccator, they were weighed, dissolved in chloroform and 
titrated against alcoholic sodium hydroxide solution, using phenolphthalein 
as indicator. Where necessary, neutralized ethanol was added to homogenize 
the solutions during titration. The degree of polymerization was calculated 
from ~ 

1/(1 - p ) = ( w -  18t)/[(S+ 1907) t-Tw] (2) 

in which w is the weight of sample in grammes, t is the titre in moles of 
caustic soda, S is the molecular weight of one segment = 282, and 

moles of p-toluenesulphonic acid monohydrate 
3' = total moles of segments 

Kinetics 
In Figure 1 the degree of polymerization is plotted against time for a 

fourfold range in 3, at 160"5°C. Equation (1) is obeyed from p = 0  to about 
p - 8 5  per cent reaction. Thereafter the chain length fails to increase at 

11 -  

lib - 

1 I 
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Figure /--Variation of 
degree of polymerization 

with time at 160-5 ° : 
(a) 7=0'02, (b) v=0'015, 
(c) ~,=0.01, (d) v=0"0075, 

(e) v=0-005 



KINETICS OF THE POLYCONDENSATION OF 12-HYDROXYSTEARIC ACID 

the same uniform rate. Similar behaviour is exhibited in Figure 2 in which 
the course of the reaction at constant 3' of 0-01 is shown at different 
temperatures. For  any particular constant time of reaction, a plot of the 
corresponding value of 1 / ( 1 - p )  versus 3' (equation 1) is linear and the 
direct dependence of rate on catalyst concentration is thus confirmed. 

In Figures 1 and 2 the commencement of curvature appears to be related 
to the extent of reaction solely. 3' and T are significant only insofar as they 
affect the time taken to reach this point. This phenomenon has already 
been noted by Davies 4 in an acid-catalysed esterification and by Flory ~ 

B/ 

11 

..,, ' ,/ I 
e / e  ' /  / ~ b  Regenerated / 

reaction ( B )-----/~ / F i g u r e 2 - - V a r i a t i o n o f d e g r e e ~  / , , ' ~ , , f  
of polymerization with time at 
~,=0"01: (a) T=160-5 ° , (b) 
T=152"5°'  (c) T ----13 3 " 5 ° ' = l16 . 6 o / / ~  

1 
0 1 2 3 4 

Time h 

and Ivanoff 6 in polyesterifications, and was attributed to consumption of 
the catalyst. Assuming this to be a feasible explanation in this case a test 
was made by carrying out a reaction at 152-5°C with 7=0"01 until the start 
of curvature on the 1 / ( l - p )  versus t plot, when the reaction was 
quenched by chilling. After removal of unused catalyst (vide section on 
viscosity) and addition of fresh catalyst at the same initial concentration, 
the regenerated polycondensation proceeded linearly at a rather higher 
rate and its course was observed up to 95 per cent reaction, corresponding 
to 1 / (1 - p) of 20 (Figure 2 B). 

Tables 1 and 2 give the dependence of K 1 on catalyst and temperature. 
The mean value of K at 160-5" is 6"32 x 10 -3 mole-eP  sec-L An overall 
energy of activation of l l ' 4 5 k c a l m o l e  -~ and a pre-exponential factor 
A = kT /h  exp (S/R) of 3-65 x 10 -8 sec -~ are found. 

V I S C O S I T Y  OF P O L Y M E R  S O L U T I O N S  

Polymers of molecular weights M~ were obtained by withdrawing samples 
at different intervals of time from a reaction at 160-5 °, with C, , .  -- 0-0354 
mole 1-1. They were dissolved in chloroform, shaken with ice-cold water to 
remove the catalyst and the chloroform layers were dried with magnesium 

259 



C.  E.  H .  B A W N  a n d  M .  B. H U G L I N  

Table / - -Spec i f i c  v e l o c i t y  c o n s t a n t s  K a t  1 6 0 " 5 ° C  f o r  d i f f e r e n t  c a t a l y s t  c o n c e n t r a t i o n s  
C * C&t. 

K t =KCoC~t.;  C o =  1 0 0 0 / 2 8 2  m o l e  l - t ;  C ~ t . =  1 0 0 0  ~, /282 m o l e  1-1  

102C~t .  m o l e  1 - t  1 0 a K  1 s e e - 1  1 0 3 K  m o l e  --° I z s ec -Z  

1-77 3-75  5"96  
2-65  5-83  6"20  
3 -54  8"17  6"50  
5"31 12"1 6"42  
7 -08  16"4 6-53  

*Whilst it is convenient to have used 3' as defined in equation (2) for the calculation of 1/(l-p) trom 
experimentally measured quantities, the catalyst concentration Cca t is in units of mole l -a, where C..at" is 

siravly I 000-//282. C O and K will also involve these standard units. Flory's work on the negligible 
departure of the density of molten polyesters from unity when the chain length, and temperature (in 
this region) are altered justifies the use of the molarities instead of molalities, although the weights and not 
volumes are actually measured. 

Table 2. Spec i f i c  v e l o c i t y  c o n s t a n t s  K a t  c o n s t a n t  c a t a l y s t  c o n c e n t r a t i o n  
C o a t . = 0 " 0 3 5 4  m o l e  1 - t  f o r  d i f f e r e n t  t e m p e r a t u r e s  T 

K 1 = K C o C ~ . = K ×  1 0 0 0 / 2 8 2  × 0 " 0 3 5 4  

116 .6  ° 
133"5 
152"5 
160"5 

1 0 4 K  t s e c -  t 

1 "80 
3 .28  
6"17  
~ 1 7  

1 0 a K  m o l e  - 2  12 $eC-Z 

1 "44 
2"61 
4 ' 9 1  
6"50  

sulphate. The solvent was removed by gentle heating under vacuum. 
Viscosities in the concentration range 0"1 to 1-0 g/100 ml solution were 
measured in chloroform at 25 ° ___ 0-02°C. The values of Ms were determined 
then by titration of these solutions against alcoholic sodium hydroxide. 

Mn=282 x 1/(1 - p )  + 18 

For the relatively small range of Mr studied, the viscosities of the 
solutions, including that of the monomer, follow the relation 

['7] = KvM~ + I,, 

in which o=1,  K,=0.41 x 10-4dlg -1 and h = 0 " 0 3 2 d l g  -1. These values of 
Kv and I~ are of the same order as those reported for other polyesters ~-9. 

N A T U R E  O F  P O L Y M E R  

The following evidence supports the conclusion that the reaction product 
consists entirely of open-chain polyesters and not ring compounds: (a) the 
viscosity exponent ~ = 1, which is typical for polyester solutions; (b) absence 
of any volatile product (e.g. lactone) other than water in the cold trap; 
(c) determination of the number of hydroxyl and carboxyl groups in a 
polymer sample by acetylation for the former and direct titration for the 
latter yielded 0.308 × 10 -2 and 0-304 x 10 -3 groups per gramme respectively. 
Further a reaction in the melt favours intermolecular reaction and not 
intramolecular condensation, which can occur in dilute solution. A lactone 
of the size required would, in any case, be most unstable. 
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Figure 3--Dependence of 
intrinsic viscosity on mole- 
cular weight for poly 12- 
hydroxystearates in chloro- 

form at 25°C 

0-20 

"o 0"15 

~'o.io 

005 

I I I 

0 I 2 3 /4 

10 -3 M. 
The polymers are very viscous colourless compounds, the amorphous 

nature of which is attributed to the n-hexyl group attached to each segment. 
T h e  random presence of these groups on either side of the polyester back- 
bone chain prevents parallel alignment for crystallinity. Comparable com- 
pounds without any branching, e.g. poly 11-hydroxyundecanoates even of 
low molecular weight have considerable crystallinity. 

D I S C U S S I O , N  
It seems reasonable to assume that the failure of the kinetics to obey 
equation (1) in the later stages of reaction is caused by participation of 
the catalyst in the esterifieation. Since, to obtain convenient reaction times, 
the values of C~t. were some two to three times greater than those normally 
employed, the effective concentrations of --SO3H, --CO~H and ---OH 
become comparable towards the end of reaction. Hence, at this point, the 
p-toluenesulphonic acid is tantamount to a monofunctional impurity. 

More fundamentally, the accurate adherence of the kinetics to the 
equation 1 / ( 1 - p ) = K C o C ~ J +  1 over the early stages of reaction does not 
accord with the findings of Flory and others. His postulate, that the changes 
in kinetics are due to the pronounced changes in the characteristics of the 
medium in this region, is untenable in this particular reaction and cannot 
be universally true. 

It  is of interest to compare the kinetic data with some published ones. 
All values of K have been interpolated to 100 °" In this work Kl00O, activation 
energy E, pre-exponential factor A=kT/hexp(S/R) and entropy of 
activation S are respectively 7-3 x 10 -4 mole -2 P sec -1, 11"45 keal mole-% 
365  x 10-* sec -1 and -42 -8  cal mole -1 deg-L Corresponding values for 
the unbranched system adipic acid-diethylene glycol are 293 × 10 -a, 11"15, 
97.4 x 10 -~ and -36 '2 .  E is therefore sensibly constant, the decrease in 
K~o0. for the branched system being reflected in A and may be attributed 
to the larger negative value of S which increases the free energy of activation. 

Department of Inorganic, Physical and Industrial Chemistry, 
University of Liverpool 

(Received February 1962) 
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Thermodynamic Functions of Linear 
High Polymers 

P a r t  I - - P o l y o x y m e t h y l e n e  

F. S. DAINXO~, D. M. EVANS, F. E. HOARE and T. P. MELIA 

An adiabatic, vacuum calorimeter has been used to determine the heat capacity 
o] two samples of polyoxymethylene (prepared by different routes) in the 
temperature range 20 ° to 300°K. Entropy and enthalpy values have been 
derived for the two polymers and are listed at ten degree intervals. The 
entropy of polymerization, AS° has been calculated as -41"8+0"2 cal. 
deg. -1 per CH20 unit whereas that obtained Jrom equilibrium pressure 
measurements of  gaseous formaldehyde over solid polyoxymethylene is --30"7 
cal. deg.-  1 per CH20 unit. Possible reasons Jor this discrepancy are examined 

and suggestions are made for further work to resolve it. 

VALUES of the heat capacity of linear high polymers over a temperature 
range extending from room temperatur e down to as close to absolute zero 
as may be attained have considerable topical interest. In the first place they 
may serve to indicate the temperature regions of second order transitions. 
Secondly, in certain cases, polymers can now be made with varying degrees 
of ctystallinity and therefore some estimate might become possible of the 
relation between residual entropy and crystallinity and hence, subsequently, 
heat capacity data might be used to indicate configurational or other changes 
induced by mechanical working or other polymer treatments. Thirdly, non- 
calorimetric methods based on the Second Law, such as 'ceiling temperature 
studies', have become increasingly available x (The reference list follows 
Part VIII.) and the standard entropies of many monomers are either known 
or readily calculable so that a comparison of the Second Law entropy of 
polymerization with the Third Law value becomes possible. 

Some years ago we decided to construct an adiabatic, vacuum calorimeter 
for measurement of heat capacities in the range 20 ° to 300°K and much 
preliminary work was carried out by T. R. E. Devlin and D. R. Hulbert 
whose help we gratefully acknowledge. In this series of papers we describe 
the data concerning the heat capacities of some linear high polymers 
obtained with this calorimeter and the values of certain derived thermo- 
dynamic functions. In this paper we are concerned with polyoxymethylene 
which can be made by the polymerization of either formaldehyde (H.CHO) 
or its cyclic trimer (C3H~Os) and which is thought to be a simple unbranched 
polymer in which the repeat unit is ---CH2~O---. 

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

The calorimeter is of the adiabatic, vacuum type closely resembling that 
of Scott et al. 2. Temperature measurements were made with a platinum 
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resistance thermometer (R0=92ohms) calibrated above 90°K at fixed 
points on the International Temperature ScaleL Below 90°K the thermo- 
meter was calibrated at numerous temperatures against a thermometer C3 
kindly lent to us by Dr L. A. K. Staveley, which had been calibrated 
against one owned by Dr J. G. Aston of Pennsylvania State University. 

Heat capacity measurements 
Before sealing the calorimeter each sample was degassed for two days 

to remove air and moisture. A small quantity of helium gas, sufficient to 
give a pressure of 100 mm of mercury at room temperature, was sealed in 
the calorimeter and served to accelerate thermal equilibration during the 
experiments. Heat capacity measurements were made over the range 20* to 
300°K, the temperature increments being varied from 2 ° at the lowest 
temperatures to about 12 ° at room temperature. The rate of temperature 
rise was varied from 0"2 ° to 2 ° per minute. This did not appear to affect 
the heat capacity value. At the end of a heating period the temperature 
was generally recorded six to seven minutes after the calorimeter heater 
had been switched off (this being the time taken by simple compounds 
such as benzoic acid to reach temperature equilibrium). Although this 
procedure will lead to a decrease in the precision of the measurements over 
the temperature ranges in which temperature drifts occur, the general nature 
of the heat capacity curve is believed to be preserved. Except in the region 
of the glass transition temperature, curvature corrections ~ were negligible. 

Reliability of the heat capacity measurements 
To assess the accuracy of the experimental method measurements were 

made on a sample of thermochemically pure benzoic acid (B.D.H.). The 
heat capacity of this substance has been accurately measured by Furukawa, 
McCoskey and King~. Over most of the temperature range from 20 ° to 
300°K the difference between our smoothed values and those of Furukawa 
et al. did not exceed 0'3 per cent. Between 273* and 300°K our values 
were about 05  per cent larger than theirs. This increased discrepancy may 
be associated with the slight deterioration in the vacuum which occurred 
at temperatures above 273 °K. 

Materials 
A commercial research sample of Delrin, coded B--5622, was kindly 

given by E. I. Du Pont de Nemours, U.S.A. It is a thermally stable, high 
molecular weight polyoxymethylene (DP= 1 500) thermally stabilized by 
ester groups. More detailed information concerning polymers of this type 
can be found in refs. 6 to 11. The sample was used in the form of small, 
cylindrical pellets about 2mm ~ (as supplied). The weight of the sample 
used was 46.032 g. 

Trioxan copolymer was a stabilized commercial sample prepared by the 
polymerization of trioxan and was in the form of a fine powder. The 
weight of sample used was 22.198 g. 
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R E S U L T S  

The observed values of the heat capacity (shown in Figures 1 and 2) were 
smoothed graphically and the smoothed values, together with the derived 
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Figure/--Observed h e a t  capac i t i e s  o f  D e l r i n  
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Figure 2---Observed heat capacities of trioxan 
c o p o l y m e r  

values of the entropy and enthalpy, are given in Tables 1 and 2. For both 
samples the heat capacity values below 22°K were obtained by fitting a 
Debye function of the form 

C=AfD (O•/T)* 
where C is the heat capacity, and A and 0.  are constants for each polymer, 
to the data at 22 °, 24 ° and 26°K. This function which can be evaluated 
from the tables of Debye functions prepared by Beattie1% was then used 

~This equation has no significance except for the extrapolation of heat capacity data. 
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Table 1. Smoothed values of the heat capacity, enthalpy and entropy of Delrin 

Temp. C n°r - H°o SOT -- S o 
°K (abs.d.deg.- lg-1) (abs.J.g -1) (abs.J.deg.- a g -1) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
30O 

0 
0.0120 
0-0806 
0.1783 
0.2608 
0.3310 
0.3902 
0.4393 
0.4810 
0.5208 
0.5558 
0.5882 
0.6197 
0.6530 
0.6892 
0.7227 
0-7547 
0-7891 
0.8325 
0.8856 
0.9598 
1.025 
1.069 

1-112 
1.156 
1-199 
1-242 
1.285 
1-330 
1-377 
1.425 

0 
0.0372 
0.4434 
1.748 
3.942 
6.909 

10-52 
14-68 
19-29 
24-30 
29-69 
35-41 
41-45 
47.81 
54.52 
60.98 
68-97 
76.69 
84-79 
93"36 

102"6 
112-5 
123"0 
133-9 
143-6 
157-0 
169.2 
181-9 
194-9 
208"5 
222"5 

0 
0.0045 
0.0300 
0.0810 
0.1439 
0.2097 
0-2755 
0-3394 
0-4009 
0-4599 
0.5167 
0.5712 
0.6237 
0.6746 
0-7243 
0-7730 
0-8207 
0-8674 
0-9137 
0.9601 
1.007 
1-056 
1.104 
1.153 
1.201 
1.249 
1.297 
1.345 
1.392 
1-440 
1.487 

to evalua te  the heat  capaci ty  at  lower temperatures .  The  values assigned 
to A and 0,  are  shown in T a b l e  3. 

DISCUSSION 

Figure I shows a pronounced change in the slope of the C/T curve in the 
190°K region. This is probably related to the much more pronounced break 
in the heat capacity curves observed with rubber 's, polybutadiene 14 and 
other  po lymers  in the  t empera tu re  range of  the glass transi t ion.  Fu r the r  
evidence in favour  of  this in terpre ta t ion is p rovided  by  bri t t le poin t  s and  
internal  fr ict ion s measurements  which indicate  the  presence of  a glass 
t ransi t ion in this region. 

Ra the r  surpr is ingly F i g u r e  2 which relates to  the  t r ioxan  copo lymer  
shows no  evidence for  the existence of a glass t ransi t ion in the  200OK region. 
Since the glass t ransi t ion in semicrystal l ine po lymers  is character is t ic  of  
the amorphous  phase  we are  led to the  conclusion that  the  po lyoxymethy lene  
formed from t r ioxan has a higher degree  of  crystal l ini ty than Delr in.  This  
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Table 2. Smoothed values of the heat capacity, enthalpy and entropy of trioxan co- 
mlymer 

Temp. C H °  - H,  ° S° - S° 
°K (abs.J.deg.- *g- 1) (abs.J.g- 1) (abs.J.deg.- lg- 1) 

0 
10 
20 
30 
40 
5O 
6O 
7O 
8O 
9O 

100 
llO 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 

0 
0-0134 
0.0847 
0.1749 
0.2601 
0.3320 
0.3890 
0.4334 
0.4723 
0-5105 
0.5461 
0.5809 
0-6152 
0-6483 
0-6815 
0"7139 
0"7472 
0-7805 
0-8141 
0"8493 
0"8846 
0"9230 
0"9629 
1"005 
1"049 
1"094 
1-144 
1-196 
1"250 
1"308 
1"369 

0 
0.0348 
0.4827 
1.794 
3-964 

6-948 
10-55 
14-67 
19-20 
24.12 
29-40 
35-04 
41.02 
47-33 
53.98 
60.96 
68.26 
75.90 
83.87 
92.19 

100.9 
109.9 
119.3 
129.2 
139.4 
150.1 
161.3 
173.0 
185.2 
198-0 
211.4 

0 
0-0047 
0-0327 
0.0842 
0.1463 
0.2123 
0.2780 
0.3414 
0.4019 
0.4597 
0.5153 
0.5690 
0.6211 
0.6716 
0.7209 
0.7690 
0.8161 
0-8624 
0.9080 
0-9529 
0-9974 
1.041 
1.085 
1-129 
1-173 
1.216 
1-260 
1-304 
1.349 
1.394 
1.439 

in te rpre ta t ion  is suppor ted  by  the internal  fr ict ion measurements  of  M c C r u m  
and Sinnot  (see ref. 6) on po lyoxymethylenes  of differing degrees of  
crystal l ini ty.  They  observed a p ronounced  lowering of the 'glass peak '  as  
the crystal l ini ty  of  the  po lymer  was increased f rom 65 to 80 per  cent. 

The  values ob ta ined  for  the ent ropies  of the  two semicrystal l ine,  solid 
po lymers  at  25"C are  10'61 (Delrin) and  10'27 ( t r ioxan copolymer)  
cal. deg. -1 pe r  C H 2 0  unit.  T h e  en t ropy  of po lymer iza t ion  AS,°~, can be 
ob ta ined  by  subt rac t ing  the en t ropy  of  the  gaseous monome r  at  25°C 15 
{52.26cal .  d e g . - '  m o l e - ' )  f rom the en t ropy  of  the solid p o l y m e r  at  the 
same tempera ture .  The  values ob ta ined  a re  - 4 1 - 6 5  (Delrin) and - 4 1 - 9 9  

Table 3 

Sample 

Delrin 
Trioxan copolymer O" 370 

~D 

140 
129 
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(trioxan copolymer)cal,  deg. -x per CH~O unit. There is a serious 
discrepancy between these values and that of -30"66 cal. deg. -' per CH~O 
unit obtained from equilibrium pressure measurements by Dainton, Ivin 
and Walmsley ~. The entropy of the solid polymer based on the Dainton, 
Ivin and Walmsley value is 21-60cal. deg. -1 per CH~O unit. 

In an attempt to decide which of these two values for ASo°,, is correct 
a number of semi-empircal methods have been used to estimate this 
quantity. The methods employed are discussed below. 

Comparison of the heat capacity and Third Law entropy of a number 
of polymers at 25°C (Table 4) shows that they are almost equal. On this 
basis and taking C (25°C) as determined either by us or by Dainton, Ivin 
and Walmsley ~ the entropy of the solid polymer is clearly more likely to 
be the calorimetric than the equilibrium pressure value. 

Table4. Comparison ofheatcapacity and entropy at 25°C 

c~.,8 s~ ,  s 
Polymer (cal.deg._Zg_z) (cal.deg._Zg_Z) 

Polystyrene 
Buta-l,3-diene 
Natural rubber 
Butadiene-styrene copolymer 
Hycar. O.R. rubber 
Polyethylene (79 ~o crystalline) 
Polyoxymethylene (Delrin) 

(Trioxan copolymer) 
Polypropylene 
Propene polysulphone 
But-l-ene polysulphone 
Hex-l-ene polysulphone 
Penton 

0-293 
0.467 
0.450 
0"462 
0"471 
0.443 
0"338 
0"326 
0"441 
0"277 
0.292 
0.338 
0"276 

0.310 
o- 488 
o- 452 
0.470 
0.417 
0-418 
0-353 
0.342 
0.398 
0-303 
0.310 
0-356 
0.293 

1.06 
1.04 
1-00 
1.02 
0.88 
0.94 
1.04 
1.05 
0.90 
1.09 
1-06 
1-05 
1-06 

Dainton and Ivin 1 have analysed AS°~ in terms of the component entropy 
changes, translational, internal and external rotational, and vibrational. 
For  simple monomers, e.g. ethylen e, S°r, S °, Si ° and S O may be calculated 

o 0 o 0 from standard formulae. For  polymers it is found that S~ +Sir >~ S,,+ Sr 
regardless of molecular shape, therefore S°r + S O may be neglected. Calcu- 
lations for ethylene, isobutene and styrene 1 show that on polymerization 
the loss of external rotational entropy mainly balances the gain in vibrational 
and internal rotational entropy so that - A S ° ,  has a value quite close to 
the translational entropy of the monomer. 

For gaseous formaldehyde at 25°C the translational entropy ~r is 36-13 
cal. deg. -1 mole -x and -ASpca is probably close to this. The value in which 
we are interested is ASCot,; the two values are related by the equation 

ZXS."~. - ~ , ~ , ,  - ,~S 'o  - , ~ $ I  

where AS1 and AS~ represent the entropies of fusion and vaporization 
respectively. For  polythene 1 AxS~+ASl=7cal. deg. -~ per C~H, unit, and 
assuming the sum of the two entropy changes is the same for polyoxy- 
methylene we obtain a value of - 43 .1  cal. deg. -1 per CH~O unit for AS~c,, 
again in good agreement with the calorimetric value. 
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We have also measured the heat capacity of low-pressure semicrystalline 
polythene in the range 20 ° to 300°K 18. The value obtained for the entropy 
of solid polythene at 25°C is l l '80cal,  deg. -1 per CzH, unit. For the 
replacement of CI-I~ by O, SmalP 9 has compared the entropies of ten ethers, 
esters, aldehydes and ketones, for which reliable data exist, with those of 
the parent hydrocarbon. He finds that in general the entropy of the parent 
hydrocarbon exceeds that of the corresponding oxygen-containing com- 
pound by approximately 1 cal. deg. -~ mole-L If we regard polythene as the 
parent hydrocarbon from which polyoxymethylene is derived, a value of 
10"8cal. deg. -1 per CHzO unit is predicted for the entropy of the solid 
polymer at 25°C. 

The above considerations lead us to the conclusion that the value obtained 
for AS%. by combining the Third Law entropy of the polymer with the 
spectroscopic entropy of the monomer is essentially correct, whilst that 
obtained from the equilibrium pressure measurements is not. 

Several possible explanations of the discrepancy can be suggested: 
(1) The vapour phase in equilibrium with the solid polyoxymethylene 

does not consist of just monomeric formaldehyde but a complex mixture 
of polymers of low molecular weight, e.g. dimer, trimer, etc. and water. 
Some preliminary mass spectrometric investigations of the vapour phase 
over solid polymers, by Lauder ~°, indicate the presence of molecules of 
mass number up to 90 in the vapour phase. In addition, vapour density 
measurements on formaldehyde vapour at 135°C ~ give values at least 
ten per cent higher than the ideal value for CH20, i.e. 30. Both these 
experiments indicate that the vapour phase in equilibrium with polyoxy- 
methylene is not so simple and straightforward as Dainton, Ivin and 
Walmsley and many other investigators have supposed it to be. 

(2) The vapour phase may contain a considerable amount of water due 
to the high reversibility of the first step of the reaction scheme shown 
below: 

CH20+ HsO ~ CH2(OH)~ (1) 

HO.CH2.OH + CH20 ~ ~ HO.CH2.O.CH~.OH etc. (2) 

This interpretation has been used by Iliceto and Bezzi ~2 to explain their 
data on the equilibrium pressure of formaldehyde and water over aqueous 
solutions of formaldehyde. A formally similar problem has been treated by 
Tobolsky and Eisenberg 23. This concerns the polymerization of caprolactam 
(M) in the presence of initiator (X). Tobolsky and Eisenberg are able to 
interpret existing data for this polymerization in terms of the equilibria (3) 
and (4): 

X + M ,. " X M  (3) 

X M , ,  + M .. "~ XM,,+~ 1 ~ n ~ oo (4) 

They attribute the high concentration of free initiator in the system at 
equilibrium to the high reversibility of the first step (3) in comparison with 
subsequent steps. The absence of peaks at or around mass number 18 in 
the mass spectrometric scan of the vapour phase by Lauder contradicts the 
above explanation. 
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(3) A first order transition may occur between 25°C, the temperature 
of the calorimetric value, and 80°C, the mean temperature of the equili- 
brium measurements. Such a transition would have to involve an improbably 
large entropy change to account for the major  part of the discrepancy. 
However, it is worth noting that internal friction 6, dynamic mechanical 24 
and dielectric loss 24 measurements all indicate the occurrence of a crystal 
disordering process in this temperature range. 

Further work is obviously needed to resolve the discrepancy which the 
present work has revealed. In particular the equilibrium pressure measure- 
ments should be repeated with the aid of some instrument such as the mass 
spectrometer thereby allowing the composition as well as the pressure of 
the gaseous phase to be measured at a particular temperature. In addition, 
in view of the greater accuracy now demanded of thermochemical data, 
the heat of formation of formaldehyde should be re-determined. 
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The heat capacity of 3,3-bis(chloromethyl)oxacyclobutane and its polymer 
have been measured in the temperature range 20 a to 310°K. Entropy and 
enthalpy values have been derived for the monomer and polymer and are listed 
at ten degree intervals. The melting o/ 3,3-bis(chloromethyl)oxacyclobutane 
has also been studied under equilibrium conditions and values for the heat and 
entropy o/fusion, the purity, and the melting temperature have been determined. 
The glass transition temperature of the polymer was found to be 278°K, the 
melting point of the monomer is 19°C and at 25°C AS~c=19"85+_0"24 cal. 
deg. '~ mole - i ,  S O (monomer)=65"25+0"12 and S o (polymer)=45"40+O'12 

cal. deg. - 1 mole- 1. 

CONSIDERABLE interest and importance are attached to the effects of 
"monomer structure on heats and entropies of polymerization ~. 3,3-Bis 
(chioromethyl)oxacyclobutane is a readily polymerizable cyclic ether form- 
ing a semicrystalline polymer 2~. 

The present work was undertaken with three aims: (I) to determine the 
Third Law entropy of polymerization from heat capacity measurements on 
the monomer and polymer, and to use this value in conjunction with the 
measured heat of polymerization 2e to evaluate the free energy of polymeriza- 
tion, (2) to study the glass transition which occurs in the polymer and 
compare the value obtained for the glass transition temperature (To) with 
that obtained by other methods 27, (3) to measure the heat and entropy of 
fusion of the monomer. 

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

H e a t  capaci ty  m e a s u r e m e n t s  

The apparatus and method used were the same as those described 
previously 28. 

Mater ia l s  

Both monomer and pol~cmer used in the present work were given by I.C.I. 
(Plastics Division). The monomer had the following physical properties: 
melting point 18.9°C; ~ 1-2951; n ~ 1-4858. The weight of sample used 
was 64"655 g. 

The polymer (trade name 'Penton'), made lay the Hercules Powder Co., 
U.S.A. was used as supplied in the form of small pellets about 3 mm 3. The 
weight of sample used was 42.361 g. 

R E S U L T S  

"[he observed values of the heat capacity are plotted against temperature in 
Figures  3 and 4. The smoothed values of the heat capacity together with the 
derived entropy and enthalpy values are recorded in Tab le s  5 and 6. T h e  
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extrapolated values of the heat capacity below 22°K were obtained by the 
method described previously 28. 
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Figure 3--Observed heat capacities of 3,3-bis- 
(chloromethy})oxacyclobutane 
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Figure 4---Observed heat capacities of Penton 
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Table 5. Smoothed values of the heat capacity, enthalpy and entropy of 3,3-bis(chloro- 
methyl)oxacyclobutane 

0 o Temp. C S°~ -" SO H r -- H o 
°K (abs.d.deg.-lg-1) (abs.J.deg.-lg -1) (abs.J.g -1) 

0 
10 
20 
30 
4O 

50 
60 
7O 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 
20O 
210 
220 
230 
240 
250 

260 
270 
280 
290 

300 
310 

0 
0-0160 
0-0975 
0-1910 
0-2691 
0.3351 
0.3876 
0.4307 
0.4695 
0"5069 
0.5415 
0-5722 
0-6010 
0-6292 
0"6558 
0-6825 
0-7090 
0"7356 
0.7628 
0-7906 
0"8174 
0"8461 
O'8758 
0"9085 
0-9446 
0"9858 

0 
0.0054 
0.0382 
0.0960 
0-1619 
0.2294 
0.2953 
0.3584 
0.4182 
0.4759 
0-5312 
0.5842 
0.6353 
0-6845 
0-7321 
0.7783 
0.8232 
0-8669 
0.9098 
0.9517 
0.9930 
1-034 
1-074 
1-113 
1-153 
1-192 

Extrapolated data for solid 

1-027 1.232 
1"066 1.271 
1-106 1-311 
1"145 1.350 

Liquid 

1-411 1.770 
1.435 1.816 

0 
0.0412 
0-5639 
2.033 
4.331 
7-362 

10-99 
15-09 
19-59 
24.47 
29.72 
35.29 
41"15 
47-31 
53-73 
60.43 
67-38 
74-60 
82-10 
89.86 
97.91 

106"2 
114.8 
123-8 
133-0 
142-7 

152"7 
163"2 
174.1 
185"3 

308.1 
322-3 

sol id  f rom 250°K to the mel t ing point .  F o r  this  pu rpose  the  gross hea t  
capac i ty  of  the  monomer ,  ca lcu la ted  by  means  of the  equa t ion  

C = ( C , - C d + E ) / ( M , - M , )  

where  C,  is the  gross  hea t  capac i ty  of  the ca lor imete r  plus  sample ,  Cc is the  
hea t  capac i ty  of  the  e m p t y  ca lor imeter ,  M ,  and  Mo a re  the  weights  respec-  
t ively of the ca lor imete r  ful l  and  empty ,  and  E is a smal l  cor rec t ion  t e rm for  
the  different weights  of  grease  a n d  W o o d ' s  me ta l  used  in the two sets of 
measurements ,  should  be  conver ted  to the  quan t i ty  C,~t., in o rder  to  a l low 
for  the  fact  tha t  the  gross  hea t  capaci ty ,  C,  includes some hea t  of 
vapor iza t ion .  This  cor rec t ion  can  be  c a r d e d  ou t  by  means  of  the  equa t ion  ~g 

c ~ . = c -  ~d-T (V-Mvo)~ 
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Table 6. Smoothed values of the heat capacity, enthalpy and entropy of Penton 

Temp. C T ° -- S o H°r -- H g 
°K (abs.J.deg.-lg-1) (abs.J.deg.-lg -1) (abs.J.g-1) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 

0 
0-0206 
0-1016 
0.1718 
0.2273 
0.2756 
0.3194 
0.3589 
0.3960 
0.4309 
0"4643 
0"4961 
0'5261 
0"5542 
0"5810 
0"6063 
0-6317 
0"6562 
0.6818 
0"7070 
0"7342 
0'7602 
0"7863 
0"8133 
0"8359 
0.8608 
0.8866 
0"9347 
1.037 
1"115 
1.160 
1.182 

0 
0-0078 
0-0448 
0-1001 
0.1573 
0"2132 
0.2674 
0"3196 
0.3700 
0-4187 
0.4656 
0-5116 
0"5561 
0"5993 
0"6414 
0.6823 
0.7223 
0-7613 
0" 7995 
0" 8370 
0.8740 
0"9104 
0' 9464 
0.9820 
1 "017 
1.052 
1 "086 
1.120 
1"156 
1.194 
1-232 
1 "271 

0 
0-0641 
0.6445 
2.042 
4.034 
6.561 
9.528 

12-92 
16.70 
20"83 
25-31 
30-12 
35'23 
40.63 
46.31 
52.25 
58.44 
64-88 
71 "57 
78.51 
85.72 
93" 19 

100.9 
108 "9 
117-2 
125.6 
134.4 
143 "5 
153.3 
164-1 
175-5 
187.2 

where Cat.  is the hea t  capaci ty  of unit  mass  of condensed m o n o m e r  in 
equi l ib r ium with its own vapour ,  M is the mass  of the sample  conta ined  in 
the calor imeter ,  V is the to ta l  vo lume of the calor imeter ,  v~ is the  specific 
volume of the condensed phase  and  P is the vapour  pressure.  However ,  the 
last  term on the R H S  is negligiblo for the solid and  l iquid (just above  the 
melt ing point)  because  the  vapou r  pressure  is low. N o  a t t empt  has  been 
made,  therefore,  to app ly  this correct ion and we have assumed tha t  C,~t. = C .  

H e a t  o f  f u s i o n  o[  3 , 3 - b i s ( c h l o r o m e t h y l ) o x a c y c l o b u t a n e  

The  hea t  of fusion of the sample  was de te rmined  by  measur ing  the energy 
r equ i r ed  to hea t  the ca lor imeter  and  its contents  f rom a t empera tu re  be low 
the melt ing po in t  to a t empera tu re  above  it. The  ini t ia l  t empera ture  was 
chosen so as to be  be low the pre-mel t ing region.  The  hea t  of fusion was then 
ob ta ined  by  subst i tut ion of  the measured  quanti t ies  in the equat ion 

AH, = AQ1 -/XQ2 - /xa~  
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where /XHI is the heat of fusion of the mass of sample contained in the 
calorimeter, AQ1 is the total energy supplied to the calorimeter during the 
experiment, AQ2 is the energy required to heat the calorimeter and its solid 
contents from the initial temperature to the melting point, and AQ3 is the 
energy required to heat the calorimeter plus its liquid contents from the 
melting point to the final temperature. In computing AQ: the heat capacity 
data for the calorimeter plus solid contents were extrapolated from below 
the pre-melting region to the melting point. In this way the heat of pre- 
melting is included in the value obtained for the heat of fusion and errors 
due to pre-melting are avoided. 

The results of three determinations of the heat of fusion are as follows: 
109.22, 109"27,109-28 abs.J.g -1. Assigning a reasonable probable error the 
heat of fusion may be given as 109-3+0-3 abs.J.g -1. 

Purity o[ the sample and melting point of pure 3,3-bis(chloromethyl)- 
oxacyclobutane 

We have studied the melting of 3,3-bis(chloromethyl)oxacyclobutane 
under equilibrium conditions in order to determine its true melting tempera- 
ture and to assess its purity. The melting point of the pure sample was 
determined by the method used by Douslin and Huffmann 3° to measure the 
melting point of cyclopentene and some of its alkyl substitution products. 
In this method the temperatures corresponding to given fractions of material 
in the liquid form are observed (Table 7). The observed temperatures are 

Table 7 

%me#ed I/F 

36.22 2.761 
51"59 1"938 
66'99 1"493 
82.37 1.214 
97"76 1"023 

Tobs. °K 

291"897 
291"976 
292-030 
292-043 
292"064 

AT 

0-263 
0"184 
0"130 
0-117 
0"096 

N2 

0" 00629 
0"00440 
0"00311 
0 '  00280 
0" 00229 

Ntolal 

0" 00228 
0- 00227 
0- 00208 
0.00230 
0.00224 

Melting point of pure sample 292"16+0"05°K 
Impurity in sample 0"22 + 0'05 mole % 

N2 =0.0239 A T 

then plotted against 1 IF, where F is the fraction melted, and the graph is 
extrapolated to 1/F=O to obtain the melting point of the pure sample. The 
value obtained is 292" 16 + 0-05 °K. 

Mair, Glasgow and RossinP 1 have shown that if the impurity present in a 
sample is soluble in the liquid phase but insoluble in the solid phase the 
thermodynamic relation between the temperature of equilibrium and the 
impurity present in the liquid phase is (when N2 and AT are small) 

N2 = (AH~/RT 9 AT  = KAT  (5) 

where N~ denotes the mole fraction of impurity corresponding to a given 
fraction melted, T1 is the melting point of the pure substance in °K, AHI is 
the heat of fusion of the major component in the pure state, A T =  T~-T, 
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where T is the given equilibrium temperature, and K=AH1/RT~. The 
results of these calculations are shown in columns 5 and 6 of Table 7. The 
N~ values of column 5 are those calculated using equation (5) and represent 
the amount of impurity present in the liquid phase. The total impurity 
present, obtained from the relation 

Ntot~ = K A T  F 
is shown in column 6. 

D I S C U S S I O N  

The heat capacity versus temperature curve for Penton shows a pronounced 
upward sweep in the 260°K region. This is probably associated with the 
onset of the glass transition which has been located in this region by other 
methods. In the glass transition range persistent temperature drifts were 
obtained of about 0.0003 dcg. min -I, but no attempt was made to follow 
them to completion, since, experience on other polymers has shown ~2, they 
are likely to persist for days and even weeks. The glass temperature reported 
by Sandiford 2~ (280°K) is essentially the same as that (278°K) estimated 
from the present measurements, taking T, as the half-height of the upward 
sweep in the heat capacity versus temperature curve. 

The entropy change, k ~ ,  associated with the polymerization of I mole 
of liquid 3,3-bis(chloromethyl)oxacyclobutane to the solid polymer at 25°C 
is -19-85+0.24 cal. deg. -I mole -I. Substitution of this value and that 
obtained by Dainton, Ivin and Walmsley 26 for AH° c (-20"2_0"2kcal. 
mole -I) in the equation 

AGO = AH0c - TAS0 

leads to a value of -14"3+0"3 kcal. mole -1 for the free energy of poly- 
merization, AG~, at 25°C. This agrees quite well with the value of 

- 14 kcal. mole -1 estimated by Dainton, Devlin and Smalls s. ~9 for the free 
energy of polymerization of 1,1-dimethyl-substituted oxacyclobutanes. This 
indicates that the substitution of one hydrogen atont on each methyl group 
by a chlorine atom has very little effect on AGUe. 
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Heat capacity measurements have been made on two samples o[ low-pressure 
polythene in the temperature range 20 ° to 300~K and on a sample of high- 
pressure polythene in the range 90 ¢ to 300°K. The following values have been 
derived [or the entropies o[ the solid polymers at 25°C 

Low-pressure 11"8 +0"1 cal. deg.-Z per CzI-I~ unit 
High-pressure 12"4+_0"6cai. deg. -z per C2H~ unit 

and these in conjunction with published heat capacity data for low-pressure 
polythene and values [or the X-ray crystallinity of the two samples used lead 
to the value 11"0+0"1 cal. deg. -z per C2H~ unit [or the entropy o['100 per cent 

crystalline polythene at 25°C. 

POLYTHENE is a particularly suitable polymer for a thermodynamic 
investigation of the solid state because of the relative simplicity of its 
chemical constitution and the wide range of well characterized samples 
which are available. Although polythene from the high-pressure process is 
branched and of low crystallinity, new methods for synthesizing polythene 
at low pressures 3~ give products which are highly crystalline and approach 
crystalline .polymethylene in properties. This discovery, coupled with the 
more reliable methods now available of estimating the crystallinity of 
polymers, has opened up possibilities of reliable estimates of the thermo- 
dynamic properties of 100 per cent crystalline polythenes. In addition, low- 
pressure polythene provides a convenient starting point at which to begin 
our "investigations of the thermal properties of stereospecific, vinyl-type 
polymers. 

Sochava 3s, with Trapeznikova 3~, measured the heat capacity of polythene 
in the range 17 ° to 273°K. The sample which they used was not well 
characterized, the only information given being that it was a 'typical com- 
mercial product'. Since they used a glass calorimeter (in which heat transfer 
would be slow) and relatively small quantities of sample, their results, 
especially at the lowest temperatures of measurement, cannot be expected to 
be too accurate. They make no attempt to assess the absolute accuracy of 
their heat capacity data but they do point out that above 58°K the spread 
of the experimental values does not exceed 1"5 per Cent. No indication is 
given of the precision of their data below this temperature. Dole et al. 3~, 38 
have measured the heat capacity of different samples of polythene from 
250°K to temperatures above the melting point. Their results are presented 
in Figure 8. 

In the present work heat capacity measurements have been made in the 
range 20 ° to 310°K on polythenes of known crystallinity (X-ray) and the 
derived entropies of the solid polymers have been used to obtain reliable 
estimates of the entropies of 100 per cent crystalline polythenes. 
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E X P E R I M E N T A L  

Heat capacity measurements 
The apparatus and method used have been described previously ~8. 

Materials 
The 'Rigidex 50' and 'W.N.C.18' polythene samples were kindly given by 

I.C.I. (Plastics Division) and the 'Marlex 50' by the General Electric Co. 
Research Laboratory. 

'Rigidex 50' is a low-pressure polythene of density 0-964, melt flow index 
5"11, X-ray crystallinity 79 per cent and ash content < 0'01 per cent. 
Spectrographic analysis showed the ash consists essentially of titanium and 
calcium with traces of lead, chromium and aluminium. 

'W.N.C.18' is a high-pressure polythene of density 0"921, melt flow index 
6'87 and X-ray crystaUinity 58 per cent. The material contains about 0"1 
to 0'2 per cent risella oil, a hydrocarbon about C20 with one double bond, 
which is indistinguishable from low molecular weight polythene and there- 
fore no attempt was made to remove it. 

'Marlex 50' is a low-pressure polythene manufactured by the Phillips 
Petroleum Co., U.S.A. It consists mainly of unbranched polymetlaylene 
chains terminated at one end in a vinyl group and at the other in a methyl 
group. The X-ray crystallinity is 79 per cen~ and the infra-red crystallinity 
78 per cent. 

The samples were used in the form of small pellets about 3 mm 3 (as 
supplied), The masses of samples investigated were: 'Rigidex 50' 31"571g; 
'Marlex 50' 31"912 g; 'W.N.C. 18' 20-765 g. 

R E S U L T S  

The observed values of the heat capacity are plotted against temperature in 
Figures 5, 6 and 7. The smoothed values of the heat capacity, together with 
the derived values of the entropy and enthalpy for 'Rigidex 50' and 'Marlex 
50', are given in Tables 8, 9 and 10. For 'Rigidex 50' and 'Marlex 50' the 
values of the heat capacity below 22°K were obtained by extrapolation, 
using the Debye functions 2s : 

C=0.415 [D (155/T) 'Rigidex 50' 
C=0.328 fv (136/T) 'Madex 50' 

Since the heat capacity measurements on 'W.N.C. 18' were only made in the 
range 90 ° to 310°K it was necessary to extrapolate the heat capacity data 
below 90°K in order to evaluate the entropy relative to 0°K. This was 
accomplished using the Kelley, Parks and Huffmann method 39. The value 
obtained for the entropy at 25°C is 12.4+0.6 cal. deg. -1 per C2H4 unit. 

D I S C U S S I O N  

In Table 11 are-shown some of the values quoted by Sochava and 
Trapeznikova for the heat capacity of the polythene sample which they 
studied. Our data for 'Marlex 50', 'Rigidex 50' and 'W.N.C. 18', at the 
same temperatures, are shown for comparison. 
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The earlier comments on the work of Sochava and Trapeznikova make 
discussion of the discrepancies, which occur at the lower temperatures, 
unnecessary. Those which occur at higher temperatures probably arise 
from the different crystallinities and thermal histories of the polymer 
specimens. 
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Figure 5--Observed heat capacities 
of  'Marlex 50' polythene 

Figure 6--Observed heat capacities 
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Figure 7---Observed heat capacities 
of 'W.N.C. 18' polythene 

Dole et al. ~r, 3s have measured the heat capacity of both high-pressure and 
low-pressure poiythene in the range 250 ° to 410°K. The various heat 
capacity versus temperature curves obtained by these workers together with 
those obtained in this work are compared in Figure 8. The small differences 

20 b ~ o e a ~ 

1.0 

0 100 200 300 400 
Temperature °K 

Figure 8---Comparison of heat capacity versus temperature 
curves for various polythene samples: (a) 'Alkathene" 
(Dole and Wethington3r), (b) 'W.N.C.18' (this work), 
(c) 'Marlex 50' (this work), (d) 'Rigidex 50' (this work), 

(e) 'Maflex 50' (Wunderlich and Dole 38) 
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THERMODYNAMIC FUNCTIONS OF LINEAR HIGH POLYMERS--Ill 

which exist between samples prepared by similar methods,  i.e the low- 
pressure polythenes on the one hand  and those prepared by the high- 
pressure process on the other, can again be considered to  arise f rom crystal- 

Table 8. Smoothed values of the heat capacity, entropy and enthalpy for 'Rigidex 50' 
polythene 

Temp. 
o K 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
273.15 
280 
290 
298.15 
300 
310 

C 
(abs.J.deg.- lg- 1) 

0 
0.0087 
0.0621 
O. 1462 
0.2371 
0.3328 
0.4192 
0-4939 
0.5610 
0.6240 
0.6820 
0.7356 
0.7876 
0-8394 
0.8905 
0.9423 
0.9952 

s g - s ~  

(abs.&deg.- lg- O 

0 
0"0030 
0"0223 
0"0634 
0"1175 
0"1808 
0"2492 
0"3196 
0"3899 
0"4597 
0"5285 
0"5960 
0"6623 
0"7274 
0"7915 
0"8547 
0"9172 

1"046 
1"096 
1"145 
1"195 
1-247 
1"300 
1"355 
1"415 
1 "484 
1 "560 
1"636 
1 "660 
1"713 
1"791 
1"855 
1"869 
1"950 

O- 9790 
1.040 
1"101 
1.161 
1.220 
1 "280 
1.339 
1- 397 
1.457 
1.516 
1" 577 
1- 596 
1-637 
1" 699 
1.749 
1-761 
1.824 

H o _ HO 
0 

(abs.J.g -1) 

0 
0.0224 
0.3334 
1.384 
3.278 
6-130 
9-898 

14.47 
19.75 
25.68 
32-22 
39.31 
46.92 
55.06 
63-71 
72-87 
82.56 
92.77 

103.5 
114-7 
126.4 
138-6 
151.3 
164.6 
178-4 
192-9 
208.2 
224-1 
229.3 
240-9 
258"4 
273.3 
276.7 
295-8 

linity and thermal history effects. T he  correlation between thermal 
properties and crystallinity is emphasized by the data  of  Table  12. 

For  both  the low-pressure and high-pressure polythenes the more  
crystalline polymers  are seen to have both  a lower heat  capacity and a lower 
entropy. This is expected since the heat  capacity of the amorphous  
polythene (and hence the entropy) would  be expected to be greater than that  
of the crystalline solid. I t  can also been seen f rom Figure 8 that  the heat  
capaci ty  versus temperature curves converge as the temperature falls. This 
tendency is so pronounced that  below 140°K the curves for  the different 
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polythenes are virtually indistinguishable.  Whether  or no t  they remain  so 
down to the very lowest temperatures is open to question. Unfortunately,  
the measurements  on 'W.N.C. 18' were not  extended below 90°K, so the 
trend shown by the results of Sochava and Trapeznikova cannot  be checked. 

Table 9. Smoothed values of the heat ca 
pol 

,acity, entropy and enthalpy for 'Marlex 50' 
,thene 

Temp. C S ° - S O H° r -- H°o 
°K (abs.J.deg.-lg -1) (abs.J.deg.-lg -1) (abs.J.g -1) 

0 
0.0101 
0.0668 
0.1470 
0.2385 

0.3329 
0.4183 
0.4921 
0-5606 
0.6254 
0.6828 
0.7347 
0.7868 
0-8390 
0.8918 
0.9434 
0.9941 
1.046 

0 
o.0035 
0.0252 
o-o672 
0-1216 
0.1853 
0.2534 
0.3235 
0.3938 
0.4636 
0.5325 
0.6000 
0-6662 
0.7312 
0-7953 
0-8586 
0.9211 
0.9829 

0 
10 
20 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
273-15 
280 
290 
298.15 
300 
310 

0 
0-0264 
0.3730 
1.446 
3-351 
6-234 
9.975 

14.54 
19.80 
25.74 
32-29 
39.37 
46-98 
55.11 
63.76 
72.94 
82.62 
92.83 

1.099 
1.149 

1.199 
1.253 
1.312 
1-375 
1.442 
1.511 
1-584 
1-660 
1-683 
1-735 
1-812 
1.874 
1.888 
1-966 

1.044 
1.105 
I. 165 
1,225 
1.285 
1.344 
1.404 
1.464 
1.525 
1-586 
1-606 
1.648 
1.710 
1.762 
1.773 
1-836 

103.6 
114.8 
126.5 
138.8 
151.6 
165.0 
179.1 
193.9 
209.4 
225-6 
230-9 
242.6 
260.3 
275-3 
278.8 
298-1 

A particularly interesting feature of the present measurements  lies in the 
fact that from them one can calculate an  exact value for the entropy of a 
100 per cent crystalline, low-pressure polythene at  25°C. In  order to 
perform this calculation it is necessary to know both the crystallinity and  
entropy o~ fusion at 25°C. For  the 'Rigidex 50' and 'Marlex 50' samples 
used in  the present investigation the weight fraction crystallinity was 
estimated by a s tandard X-ray  method. 

282 



THERMODYNAMIC FUNCTIONS OF LINEAR HIGH POLYMERS--I I I  

The entropy of fusion was calculated as follows : Wunderlich and Dole as 
have represented the temperature variation of the heat of fusion and heat 
capacities of 'Marlex 50' by the equations : 

AHI= 54.6+ 0"1716t-6"36 × 10 -4 t ~ cal. g_l (6) 

CA =0'5455 + 5"38 × 10-4t cal. deg. -1 g-1 (7) 

Cc=0"3739 + 1 81 × 10-3t cal. deg. -1 g-1 (8) 

where t is temperature CC), AHI is the heat of fusion of 100 per cent 
crystalline 'Marlex 50', and CA and Cc represent the heat capacities of the 

Table I0. Smoothed values of the heat capacity for 'W.N.C.18' polythene 

Temp. C Temp. C 
°K (abs.J.deg.- lg- 1) °K (abs.J.deg.- lg- 1) 

100 
110 
120 
130 
140 
150 

160 
170 
180 
190 
200 

0" 6840 210 
0"7410 220 
0" 7955 230 
0.8511 240 
0- 9055 250 
0" 9591 260 

1 '014 270 
1.069 273" 15 
1" 125 280 
1' 181 290 
1 "242 298-15 

300 

1-310 
1-389 
1-479 
1.582 
1.693 
1"810 

1"932 
1.973 
2"063 
2-198 
2-315 
2.342 

completely amorphous and 100 per cent crystalline forms, respectively. The 
temperature of zero enthalpy for the purpose of their calculations was 
arbitrarily chosen as 140°C. The entropy of fusion at 25°C, AS1, can be 
calculated by substituting the relevant data of equations (6), (7) and (8) into 
equation (9) 

AH, f41315 (Cc-CA) dT (9) 
ASt= 413'1~ + 298"15 T 

The value obtained is 3"83 cal. deg. -x per CzH4 unit. For a polythene 

Tab& 11 

Temp. °K S.T. 95, ae 'Rigidex 50' "Mar&x 50' 'VV.N.C. 18' 

20 
30 
50 

100 
200 
250 

0-071 
0"159 
0"335 
0-674 
1-167 
1"523 

0.0621" 
0"1462 
0"3328 
0.6820 
1-195 
1"484 

0"0668* 
0-1470 
0-3329 
0"6828 
1"199 
1"511 

0" 684 
1"242 
1"693 

Specific heats are expressed in abs .J .deg. - lg  -1" 
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sample of weight fraction crystallinity, We, the entropy of the 100 per cent 
crystalline form, S100% is related to that of the semicrystalline form, Swc, by 
the expression 

S100~/, =Swc - (1 - W,) AS1 

The results of these calculations for 'Rigidex 50' and 'Marlex 50' are 
summarized in Table 13. In the last column of the same table values of 
-AS°0,, which were obtained by subtracting the entropy of gaseous 
ethylene at 25°C from that of the 100 per cent crystalline polymer, are given. 
The two values for -AS°oc, compare favourably with that of 41.1 cal. deg. -1 
per C2H~ unit estimated by Dainton and Ivin 1 by the extrapolation of data 
for the lower members of the n-alkane series. 

Table 12 

Sample 

High-pressure polythene 
6 W.N.C.18 
'Alkathene' 

Low-pressure polythene 
'Rigidex 50' 
'Marlex 50' (This work) 
'Marlex 50' (Dole et al.) 

X-ray 
crystallinity % 

58 
50 

79 
79 
92 

C p, 25 oc 

2"315 
2"352 

1"855 
1-874 
1"815 

S°~o c 

12 "44 

11-73 
11.81 

Recorded values of the glass transition temperature for polythene vary 
widely. Early dielectric constanP ° and dilatometric "1 measurements located 
the glass transition for samples of high-pressure polythene at - 6 5 ° C  and 
-80°C, respectively. More recent dilatometric measurements by Danusso 
et al? 2 and Quinn and Mandelkern 43 place it at - 2 1 ° C  and these authors 
conclude that the earlier values were applicable only to the particular 
sample under investigation. In support of this view Danusso et a l Y  point 
out that such transitions show a distinct dependence on the previous history 
of the sample and they quote the values - 43 °, - 47 °, - 21 °, - 28 ° , - 25 °, 
- 2 0  °, - 1 7 ° C  which they obtained for Tg, for a particular sample in a 
series of runs. For  well annealed samples they invariably obtained 
reproducible results for which T g -  - 21 °C. 

Table 13 

Polymer 

'Marlex 50' 
'Rigidex 50' 

0"79 
0-79 

S ° 0 
Wc,25"c S1@0% 

11-81 11.01 
11-73 10.93 

S 0 _ m go" 

41.44 
41.52 

Tg is usually obtained from heat capacity data by finding the intersection 
of straight lines drawn through the derived points on an enthalpy/tempera- 
ture plot above and below To. Unfortunately enthalpy/temperature lines 
show a definite curvature and with highly-crystalline polymers the 
magnitude of the glass transition is so small that the change in slope of the 
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enthalpy/ temperature curve is barely detectable. A more sensitive method 
of locating T,, which has been employed successfully by Dole4”, is to plot 
C/T as a function of temperature and take T, as the temperature at which 
the rise in C/ T is half the total rise. 

With polythene neither of these procedures is successful, the enthalpy/ 
temperature plot for the reason given above and the C/T versus temperature 
plot because it is impossible to locate a midpoint since the curve rises 
continuously above about 240°K. 

It would appear that for highly crystalline polymers static methods are 
not suitable for locating the glass transition temperature and other methods, 
such as dynamic-mechanical or dielectric loss experiments, are preferable. 
For example, both dynamic mechanical45 and n.m.r.45 methods indicate the 
occurrence in polythene of a transition in the vicinity of - 100°C as well as 
one at - 20°C. The transition occurring at - 100°C supposedly corresponds 
to either side-chain rotation (the side chains arising from chain branching 
effects) or the rotation of small segments of the main chain and that at 
- 20°C to the onset of segmental motion in the main polymer chain. Whilst 
our specific heat measurements indicate some form of continuous devitrifi- 
cation above 240”K, they give no indication whatsoever concerning the 
transition at - 100°C. 
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The heat capacities o/ /our stereospecific poly-ct-olefines have been measured 
in the range 20 ° to 310°K. The heat capacity data yield the following values 
]or the Third Law entropy at 25°C: 

lsotactic polypropylene 17"22+0"06 cal. deg. -1 mole -~ 
Atactic polypropylene 18"88++.0"19 cal. deg. -1 mole -~ 
lsotactic poly(but-l-ene) 24"61+_0"09 cal. deg. -1 mole -1 
lsotactic polystyrene 31"40+.0"10 cal. deg. -1 mole -a 

The entropies of the 100 per cent crystalline forms at 25°C estimated from 
these and X-ray crystallinity data are: 

lsotactic polypropylene 14"8 + 0"3 cal. deg.- 1 mole- ~ 
Atactic polypropylene 15"0+-0"4 cal. deg. -~ mole -1 
lsotactic poly(but-l,ene) 20"7+-0"3 cal. deg. -1 mole -~ 
lsotactic polystyrene 30"7+-0"2 cal. deg. -1 mole -1 

lsotactic and atactic polypropylene and poly(but-l-ene) exhibit glass transitions 
at 260 °, 249 ° and 249°K, respectively. 

FOLLOWING the discovery of stereospecific catalysts by Natta '6 a wide range 
of stereoregular, solid poly-~-olefines has become available. The possibility 
therefore exists of attempting to detect trends in thermal properties as the 
nature of the ~-substituent and its steric configuration is changed. However, 
only a few of the poly-~-olefines which have been reported are available as 
well characterized samples large enough for our purposes. 

In the series chosen as the subject of the present investigation, polypro- 
pylene, poly(but-l-ene) and polystyrene, the first two members exhibit a 
glass transition in the range covered by these measurements. Hence, in 
addition to detecting trends in thermal properties as the tacticity, crystal- 
linity and nature of the ~-substituent are changed, the effects of these 
different factors on the glass transition can also be studied. 

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

Heat capacity measurements 
The method used has been described previously~L 

Materials 
All the samples used in the present investigation were given by I.C.I. 

(Plastics Division), who also supplied the following information concerning 
the samples. 

Isotactic polypropylene was an unstabilized sample containing no ether- 
soluble material. On combustion it gave 0"02 per cent ash and had an X-ray 
crystallinity of 48 per cent. The atactic polypropylene sample was not 
completely atactic. The atactic content by the infra-red (i.r.) method is 
57 per cent, but this value may be slightly low, as it is based on a reference 
standard which is not itself completely atactic. Attempts have been made to 
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extract this sample with cold ether and other solvents in order to get 
completely atactic material, but no appreciable increase in atactic content 
was obtained. The crystallinity of this sample as determined by X-rays is 
16+4 per cent. Determinations are not very accurate at this level of 
crystallinity. At least half of this crystallinity is due to the isotactic polymer. 
Three crystalline forms of poly(but-l-ene) exist '7, 48. The two principal 
ones, Types I and II, are those described originally by Natta et al. 47. Type: I, 
maximum melting point 1325°C, is stable at room temperature and Type II, 
maximum melting point 118'5°C, is metastable at room temperature and 
changes to Type I. The powder used in the present investigations was 
approximately 44 per cent crystalline (X-rays) and at the date measured 
(15.11.1960) contained 37 per cent Type I and 7 per cent Type II and was 
probably still converting slowly during the measurements (completed 
14.12.1960), although no evidence for this was found from the heat capacity 
measurements. The crystaUinity measurements are not highly accurate 
because of the mixture of forms present. The atactic content of the sample 
of isotactic polystyrene as measured by an i.r. method was less than 5 per 
cent and probably nearer 1 per cent. It had an X-ray crystallinity of 
43 per cent. 

The isotactic polypropylene (small pellets, approximately 3 mm3), 
poly(but-l-ene) (fine powder), and polystyrene (fine powder) samples were 
used as supplied. The atactic polypropylene was supplied in the form of a 
large block. This material was rubbery and tacky and proved difficult to cut. 
This difficulty was overcome by cooling the block of material in liquid 
nitrogen, thus taking the polymer below its glass transition temperature, and 
then it was shattered with a hammer. Irregular shaped pieces varying in size 
from about 1 mm 3 to 10 mm 8 were then used to pack the calorimeter. Many 
workers have commented on the difficulty experienced in removing rubbery 
polymers from the calorimeter at the conclusion of the measurements. How- 
ever; we have found that no such difficulty presents itself if the polymer is 
cooled below its glass transition temperature before removal. 

The weights of the samples used were : isotactic polypropylene, 29"524 g; 
atactic polypropylene, 23"667 g; isotactic poly(but-l-ene), 20.497 g; isotactic 
polystyrene, 16-145 g. 

R E S U L T S  

The measurements on the three isotactic polymers were made after they had 
been shock cooled to the lowest temperature attainable with the particular 
refrigerant. No pronounced temperature drifts were observed during the 
experiments on these three samples. With atactic polypropylene persistent 
temperature drifts were observed over long temperature ranges and conse- 
quently it was decided to subject this polymer to different cooling rates to 
assess the effect of this treatment on the heat capacity. The experimental 
details of heat treatment, temperature range of measurements, and tempera- 
ture drifts are summarized in Table 14. 

The upward temperature drifts in the region of the glass transition are 
similar to those observed with other amorphous polymers 1", 5°. Their origin 
can be explained readily if we assume that during the cooling process some 
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polymer molecules fail to make the transition to the lower energy states. 
When the temperature reaches a certain value during the heat capacity 
measurements these molecules acquire sufficient thermal energy for transi- 
tion to the lower energy states with the consequent liberation of heat. 
However, the persistent downward temperature drifts which were observed 

T a b l e  14. H e a t  t rea tments  and  o b s e r v a t i o n s  w i t h  atact ic  p o l y p r o p y l e n e  

Range of 
temperature 

Run Sample treatment measurement Temperature drift observations 
*K 

Cooled rapidly to 20*K 
l Cooled rapidly to 80*K 

Cooled rapidly to 195"K 

Cooled rapidly to 80*K 
Cooled rapidly to 195"K 

Cooled rapidly to 20*K 
Warmed to room temperature 

overnight 
Cooled slowly to 216"K overnight 
Cooled slowly tO 211*K overnight, 

then rapidly to 94"K 

Cooled rapidly to 273"K 

2 0 t o  45 
80 to 200 

195 to 295 

8 0 t o  200 
195 to 258 

20 to 80 

295 to 314 
216 to 284 

94 to 136 

273 to 303 

No drift 
Downward drifts throughout 
Downward drift from 195" to 230"K. 

upward drift from 230 ° to 295"K 
Downward drifts throughout 
Downard drift from 195" to 240"K, 

upward drift from 240* to 258"K 
Downward drift from 40* to 80*K 

Downward drift from 294* to 314"K 
Downward drift from 216" to 267"K, 

upward drift from 267* to 284"K 
Downward drift from 94* to 136"K 

Downward drift from 273* to 3~30K 

in the range 40 ° to 240°K, and which appeared to be independent of the 
rate of cooling, are more difficult to explain and are most probably associa- 
ted with a heat transfer effect arising from the presence in the calorimeter of 
quite large pieces of sample (some were about 10 ram3). If this is so the 
effect has no theoretical significance and should be much reduced by the use 
of smaller pieces of sample. During the initial measurements the temperature 
drifts were followed for at least an hour. The results indicated that tempera- 
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ture equilibrium could not be attained within a reasonable length of time. 
Similar observations have been made on other polymers ~2. In subsequent 
measurements no attempt was made to reach temperature equilibrium (the 
temperature being taken seven minutes after the end of the heating period) 
and this did not appear to alter the general nature of the heat capacity 
results obtained. 

Figure lO--Observed heat capaci- 
ties o[ atactic polypropylene 
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The observed values of the heat capacity are shown in Figures 9 to 12. 
These results were used to obtain the smoothed values, shown in Tables 15 
to 18, from which were computed the enthalpy and entropy values shown in 
the same tables. The values of the heat capacity below 22°K were obtained 
using a Debye function of the form 2~ 

The values of the constants A and 8, are shown in Table 19. 

D I S C U S S I O N  

The entropy (and any other thermal property) of a polymer shows a marked 
dependence on the crystallinity of the samples. Hence, if the entropies of a 
series of polymers are to be compared it is necessary to correct them to a 
standard state. The standard state generally chosen is either the completely 
amorphous or completely crystalline form at a particular temperature. In 
order to apply this correction the crystallinity and entropy of fusion of the 
polymer must be known at the temperature in question, in this case, 25°C. 
For the present series of polymers the crystallinities have been determined 
by standard X-ray techniques. However, lack of the necessary heat capacity 
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data prevents the calculation of an exact value for the entropy of fusion at 
25°C. This problem has been overcome by assuming that the percentage 
decrease in the entropy of fusion in going from the melting point to 25°C is 
the same as that observed for polythene ~1, i.e. about 20 per cent. This 
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assumption is unlikely to introduce any large errors since it involves a 
correction of only 1 to 2 cal. deg.-1 mole-1. The results of these calculations 
are summarized in Table 20. The data for 'Rigidex 50' polythene are 
included for comparison. 
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Table 15. Smoothed values of the heat capacity, entropy and enthalpy for isotactic 
polypropylene 

o 0 Temp. C SOt _ ~o H r -- H o 
°K (abs.J.deg.-lg -1) (abs.J.deg. lg-1) (abs.J.g-1) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
.270 
273-15 
280 
290 
298.15 
300 
310 

0 
0-0175 
0.0975 
0-1813 
o.2568 
0.3275 
0.3935 
0.4565 
0.5190 

0 
0.0059 
o. 0402 
0-0959 
0.1584 
0.2234 
0.2890 
0.3544 
0-4194 

o. 5797 
0-6397 
o. 6972 
o. 7520 
0-8044 
0-8541 
o. 9029 
o. 9507 
o. 9993 
1.046 
1.093 
1.140 
1-188 
1.237 
1-287 
1.338 
1.392 
1-452 
1.535 
1.570 
1.646 
1.752 
1.834 
1-851 
1-931 

0-4840 
0.5482 
0-6119 
0-6749 
0.7372 
0.7987 
0.8593 
0.9191 
0-9782 
1-037 
1-094 
1.152 
1-208 
1-265 
1-321 
1.377 
1.433 
1.488 
1-544 
1-563 
1.602 
1-662 
1-712 
1.723 
1.785 

0 
0-0453 
0.5878 
2-002 
4.180 
7.105 

10.71 
14.96 
19.84 
25.33 
31.43 
38-12 
45-36 
53.15 
61.45 
70.23 
79.50 
89-25 
99-48 

110-2 
121.3 
133.0 
145-1 
157-7 
170.8 
184-5 
198.7 
213.6 
218.5 
229.5 
246.5 
261.2 
264-5 
283.5 

T h e  exper imenta l  values of  AS,°~ compare  favourab ly  with those es t imated 
by  Da in ton  and  Iv in  1 using a semi-empir ica l  method ,  and  lend a d d e d  
suppor t  to their  genera l  conclus ion tha t  s t ructure has  very l i t t le effect on 
- A S  °. I t  is interest ing to  note  tha t  fo r  bo th  po lypropy lene  and polys tyrene  
the  en t ropy  (S°98o-S °) d i f ference  be tween the isotact ic  and  atact ic  forms,  
af ter  correc t ion  for  crys ta l l in i ty  effects, is only  0"2 cal. deg. -1 mole  -1. This  
suggests tha t  the m a j o r  cause of  the difference between the the rmal  p roper -  
ties of an  isotact ic  and  atact ic  po lymer  is crysta l l in i ty ,  ra ther  than  molecu la r  
configurat ion,  effects. 

T h e  values  es t imated  for  the glass t rans i t ion  tempera tures  for  the present  
series of  po lymers  are  shown in T a b l e  21.  The  value  for  po lys tyrene  is tha t  
ob ta ined  by  Br ickwedde  e t  al. (see ref. 55). In  al l  cases the Tg values  were 

291 



F. S. DAINTON, D. M. EVANS, F. E. HOARE and T. P. MELIA 

Table 16. Smoothed values of the heat capacity, entropy and enthalpy for atactic poly- 
propylene 

Temp. C S°~ - -  S°a H ° - H°o 
°K (abs.J.deg.-Xg-t) (abs.d.deg.-Sg -1) (abs.J.g "q) 

0 
10 
2O 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 

2OO 
210 
220 
230 
240 

25O 
260 
270 
273.15 
280 

290 
298-15 
300 
310 

0 
0.0243 
0.1180 
O- 2003 
O- 2798 

0-3564 
0.4267 
0.4929 
O. 5566 
0-6182 

O. 6778 
O. 7349 
O. 7909 
0.8451 
0- 8974 

0" 9477 
O" 9965 
1.044 
I "091 
I" 137 

I. 184 
1-231 
I "279 
1-327 
I "385 

1-708 
1 .901  
1-952 
1.968 
2.004 

2-068 
2.129 
2-145 
2-229 

0 
0-0084 
0.0524 
0.1164 
O. 1847 

0-2554 
O- 3267 
O. 3975 
O. 4675 
O- 5366 

0-6048 
0.6721 
0-7385 
O. 8040 
0-8685 

0-9322 
0" 9949 
1"057 
1 "118 
1.178 

1.237 
1 "296 
1- 355 
1 "413 
1.470 

1.604 
1- 676 
1.699 
1-748 

1.819 
1.878 
t -891 
1- 963 

0 
0.0637 
0-7552 
2.373 
4.755 

7.939 
11.86 
16.46 
21-71 
27.59 

34.07 
41.13 
48.76 
56-95 
65.66 

74.88 
84.61 
94"81 

105"5 
116-6 

128.2 
140.3 
152"8 
165"9 
179-4 

212-8 
232.1 
238.3 
251.8 

272-2 
289.3 
293.3 
315-1 
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Table 17. Smoothed values of the heat capacity, entropy and enthalpy for isotacti¢ 
poly(but- 1 -ene) 

Temp. C S°~ -- S°o H a -- H°o 
°K (abs.J.deg.-lg-1) (abs.J.deg.-Xg -x) (abs.J.g -1) 

0 
10 
2O 
30 
40 

50 
6O 
70 
80 
9O 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 

200 
210 
220 
230 
240 

250 
26O 
270 
273-15 
28O 

290 
298.15 
300 
310 

0 
0.0171 
0.0965 
0.1817 
O. 2649 

0.3433 
0-4147 
0.4813 
O. 5470 
0.6113 

0.6734 
0.7335 
0.7904 
0.8460 
O- 8996 

0"9513 

0 
0.0059 
0.0397 
0.0951 
0"1587 

0-2263 
0-2954 
0.3643 
0.4329 
0.5011 

0.5687 
0.6357 
0"7020 
0.7675 
0"8322 

0-8960 
1.002 
1-053 
1-106 
1"161 

1"219 
1-281 
1-349 
1-437 
1 "540 

1 "629 
1.703 
1" 777 
1.801 
1-854 

1.933 
2-000 
2-016 
2-101 

0.9590 
1.021 
1.083 
1-144 

1.205 
1-266 
1.327 
1.389 
1.452 

1.517 
1-583 
1 "648 
1" 669 
1-714 

1 "781 
1.835 
1"848 
1.915 

0 
0.0447 
O. 5797 
1.988 
4.208 

7.268 
11.05 
15.53 
20.67 
26- 47 

32-90 
39.93 
47- 55 
55.74 
64.47 

73-73 
83.49 
93.77 

104.6 
115.9 

137.8 
140.3 
153.4 
167-3 
182.2 

198-1 
214.7 
232.1 
237.8 
250.3 

269.2 
285.3 
289:0 
309.6 
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Table 18. Smoothed values of the heat capacity, entropy and enthalpy for isotactic 
polystyrene 

Temp. C S ° -- S~u H°~ - H i 
°K (abs.J.deg.-lg-S) (abs.J.deg.-lg -1) (abs.J.deg.-lg -1) 

0 
10 
20 
30 
40 

5O 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 

200 
210 
220 
230 
240 

250 
260 
270 
273-15 
28O 

290 
298.15 
300 
310 

0 
O. 0223 
0.0976 
0.1569 
0-2108 

0.2597 
0.3029 
0.3417 
0.3789 
0.4149 

0.4501 
0.4855 
0.5206 
0.5552 
0.5901 

0-6254 
0-6608 
0-6970 
0.7324 
0-7689 

0.8066 
0.8457 
0.8853 
0-9267 
0.9698 

1.013 
1.056 
1-100 
1"114 
1"145 

1.189 
1.225 
1-233 
1"277 

0 
0.0078 
0.0458 
0.0970 
O. 1496 

0-2019 
0.2531 
O- 3027 
0-3508 
0.3975 

0.4431 
0-4876 
0.5314 
O- 5744 
0.6168 

O. 6587 
O. 7002 
0.7414 
0-7822 
O. 8228 

O" 8632 
O" 9035 
0-9437 
0-9840 
1"024 

1.065 
1.105 
I" 146 
1.159 
1"187 

1.228 
1"261 
1"269 
1-310 

0 
0.0590 
0.653! 
1.944 
3.775 

6.131 
8.949 
12.17 
15.78 
19-75 

24.07 
28.75 
33" 78 
39.16 
44-89 

50.96 
57-39 
64.18 
71 "32 
78-83 

86.71 
94.97 

103.6 
112"7 
122.2 

132.1 
142 "4 
153.2 
156.7 
164 "4 

176.1 
186"0 
188.2 
200-8 

Table 19 

Polymer ,4 On 

Isotactic polypropylene 0" 327 113 
Atactic polypropylene 0.320 100 
Isotactic poly(but-l-cne) 0- 329 114 
Isotactic polystyrene 0-233 92 
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Table 20 

Pob'mer 

Polythene ('Rigidex 50') 
lsotactic polypropylene 
Atactic polypropytene 
Isotactic poly(but-l-ene) 
Isotactic polystyrene 
Atactic polystyrene 

Polymer 

Polythene ('Rigidex 50') 
Isotactic polypropylene 
Atactic polypropylene 
lsotactic poly(but-l-ene) 
Isotactic polystyrene 

We* 

0"79 
0"48 
0"16 
0"44 
0"43 
0 

- Aso,~ 

37"7 
44"4 
44"2 
45 "4 

Atactic polystyrene ,, - -  

11.73 
17.22 
18-88 
24.61 
31.40 
32.23 

- A S P ,  

41 "5 
49"0 

52"3 

/~S~, 25 °C 

3"8 
4.652 

6"953 
I "354 

_ / , , s o  

27"8 
27"6 
26' 8 
25'2 
24"9 

s ° 

14"8 
19 "4 
19'6 
27"6 
32"0 
32"2 

- AS~c, 

q 

32 "4 

33"7 
26.5 

S 100% 

10'9 
14"8 
15"0 
20"7 
30"7 
30"9 

- A s ° ~ t  

27"0 

26"9 

*W e denotes weight fraction crystallinity. 
o eValues of -AS°e estimated by Dainton and Ivin 1 using semi-empirical methods. S ° and $1o,o % are 

the entropies of amorphous and wholly crystalline polymers respectively. All entropy values in cal. 
d e g . -  ~. 

estimated from the change in slope of the enthalpy/temperature curves. It  
has previously been pointed out 51 that the enthalpy/temperature method of 
detecting To is not very sensitive when applied to semi-crystalline polymers. 
Hence, the Tg values assigned to isotactic polypropylene and isotactic 
poly(but-l-ene) must be treated with some reserve. 

The glass transition temperatures shown in Table 21 correspond fairly 
closely with the temperatures at which n.m.r. 4~ and dynamic-mechanical 
measurements 45 locate the onset of segmental motion in the main polymer 
chain. These methods also indicate the occurrence of side chain rotation in 
poly-:~-olefines at temperatures well below To. The present heat capacity 
studies have failed to reveal this effect, probably because the energy 
involved is too small to cause a detectable anomaly in the heat capacity/ 
temperature curve. 

The following are some general conclusions which can be drawn from 
the data of Table 21. 

(1) For the first three members of the series, polythene, polypropylene and 
poly(but-l-ene), structure has very little effect on To. With polystyrene, 
however, the more bulky phenyl side group tends to inhibit the rotation of 
the skeletal structure and this leads to a marked increase in To. 

Table 21 

Polymer 

Polythene ('Rigidex 50') 
lsotactic polypropylene 
Atactie polypropylene 
Isotaetic poly(but-l-ene) 
Ataetic polystyrene 

T O OK 

246 
260 
249 
249 
355 

T m ° K  

410 
449 

405 

To /Tm 

0.60 
0-58 

0.61 
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(2) The change from an isotactic to an atactic structure (polypropylene) 
causes an apparent lowering of To. The explanation of this decrease could 
be that the chain segments rotate more easily in the amorphous, atactic 
material than in the semi-crystalline, isotactic material. However, the 11 ° 
difference between the Tg values for the two polymers is rather small and 
could possibly be caused by other effects such as the previous thermal 
histories of the polymer specimens. 

(3) The empirical rule 5e that the ratio of the glass temperature, Tg, to the 
melting temperature, T,~, is approximately equal to 0"66 holds for the 
poly-~-olefine series. 
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Part F--cis- and trans-l,4-Polybutadiene 

F. S. DAi~rrON, D. M. EVANS, F. E. HO,~E and T. P. MELIA 

The heat capacity of cis-l,4-polybutadiene has been measured in the temperature 
range 20 ° to 310°K and that of trans-l,4-polybutadiene in the range 20 ° to 345°K. 
The data were used to obtain a table of smoothed values of heat capacity, enthalpy 
and entropy. The glass transition temperature, melting point and heat of fusion 
of cis-l,4-polybutadiene were found to be 165 °, 262"K and 72"6+7"3 abs. J. g-l, 
respectively. The trans-l,4-polybutadiene undergoes a first order transition at 317°K 

which has associated with it a heat of transition of 63"1 +_6"0 abs. J. g-1. 

Cis- and trans-l ,4-polybutadiene, despite their ehemieal similarity, show 
widely different physical properties. For example, cis. l ,4-polybutadiene is a 
rubber which melts at about 273°K ~4 and has a glass transition at 165°K, 
whilst the trans form exists in two crystalline modifications with a transition 
point at about 60°C and a melting point of the high temperature form at 
130°C 34. 

Some recent heat capacity measurements have been reported 1" for poly- 
butadiene but the results are difficult to interpret because the samples used 
were not stereochemieally pure. In view of the fact that certain anomalies 
were observed in the heat capacity versus temperature curve it was decided 
to repeat these measurements using stereochemieally pure (or nearly so) 
polybutadiene samples. It was also felt that use~l thermal data could be 
obtained concerning the various transitions which have been observed in 
the cis and trans isomers by other methods 34. 

E X P E R I M E N T A L  
Heat capacity measurements 

The method used has been described previously 2'. 

Materials 

The cis-l ,4-polybutadiene was kindly given by I.C.I. (Plastics Division). 
Its composition, as obtained by infra-red analysis, was 94 per cent cis-l,4-; 
3 per cent trans-l,4- and 3 per cent 1,2-polybutadiene. The weight of sample 
used was 22"612g. Trans-l ,4-polybutadiene was kindly given by Dr Lloyd 
McCleod of the Polymer Corporation, Canada. His analysis shows 96.2 per 
cent trans-l ,4,  and 3"8 per cent 1,2-polybutadiene. The material was soluble 
in toluene, had an intrinsic viscosity of 2.1 and was stabilized with 2,3-di-t- 
butyl p-cresol. The weight of sample used was 27.318g. 

R E S U L T S  
(a) cis-l ,4-Polybutadiene 

The experimental details of the heat treatment, range of temperature 
measurements and temperature drifts are summarized in Table 22. T h e  
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Table 22. Heat treatments and observations with cis-l,4-polybutadiene 

Range of 
Run Sample treatment temperature Temperature drift observations 

measurement 
°K 

1 Cooled rapidly to 78°K 78 to 21"/ 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Cooled rapidly to 195~K 

Cooled rapidly to 20~K 

Cooled rapidly to 78~K 

Cooled rapidly to 190°K 

Cooled rapidly to 20°K 

Cooled rapidly to 273°K 

Cooled slowly over 5 days to 
145°K 

Cooled overnight to 208:K 

Cooled slowly over 6 days to 
135°K 

Cooled overnight to 145°K 

Cooled to 216°K over 3 days 

Warmed to room temperature 
overnight 

Cooled rapidly to 145°K 

195 to 252 

20 to 84 

78 to 235 

190 t o 2 9 0  

2 0 t o  83 

2 7 3 t o 3 0 5  

145 to 233 

212 to 294 

135 to 185 

145 to 299* 

216 to 270 

296 to 311 

145 to 300* 

Upward  drift f rom 160 ° to 217°K. 
Excessive upward drifts of  approx. 0.1  ° 
per minute from 180 ° to 217°K 

Upward  drift  from 195 ° to 252°K 

No drift 

Upward drift from 150 ° to 235°K. 
Excessive upward drift from 195 ° to 235°K 

Upward drift from 190 ° to 265°K, small 
downward drift from 265 ° to 290 ° K 

No drift. 

Downward drift from 295 ° to 305°K 

Downward drift  f rom 150 ° to 233°K 

Upward  drift f rom 235 ° to 262°K. 
Downward drift from 262 ° to 294°K 

Downward drift  from 158 ° to 185'~K 

Upward  drift  from 230 ° to 262°K, 
downward drift f rom 262 ° to 270°K 

Downward  drift f rom 296 ° to 311 °K 

*Continuous heating. 

observed values of the heat capacity are given in Table 23 and the general 
pattern of these results is shown in the plots of Figures 13 and 14. 

During the course of the heat capacity measurements both upward and 
downward temperature drifts were observed at temperatures above 150°K. 
The upward drifts generally, but not invariably, occurred after the polymer 
had been shock-cooled. These drifts may originate in the possibility that 
when the polymer was cooled a certain fraction of the polymer molecules 
failed to make the transition to states of lower energy. As the temperature 
was raised during the heat capacity measurements, these molecules acquired 
enough thermal energy (in the region of the glass transition) to make this 
transition. The resultant heat release thus caused upward temperature drifts. 
Similarly, the downward drifts of runs 8 and 10 arose from the fact that in 
the slowly cooled polymer, molecules were 'frozen' into the lower energy 
states. The excessive upward temperature drifts (approximately 0-1°K per 
minute) which were observed in the range 180 ° to 220°K, after the polymer 
had been shock-cooled to liquid nitrogen temperature (runs 1 and 4), are 
attributed to the occurrence of a large amount of crystallization ('cold 
crystallization '~7) just above the glass transition temperature. This crystal- 
lization, with its subsequent liberation of latent heat, caused the apparent 
heat capacity to be relatively low and gave rise to the N-like shape of the 
heat capacity versus temperature curve in this region (see Figure 14). The 
downward drifts observed above the melting point probably arose from 
the slow thermal equilibration in the liquid state. 
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Table 23. 

Temp. (°K) t C(abs.J.deg.-lg -1) 
I 

'1 

Observed values of the heat capacity for cis-l,4-polybutadiene 

Temp. (°K) I C(abs'J'deg'-lg -1) 
_ _  [ 

Run 1 Run 4 

81"85 
89"95 
99-31 

109"74 
120"60 
130"75 

141-11 
152-41 
163-22 
173-12 
184.64 
199-07 
212-32 

0.5426 
0"5939 
0.6368 
0.6899 
0.7452 
0.7983 

0.8522 
0-9110 
1-203 
1.457 
1-043 
0-6957 
1"440 

Run  2 

196"81 
207.03 
217.51 
228.04 
238-52 
248"53 

1"484 
1"535 
1"657 
1.789 
2"008 
2"357 

Run 3 

21"46 
24"16 
27.09 
30.12 
33"30 

36"56 
39.95 
43"44 
47"63 
52"63 

57-89 
63"31 
69.15 
75-13 
80-70 

0-1398 
0" 1654 
0-1928 
0-2198 
0- 2465 

0"2707 
0"2963 
0.3242 
0-3538 
0.3865 

0.4131 
0.4493 
0 "4776 
O" 5055 
O.544O 

84.20 
93"66 

104-85 
115-97 
127-03 

138.78 
150-51 
161"91 
172.52 

183.00 
194"80 
206-09 
217-52 
230-01 

0.5391 
0" 6077 
0" 6651 
0.7213 
0-7779 

0" 8385 
0.9004 
1-068 
1"359 

1 "272 
1.008 
1" 466 
1-565 
1"673 

Run 5 

194-99 
206-13 
217-58 
228.41 
239-22 

249.18 
257.07 
265.40 
274.95 
283.88 

1-446 
1-523 
1-648 
1-788 
2-005 

2-416 
3.722 
3.027 
1.790 
1-836 

Run 6 

21.20 
23"79 
26"99 
30.06 
33"14 
37-22 
41-07 
45"20 
49-97 
55"29 

0-1336 
0" 1597 
0.1906 
0"2171 
0.2446 
0.2766 
0" 3065 
0- 3388 
0" 3697 
0-4024 

C o n H n u e d  o v e H e a / .  
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Table 23~eontinued 

Temp'(°K) I C(abs'J'deg'-Ig-a) 

Run 6 (Contd) 

60"89 
67"05 
73"37 
79"70 

0-4361 
0-4683 
0-5004 
0" 5307 

Temp. ( °K)  C(abs.J.deg.-lg -1) 

Run 9 (Contd) 

271-20 
279-09 
289.04 

1.774 
1.791 
1.843 

Run 10 
R u n 7  

278.07 1-758 
289.51 1.849 
300.57 1"857 

R u n 8  

149.73 
156-51 
166.52 
175.63 
182-81 

190.53 
199-41 
209.30 
219.38 
228.81 

0.8823 
0-9323 
1" 186 
1.321 
1.361 

1-393 
1.452 
1"539 
1-664 
1-870 

R u n 9  

212.65 
222-69 
232.86 
242.06 
248.61 

252.82 
256.51 
259-51 
261.85 
265.60 

1-621 
1-713 
1-928 
2.280 
2.663 

3-051 
3 -802 
5.218 
6-908 
1-963 

138.54 
146.88 
155"59 
161.87 
165-76 

169-39 
173.19 
177.25 
181-60 

0-8319 
0.8739 
0.9216 
0.9906 
1.139 

1-273 
1.327 
1.348 
1.367 

Run 12 

223.65 
237"95 
250"02 
256-54 
258-62 
260-33 

261-49 
262-26 
263"02 
263-89 
265-80 
268"88 

1.723 
2"065 
2.806 
3-066 
3"858 
5.148 

5-794 
6"717 
6"014 
4"806 
2"196 
1"781 

Run 13 

299.72 
307.21 

1.842 
1" 875 
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Figure 13--Observed heat capaci- 
ties of cis-l,4-polybutadiene. The 
broken line represents the "cor- 
rected' heat capacity curve used in 

the heat of fusion calculations 

The smoothed heat capacities given in Table 24 were obtained from the 
results of those experiments in which the polymer was slowly cooled (above 
150°K that is). The heat capacity data below 20°K were obtained by extra- 
polation using the Debye function ~8 

C=0"398 fD (l12/T) 

The enthalpy and entropy of cis-l,4-polybutadiene were obtained by 

Figure 14--Observed heat capaci- 
ties of cis-l,4-polybutadiene (runs 
1 and 4) showing the N-like shape 
of the heat capacity versus temper- 
ature curve. The broken line 
represents the smoothed curve 

values of Figure 13 
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Table 24. Smoothed values of the thermodynamic functions for cis-l,4-polybutadiene 

Temp. C H?, - H?, 50, - S~ 
°K (abs.J.deg.-lg-X) (abs.J.g -1) (abs.J.deg.-lg --1) 

0 
10 
20 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 

262 
270 
273.15 
280 
290 
298" 15 
300 
310 

0 
0"0218 
0" 1206 
0.2179 
0"2985 

0" 3693 
0.4286 
0"4837 
0" 5374 
0" 5892 
0-6402 
0.6904 
0-7404 
0"7916 
0" 8434 
0- 8967 
0.997 
1 "289 
1 "364 
1.402 
1.472 
1-562 
1.679 
1-826 
2.126 
2.693 

LIQUID 
1.745 282-3 
1.771 296.4 
1.782 302-0 
1-803 314.3 
1"832 332-4 
1-854 347.5 
1.859 ~ 350"9 
1-882 I 369-6 

0 
0"0569 
0-7306 
2"461 
5"032 

8"383 
12"38. 
16.94 
22"05 
27"68 
33"83 
40-48 
47"64 
55"30 
63"47 
72.17 

0 
0"0075 
0"0501 
0"1184 
0"1921 

0"2665 
0"3392 
O.4094 
0.4776 
0.5439 
0.6077 
0.6720 
0-7342 
0-7955 
0.8560 
0-9160 

1"892 
1-945 
1.965 
2"010 
2.073 
2"124 
2-136 
2.197 

evaluating the thermodynamic  relations 

0 0 f T  H r - H o =  C d T  
0 

and 

S ° - S ° =  f l  ( C / T ) d T  

respectively. Except below 20°K and above 145°K these integrals were 
evaluated using Simpson's  rule. Below 20°K the Debye funct ion was 
evaluated graphically. Between 145 ° and 300OK the enthalpy was obtained 
by two methods. First, by summing the energy input  of runs 8 and 9 in 
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which the experiments were made from 147'48 ° to 293"90°K (allowance 
being made for the overlap of the two runs). The enthalpy change was then 
corrected to the temperature interval 145 ° to 3000K. Secondly, by heating 
the polymer continuously from 144"73 ° to 299"27°K (run 11) and again 
correcting to the temperature interval 145 ° to 3000K. The entropy change 
was obtained by summing similarly the various C A T / T I n  terms of runs 
8 and 9, where C A T  is the enthalpy change of the interval, AT, and T,,, 
is the mid-temperature of the interval (allowance was again made for the 
overlap of the two runs). The entropy change was corrected to the 145 ° to 
300°K temperature interval. The results of these various calculations, 
together with the data for the enthalpy change over the same temperature 
interval when the polymer was rapidly cooled (run 14) are shown in 
Table 25. 

Table 25. The enthalpy and entropy changes of cis-l,4-polybutadiene from 145 ° to 300°K 

Treatment 

Slow-cooled (runs 8 and 9) 
Slow-cooled, continuous heating (run 11) 
Shock-cooled (run 14) 

",oo-U~,~ I Sgoo-S~,, 
(abs.J.g -1) [ (abs.~deg.-lg -1) 

282"9 i 1.250 
283'1 - -  
264.1 I - -  

The glass transition temperature of this particular specimen is found to 
be about 165°K. The melting point, which was taken to be that temperature 
at which the heat capacity reached a maximum value, is 262 ° + 1 o K. 

From the heat capacity data a value was estimated for the heat of fusion 
of the cis-l ,4-polybutadiene sample by means of the equation 

A H t  = AQ1 - AQ2 - AQ3 

where AHj is the heat of fusion of 1 g of cis-l,4-polybutadiene, AQ1 is the 
increase in enthalpy of 1 g of polymer in going from a temperature (145°K) 
below the glass transition temperature to one (300°K) above the melting 
point, AQ2 is the energy required to heat 1 g of solid polymer from 145°K 
to the melting point (262°K), and AQ3 is the energy required to heat 1 g 
of liquid polymer from 262 ° to 300°K. In computing AQ2 it was necessary 
to extrapolate the heat capacity data for the solid polymer from 145 ° to 
262°K in order to avoid errors which may be caused by the glass trans- 
formation and pre-melting effects. For this purpose the equation 

C = 0 . 2 2 2 +  3"6 × 10-3T+ 6"0 × 10-~T ~ abs. J. deg. -1 g-1 

which fitted the smoothed heat capacity data in the range 120" to 150°K 
was used. Such a long extrapolation is open to obvious objections but is 
the only procedure available. 

The results of the above calculations are summarized in Table 26. 

Table 26 

zxa 1 
AQ z 
AQ s 
AH! 

283"0+0'1 abs. J. g-1 
141.8 + 7"0 abs. J. g-1 (estimated probable error) 
68-6+0"2 abs. J. g-1 
72"6_+7"3 abs. J. g-1 
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(b) trans-l,4-Polybutadiene 
The experimental details concerning the different runs are summarized 

in Table 27. The observed values of the heat capacity are given in Table 28 
and are plotted against temperature in Figure 15. 

Table 27. Heat treatments and observations with trans-l,4-polybutadiene 

Run 

1 
2 
3 

4 
5 
6 

7 

8 

9 

10 

Sample treatment 

Cooled rapidly to 78"K 
Cooled rapidly to 193"K 
Warmed to room temperature 

overnisht 
Cooled rapidly to 273"K 
Cooled rapidly to 20°K 
Cooled slowly over 3 days to 

145 °K 
Left overnight at 220°K then 

warmed to room temperature. 
Cooled slowly to 224°K 

Left at room temperature 
overnight 

Cooled to room temperature 
overnight 

Cooled to 224"K overnight 

Range o/ 
temoerature 

measurement 
°K 

78 to 220 
193 to 282 

297 to 313 
273 to 307 

20 to 86 

145 to 224 

224 to 289 

297 to 341 

297 to 338 
224 to 329* 

Temperature drift observations 

Upward drift from 190 to 220"K 
Upward drift from 193 to 275"K 

No drift 
Upward drift from 273 to 307°K 
No drift 

Downward drift from 175 to 224 'K  

Downward drift from 224 to 289"K 

B3th upward and downward drifts 
observed but these may be due 
to deterioration of the vacuum 

*Continuous heating. 

During the heat capacity measurements both upward and downward, 
temperature drifts were observed at temperatures above 175°K. The 
explanation of these drifts is presumed to be the same as that already given 
for similar drifts observed with the cis isomer. 

T 
To~4'0 

"o3. 5 

-(3 
3.0 

2'5 

c, j  
2"0 

1.5 

1-0 

0.5 

/J 
I t r J I I 

50 100 150 200 250 300 
Temperature °K' 

Figure 15 - -  Observed heat 
capacities of trans-l,4-poly- 
butadiene. The broken line 
represents the 'corrected' heat 
capacity curve used in the heat 

of transition calculations 

The heat capacity results indicate the occurrence of two transitions in 
trans-l,4-polybutadiene. The first, which can be recognized by the sudden 
change in slope of the heat capacity versus temperature curve at about 
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190°K, probably corresponds to the glass-rubber transition for this material. 
The second, for which the transition temperature is 317°+ I°K (i.e. that 
temperature at which the heat capacity reaches a maximum value), is 
probably associated with the change in chain configuration from linear to 
helical, which Natta ~8 has located, by X-ray diffraction, at 333°K. 

Table 28. Observed values of the heat capacity for trans-l,4-polybutadiene 

Temp. (°K) C(abs.J.deg.- lg -1) 

Run 1 

82.04 
90.10 
99-38 

109.11 
119.60 
130.30 

141-18 
153.03 
165.02 
177.11 
189.23 
201.22 
213.06 

0.5440 
0"5934 
O-6439 
0-6962 
0.7519 
0"8068 

0"8635 
0.9269 
0.9887 
1.058 
1.151 
1-272 
1.391 

Run 2 

199"26 
212"06 
224"95 
237"87 
250"82 
263"69 

276"43 

1"270 
1"383 
1"498 
1"615 
1"743 
1"892 
2"072 

Run3  

301.54 2-704 
309.38 2"888 

Run 4 

279.56 2"034 
291.39 2.274 
302.27 2-540 

Run5  

21-42 
24-10 
26"97 
29-95 
32-95 
36-35 
40-23 
45-56 

0-1036 
0-1248 
0-1512 
0.1794 
0.2054 
0.2346 
0.2672 
0.3137 

Temp. (°K) . C(abs.J.deg.-lg -1) 

Run 5 (Contd) 

51.64 0"3591 
57.28 0"3964 
63"38 0.4400 
69"86 I 0'4755 
76"38 i 0"5125 
82-93 0"5524 

i 
i 

Run 6 

149"39 
158"76 
169.36 
181"02 
193.41 
205-57 
217-57 

0-8994 
0-9496 
1.005 
1"073 
1.208 
1'348 
1'451 

Run 7 

227"66 
236"81 
247-74 
258"83 
270"62 
283"00 

1"515 
1"613 
1"716 
1"849 
1"984 
2"164 

Run 8 

301.72 
311"06 
317-83 
324-06 
331-44 
338.13 

2-674 
3"358 
7-775 
4-944 
2.526 
2.680 

Run 9 

301"97 
310"66 
315"35 
317"28 
319"15 
322"20 
327-96 
335"18 

2-638 
4"070 
7.424 
9.692 
7.972 
3.482 
2.462 
2-644 
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In order to obtain the heat capacity of the sample above 310°K the 
smoothed values of the empty calorimeter were extrapolated from 310 ° to 
345°K. Although it is believed that the error in this extrapolation is quite 
small the rapid deterioration in the vacuum which occurred above 310°K 
may introduce an error in the experimental heat capacities above this tem- 
perature of perhaps two per cent. 

The experimental values of the heat capacity were smoothed graphically 
and the smoothed values, together with the derived values of the entropy 

Table 29. Smoothed values of the thermodynamic functions for trans-l,4-polybutadiene 

Temp. C i t  ~, -- Hu o S~ -- S O 
o K (abs.J.deg.-lg-1) (abs.J.g -1) (abs.J.deg.-lg -1) 

0 
I0 
20 
30 
40 

50 
6O 
70 
80 
90 

100 
I10 
120 
130 
140 

150 
160 
170 
180 
190 

200 
210 
220 
230 
240 

250 
260 
270 
273.15 
280 

290 
298.15 
300 
310 
317 

317 
320 
330 
34O 

0 
0-0148 
0-0891 
0.1794 
0-2660 

0-3465 
0.4171 
0-4787 
0.5362 
0.5919 

0.6467 
0.6999 
0.7525 
0-8047 
0"8553 

0.9057 
0.9560 
1-008 
t.070 
1-157 

1-272 
1.372 
1"456 
1.543 
1.638 

1.745 
1.859 
1.982 
2.023 
2-113 

2.253 
2.402 
2.458 
3.370 

0 
0-0381 
0.5194 
1.872 
4.088 

7.151 
10-98 
15.46 
20.54 
26.18 

32.38 
39-11 
46.38 
54.17 
62.47 

71.27 
80.58 
90.40 

100.8 
111.9 

124.0 
137-3 
151.4 
166-4 

334.9 

HELICAL FORM 
2.232 398.0 
2-294 404-8 
2.505 428- 8 
2-726 445.0 

0 
0.0050 
0.0353 
0-0884 
0.1518 

0-2199 
0.2895 
0.3585 
0.4262 
0.4926 

0.5578 
0.6220 
0-6852 
0.7475 
0.8089 

0.8697 
0.9297 
0.9893 
1-049 
1.109 

1-171 
1-235 
1.301 
1-368 

1.986 

2.185 
2.207 
2.280 
2-359 
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and enthalpy are given in Table 29. Below 20°K the heat capacity values 
were obtained by extrapolation using the Debye function 

C=0"347 fD (122/T) 

The entropy and enthalpy values, in the range 0 ° to 230°K, were obtained 
in the usual manner. Between 230 ° and 330°K methods similar to those 
described for cis-l,4-polybutadiene in the range 145 ° to 300°K, were used 
to evaluate the enthalpy and entropy. The results of these calculations are 
shown in Table 30. The difference between the two enthalpy values shown 
in Table 30 may be due to errors introduced by the deterioration in the 
vacuum which occurred above 310°K. 

Table 3O 

0 0 ?0 0 Run H.a3 o - -  H ~so S ~3o - S±ao 
(abs.J.g -1) (abs.J.deg.- lg -1) 

Runs 4, 7 and 8 262"5 0'9126 
Run 10 (continuous heating) 268.2 - -  

The enthalpy change accompanying the transformation from a linear 
(Form I) to a helical (Form II) crystal structure in trans-l,4-polybutadiene 
was estimated by means of the equation 

AH~r =AQ1 - AQ2 - AQn 

where AHt~. is the heat of transition, AQx is the increase in enthalpy of 1 g 
of the solid polymer in going from a temperature (230°K) below the tran- 
sition to one (330°K) above it, AQ2 is the energy required to raise 1 g of 
solid polymer (I) from 230°K to the transition temperature (317°K), and 
AQ3 is the energy required to heat 1 g of the solid polymer (II) from 317 ° 
to 330°K. Even though the major part of the change from one crystalline 
form to the other is concentrated in a small temperature range around 
3170K, the transformation cannot be said to take place sharply (some fore- 
warning of the impending change is given even at 230°K when the heat 
capacity versus temperature curve begins to show a steady upward trend). 
In order to make some allowance for this 'smearing' effect the heat capacity 
values used in the calculation of AQ2 were obtained by a linear extra- 
polation of the heat capacity versus temperature curve in the range 230 ° 
to 317°K. This extrapolated curve (shown by the broken line in Figure 15) 
in effect represents that which the hypothetical solid polymer would prob- 
ably follow if it remained in Form I right up to the transition temperature. 

Table 31 summarizes the heat of transition calculations. 

Table 31 

AQ l 262"4 abs. J. g-' 
AQ 2 168"5 abs. J. g-l 
AQ3 I 30"8 abs. J. g-1 
A/'/tr ] 63'1 +6"0 abs. J. g-1 
AStr [ 0"199_+0"002 abs. J. deg. -1 g-1 
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D I S C U S S I O N  

These results add to the significance of those of Furukawa and McCoskey 14 
on samples described by them as 41°F and 122°F polybutadienes. For 
example, the anomalous N-like shape of the heat capacity versus temperature 
curve which they detected for the 122°F polybutadiene has been shown to 
be a property of the shock-cooled cis-l,4-polybutadiene. The absence of 
this anomaly in the 41°F polymer indicates that this had a much lower 
cis-l,4 content than the 122°F polymer. Furthermore, the diffuse peak in 
the heat capacity versus temperature curve which was observed for both 
the 41°F and 122°F polymers in the 270°K region has been shown to be 
due to the melting of the cis-l,4 isomer. It is rather strange that their results 
show no positive evidence for the solid \ ~ solid transition in trans-l,4- 
polybutadiene which has been observed in the present work. The most 
probable explanation is that it has been shifted to lower temperatures, e.g. 
in the 41°F polymer (which is expected to contain the greater proportion 
of the trans-l,4 isomer) the diffuse peak extends up to about 300°K, and it 
is quite likely that the solid, ~ solid transition is masked by the melting 
of the cis-1,4 isomer. 

The value obtained for the heat of fusion of the cis-l,4-polybutadiene 
specimen used in the present work (940+90cai. mole -1) is much smaller 
than that obtained by Natta ~s (2000eal. mole-'). Natta's method of 
measurement is not given so one can only speculate as to the cause of the 
difference. The most probable reason is that his sample was more crystalline 
than the one used in the present investigation. This interpretation is borne 
out by the fact that the melting point of the sample used by Natta (said 
to contain a percentage of cis-1,4 units greater than 99) was 274°K (com- 
pare the present value of 262°K). Natta also points out that the melting 
temperature is determined primarily by the way in which the steric 
impurities are distributed rather than by the steric impurity itself. For 
example, some catalytic systems, such as titanium tetraiodide and aluminium 
triethyl, give random copolymers of monomeric units with different steric 
configurations. Such polymers, even with a cis-l,4 content as high as 93 per 
cent, have rather low melting points in the range 262 ° to 266°K. Other 
catalytic systems prepared from different titanium halides give mixtures of 
macromolecules. From such mixtures, which are very rich in cis-l,4 units, 
macromolecules may be separated which melt at about 273°K. In such 
polymers the steric impurities are not statistically distributed along the 
chain and this allows the existence in the macromolecules of sections con- 
taining cis-l,4 units sufficiently long to have a melting point very close to 
that of the sterically pure polymer. It would appear from this that the 
cis-l,4-polybutadiene specimen used in the present work is of the former 
type. 

The temperature at which the transition occurs between the two crystalline 
forms of trans-l,4-polybutadiene has been located by Natta, Corradini and 
Porri ~9' ~°, using X-ray diffraction techniques, at 333 °K and by Baccaredda 
and Butta °x, using a dynamic mechanical method, in the range 309 ° to 
3290K. The present heat capacity measurements locate this first order 
transition at 317°+ l OK. Baccaredda and Butta 6x also located a change of 
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slope in the sound velocity versus temperature curve at 225°K which they 
attribute to the glass transition in the amorphous areas of the polymer. 
The difference between their value for the glass transition temperature and 
that found in this work (approximately 195°K) is typical of the agreement 
to be expected between the two methods 5s. 

The entropy change which occurs when 1 mole of 1,3-polybutadiene is 
polymerized to cis-l,4-polybutadiene at 25°C is 20"12cal. deg.-lmole -1. 
This value is quite close to that obtained from the results of Furukawa and 
McCoskey TM (21"2 cal. deg. -a mole-l). 
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Heat capacity measurements have been made on two polysulphones (propane 
and hex-l-ene) in the range 20 ° to 300*K and on another (but-l-ene) in the 
range 90 ° to 300*K. The heat capacity data yield the following values [or 
the entropy of the solid polymers at 25 °C: 

Propene polysulphone 32"08 + 0"15 cal. deg.-1 mole- 1 
But-l-ene polysulphone 37"2 +1"0 cal. deg. -~ mole - ~ 
Hex-l-ene polysulphone 52"83+0"25 cal. deg. -~ mole -~ 

KINETIC studies on olefine polysulphone systems ~2 have revealed the 
existence of a ceiling temperature above which the polymer is thermo- 
dynamically unstable with respect to the co-monomers under the prevailing 
experimental conditions. Values for the heat and entropy changes associated 
with the copolymerization process may be obtained from kinetic data alone. 
Lack of the necessary heat capacity data for the polymers and activity data 
for the monomer and polymer solutions has prevented a comparison being 
made between the entropies of polymerization obtained by the ceiling 
temperature method and those obtained from heat capacity measurements 
on the monomers and polymers by the application of the Third Law of 
Thermodynamics. The present work was undertaken as part of a programme 
to obtain the thermodynamic data necessary to allow this comparison to 
be made. 

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

Heat capacity measurements 
The method used has been described previously 28. 

Materials 
All the samples used in the present work were kindly given by Dr F. E. 

Frey of the Phillips Petroleum Co., U.S.A., who furnished the following 
information concerning the polymers: Propene polysulphone was prepared 
by mass polymerization of propene and sulphur dioxide at 100°F to a con- 
version of 95 per cent using lithium nitrate as the polymerization initiator. 
But-l-ene polysulphone was prepared by the polymerization of but-l-ene with 
sulphur dioxide in an emulsion recipe in which a small amount of ammonium 
nitrate was used as the initiator. The polymerization temperature was 100°F; 
olefine conversion was 95 per cent by weight. The hydrocarbon used in 
preparing the polymer was shown by infra-red analysis to consist of 
95-8 mole per cent but-l-ene; 3.5 mole per cent trans-but-2-ene; 0"6mole 
per cent cis-but-2-ene and 0"1 mole per cent 1,3-butadiene. The principal 
impurity in the polymer was residual emulsifier, sodium lauryl sulphate. 
Hex-l-ene polysulphone was prepared by polymerization in emulsion to 
greater than 90 per cent conversion at 100°F. 
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Table 32. Smoothed values of the heat capacity, entropy and enthalpy for propene 
polysulphone 

S~ - S O H ~  - H°o Temp. C o o 
°K (abs.J.deg.-lg-X) (abs.J.deg.-lg -1) (abs.J.g. -1) 

0 
10 
20 
30 
40 

50 
.60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
273- 
280 
290 
298- 
30O 

15 

15 

0 
0-0158 
0-0770 
0.1319 
0.1893 

0.2459 
0.2980 
0- 3477 
0.3963 
0.4A.d4 

0.4870 
0" 5272 
0" 5666 
0-6052 
0" 6422 

0" 6776 
0-7118 
0" 7458 
0'7810 
0'8155 
0"8506 
0.8858 
0" 9198 
0" 9540 
0-9818 
1 "012 
1.040 
1-067 
1-076 
1.098 
1" 130 
1" 159 
1 "165 

0 
0-0059 
0.0341 
0.0760 
0-1217 

0-1701 
0.2194 
0-2691 
0.3187 
0.3682 

0.4172 
0.4655 
0.5131 
0.5600 
0-6062 

0.6519 
0.6968 
0.7409 
0.7846 
0.8277 
0.8704 
0.9128 
0-9548 
0.9965 
1.038 

1 "078 
1.119 
1-159 
1.171 
1-198 
1.237 
1-269 
1-276 

0 
o. 0490 
0.4913 
1.552 
3.144 

5.336 
8.043 

11.27 
14.99 
19.20 
23.85 
28-93 
34- 40 
40.26 
46.50 

53.10 
60.04 
67.33 
74.97 
82.95 
91-28 
99-96 

109-0 
118.4 
128-0 

138.0 
148- 3 
158.8 
162.2 
169.6 
180.8 
190.1 
192-3 

The  samples were stored for several years, i.e. received in 1954, measure-  
ments  carried out in 1959-60, but  no  apparent  change occurred in this 
period. The  samples were used as supplied; bu t - l - ene  and hex- l -ene  poly- 
sulphones in the form of fine powders; propene polysulphone in the form 
of small pellets about  4 m m  3. The  masses of the samples investigated were: 
propene polysulphone 35'166 g, bu t - l - ene  polysulphone 27"695 g, hex- l -ene  
polysulphone 18"297 g. 

R E S U L T S  

The  observed heat capacities are plotted against temperature  in Figures 16, 
17 and  18. These were smoothed graphically and the smoothed values of 
the heat capacity, from which were derived the values, relative to 0°K,  of 
the enthalpy and entropy,  are given in  Tables  32, 33 and 34. 
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Table 33. Smoothed values of the heat capacity, entropy and enthalpy of hex-l-ene 
polysulphone 

Temp.  C S~, - SO n o  _ n o  ° 

o K (abs.J.deg.-lg-1) (abs.J.deg.-Xg -1) (abs.J.g -1) 

0 
10 
20 
30 
40 

50 
60 
7O 
80 
90 

I00 
110 
120 
130 
140 

150 
160 
170 
180 
190 

200 
210 
220 
230 
240 

25O 
26O 
270 
273.15 
280 

290 
298.15 
3OO 
310 

0 
0"0186 
0.0903 
0-1551 
0"2225 

0.2876 
0.3454 
0.4005 
0"4542 
0"5065 

0"5591 
0.6102 
0.6599 
0-7081 
0-7538 

0-7982 
0-8402 
0-8796 
0"9194 
0-9587 

0-9982 
1-039 
1-081 
1.125 
1"166 

1.208 
1.250 
1"292 
1.306 
1-335 

1-377 
1-413 
1-420 
1-464 

0 
0-0064 
0.0401 
0-0891 
O. 1428 

O. 1996 
O. 2572 
0-3146 
0.3717 
0-4282 

O. 4843 
0.5400 
O. 5952 
O. 6499 
0-7041 

0-7576 
0.8105 
O. 8626 
0.9141 
O. 9648 

1.015 
1.065 
1-114 
1.163 
1-212 
1.260 
1.308 
1"356 
1"371 
1.404 

1.452 
1-490 
1-499 
1.546 

0 
0-0488 
0.5783 
1-820 
3.694 

6.260 
9.421 

13.15 
17-43 
22.23 

27.56 
33.41 
39-76 
46.60 
53.91 

61-67 
69.87 
78.47 
87.47 
96.86 

106.6 
116.8 
127.4 
138.4 
149.9 

161-8 
174.1 
186.8 
190.9 
199.9 

213.5 
224.9 
227.5 
241.9 
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100 0-4912 
110 0"5368 
120 0"5812 
130 0"6250 
140 0.6679 
150 0.7100 

160 0-7491 
170 0" 7873 
180 0" 8240 
190 0" 8594 
200 0- 8942 
210 0-9288 

and 

220 0.9636 
230 0-9989 
240 1-034 
250 1-067 
260 1.101 
270 1.134 

273-15 1"143 
280 1"165 
290 1.195 
298.15 1.219 
300 1.225 

For propene and hex-l-ene polysulphones the values of the heat capacity 
below 20°K were obtained by extrapolation, using the Debye functions ~ 

"7 

10  
c~ 

0 8  

C =0-209 fo (100IT) 

C =0.245 ID (100/T) 

propene polysulphone 

hex- 1 -ene polysulphone 

The heat capacity data for but-l-ene polysulphone were extrapolated below 
90°K using the Kelley, Parks and Huffmann method 39 and the value thus 
obtained for the entropy relative to 0°K is 37-2+ 1"0 cal. deg. -1 mole -1. 

The following entropies of the liquid monomers at 25°C have been used 
in deriving A~c values: propene s*, 47-2; but-l-ene ~3, 54"41; hex-l-ene e4, 
70"55; sulphur dioxide, 37"88 cal. deg. -1 mole -1. The sulphur dioxide value 
has been estimated from the data of Giauque and Stephenson 9~ as follows: 
Since sulphur dioxide boils at 263-08"K it is necessary to extrapolate the 
heat capacity data for the liquid state above the boiling point to 298"15°K. 

0 6  

04  

0'2 

50 100 150 200 250 300 
Tern perat ure °K 

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

Table 34. Smoothed values of the heat capacity for  but-l-ene polysulphone 

Temp. C Temp. C 
° K (abs.J.deg.- lg-  1) °K (abs.J.deg.- Z g-  i) 

Figure 16---Observed heat  
capacities of propene poly- 

sulphone 
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Table 35. Comparison of the Second and Third Law entropies of polysulphones 

-- AS~c(caLdeg.- lmole -1) 
Polysulphone 

Second Law Third Law 

Propene 55.7 53.0 
But-l-erie 63.0 55.1 
Hex-l-ene 62- 6 55.6 

In the range 200 ° to 260°K the heat capacity of sulphur dioxide may be 
represented by the equation 

C =  22 .62 -  1 "075 x 10-2T+ 1.250 x 10-~T 2 cal. deg. -1 mole -1 

This equation has been used to evaluate the entropy increase of the liquid 
in going from 263-08 ° to 298-15°K. The value 2"57 cal. deg. -1 mole -~ is ob- 

0.8 
co 

0.6 

0.4 

0.2 

I I 
250 300 

o K 

, z  

/ ) '~  I I I r 
50 100 150 200 

Temperature 

1-41 
"0 

-~ 1.21 

Figure 17--Observed heat 
capacities of hex-l-ene poly- 

sulphone 

Figure 18--Observed heat 
capacities of but-l-ene poly- 

sulphone 
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THERMODYNAMIC FUNCTIONS OF LINEAR HIGH POLYMERS---VI 

rained, which, in conjunction with the Giauque and Stephenson value for 
the entropy of liquid sulphur dioxide at 263"08°K, leads to a value of 
37.88 cal. deg. -1 mole -1 for the entropy of liquid sulphur dioxide at 25°C. 

DISCUSSION 

The formation of propene, but-l-ene and hex-l-ene polysulphones from 
the liquid monomers has been studied kinetically in the region of the ceiling 
temperature and the entropy of polymerization for each of these processes 
evaluated. The Second Law entropies of polymerization, referred to a 
standard concentration product ![M] [S] of 27 mole 2 litre -2, together with 
those obtained by applying the Third Law of Thermodynamics to the heat 
capacity data on the monomers and polymers are shown in Table 35. 

It would be of interest to obtain a direct comparison between the Second 
and Third Law entropies for the polysulphones which are the subject of 
the present work. However, since the Second Law value for the entropy 
of polymerization is dependent on both (1) the percentage conversion of 
co-monomers to polymer (see, for example, the variation of the heat of 
polymerization for but-l-ene polysulphone 6~ as the percentage conversion 
is varied), and (2) the activities of the monomers and polymers in the 
reaction mixture, a direct comparison cannot at present be made because 
the relevant activity data are not available. 
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Part VII--Lexan 

F. S. DAINTON, D. M. EVANS, F. E. HOARE and T. P. MELIA 

LEXAN is a polycarbonate  formed by the condensat ion of phosgene and 
4,4 ' -dihydroxydiphenyl-2,2-propane in  the presence of alkali 67. The  present 
communica t ion  reports a series of heat capacity measurements  which were 
made on this polymer  in the range 20 ° to 300*K. The  smoothed heat 

Table 36. Smoothed values of the heat capacity, entropy and enthaipy for Lexan 

Temp. 
o K 

0 
10 
20 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
273.15 
280 
290 
298.15 
300 
310 

C 
( abs.J.deg.- l g --1) 

o 0 
S ~ - S O 

( abs.J.g - z ) 

0 
0"0234 
0"0998 
0"1567 
0.2063 
0"2507 
0"2899 
0-3249 
0"3594 
0-3950 
0"4315 
0"4673 
0.5038 
0-5411 
0"5796 
0"6180 
0.6566 
0"6953 
0"7328 
0.7716 
0-8106 
0"8501 
0.8890 
0-9281 
0-9636 
0.9995 
1.037 
1.074 
1.085 
1.112 
1.150 
1.181 
1-188 
1-224 

0 
0.0089 
0.0475 
0-0993 
0-1512 
0.2022 
0.2514 
0.2988 
0-3444 
0.3887 
0-4322 
0-4750 
0.5172 
0.5590 
0.6005 
0.6418 
0.6829 
0-7238 
0.7647 
0.8054 
0-8460 
0-8865 
0.9269 
0"9673 
1.007 

1-048 
1-087 
1.127 
1.140 
1.167 
1.207 
1.239 
1-246 
1-286 

H~_uoo 
(abs.J.deg.-lg -1) 

0 
o. 0730 
0.6738 
1.982 
3.792 
6-090 
8.786 

11.86 
15-28 
19.05 
23.18 
27.68 
32.53 
37.75 
43.36 
49-34 
55.72 
62.48 
69- 62 
77-14 
85.06 
93.36 

102.0 
111-1 
120.6 
130.4 
140-6 
151-1 
154.6 
162.1 
173.4 
182.9 
185-1 
197- I 

capacity values together with the derived values of the entropy and enthalpy,  
relative to 0°K,  are shown in T a b l e  36 .  The  measurements  were carried out  
in an adiabatic, vacuum calorimeter which has been described previously2L 
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Part VIII--Methylmethacrylate and Polymethylmethacrylate 

T. P. MELIA 

THE HEAT capacity of polymethylmethacrylate has been measured from 
16 ° to 60°K by Sochava 68 and from 60 ° to 260°K by Sochava and Trapez- 
nikova ~9. The heat capacity of methylmethacrylate has also been deter- 
mined ~9 between 60 ° and 210°K, and by Erd6s, J~iger and Pouchly 7° over 
the temperature range 293 ° to 323 ° K. 

The smoothed values of the heat capacity of polymethylmethacrylate, 
together with the derived values of the enthalpy and entropy, are listed at 
ten degree intervals in Table 37. The values of the heat capacity below 

Table 37. Heat capacity, enthalpy and entropy of polymethylmethacrylate 

Temp. C H ° -  n °  o s ° - s °  o 
° K (cal.deg.- lg-  1) ( cal.g- 1) (cal.deg.- lg -  1) 

10 
20 
30 
40 
50 

60 
70 
80 
90 

100 

110 
120 
130 
140 
150 

160 
170 
180 
190 
200 

210 
220 
230 
240 
250 

260 
270 
273"15 
280 
290 
298"15 
300 

0-004 
0"019 
0"035 
0"051 
0"066 

0"083 
0" 098 
0'111 
0" 126 
0" 139 

0" 148 
0" 157 
0" 166 
0"175 
0" 186 

0"194 
0" 202 
0"210 
0"218 
0"225 

0"235 
0"243 
0" 250 
0"255 
0"261 

0"266 
0"271 
0"273 
0" 276 
0"281 
0"284 
0" 285 

0'01 
0"15 
0"40 
0"83 
1 "41 

2"16 
3"06 
4"11 
5"30 
6'63 

8 "07 
9"59 

11 "21 
12"92 
14"73 

16"63 
18"61 
20" 67 
22" 80 
25"01 

27" 32 
29"71 
32" 18 
34"71 
37"30 

39"93 
42"62 
43" 48 
45" 36 
48" 14 
50"45 
50" 98 

0"002 
0"009 
0"019 
0"032 
0"045 

0"059 
0"073 
0"087 
0"101 
0"115 

0"129 
0"142 
0"155 
0"168 
0"180 

0" 193 
0"205 
0"216 
0" 228 
0"239 

0"250 
0"262 
0"273 
0"283 
0'294 

0.304 
0"314 
0"317 
0-324 
0"334 
0"342 
0.344 
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T. P. MELIA 

16°K were obtained by extrapolat ion using the Debye  function 28 

C = 0"0436 fo (90 /T)  

In  the range 260 ° to 300°K the heat capacity was evaluated using the 
equat ion 

C = 4 " 3 7  x 10 -2 + 1"18 x 10-3T - 1-25 x 10-eT 2 cal. deg. -1 g - i  

which fits the heat capacity data between 200 ° and 260°K. The  heat 
capacity values of  methylmethacryla te  between 0 ° and 6 0 ° K  were obtained 

• 7 0.50 / 
t:n o MethylmethacryIate "T. 
O~ • ,, Po tymethylmethacrytate i:: 
° 04( :: 

: 

° ~.; 03C 

0"2C 

o.lc ,,~,~:/~J'"": 
0 50 100 150 200 250 300 

Temperature °K 

Figure 19--Heat capacities of methylmethacrylate and 
polymethylmethacrylate. The broken lines represent 

extrapolated and interpolated values 

Table 38. Smoothed values of the heat capacity of methylmethacrylate 

Temp. 
°K 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 

C 
(cal.deg.- 1g-t) 

Exptl Calcd 

0 0 
- -  0.008 
- -  0"016 
- -  0"048 

. - -  0.073 
- -  0"097 

0"117 
0"141 
0"157 
0"170 

0"180 
0"191 
0"203 
0.216 
0.229 
0"244 
0-256 
0.268 
0-285 0"280 

Temp. 
o K 

C 
(cal.deg.- Zg- 1) 

Exptl . 

0-305 
0"328 
0"358 

190 
200 
210 
220 
225 

225 
230 
240 
250 
260 
270 

273.15 
280 
290 
298" 15 
300 

m 

m 

0-457 
0-460 

Calcd 

0-292 
0-304 
0.316 
0.328 
0- 334 

LIQUID 
0.355 
0.362 
0.376 
0-390 
0.404 
0.418 

0.422 
0-432 
0.446 
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THERMODYNAMIC FUNCTIONS OF LINEAR HIGH POLYMERS--VIII 

by a freehand graphical extrapolation of the C / T  data above 60°K and 
those between the melting point ~1 (225°K) and 290°K were evaluated using 
the equation 

C = 0-040 + 0'0014 T cal. deg.-1 g-1 

which approximately fits the data of Erd6s et al. in the range 293 ° to 323 °K 
(Figure 19). Since a considerable amount of pre-melting appears to occur 
in methylmethacrylate at temperatures above 170°K the smoothed values 
of the heat capacity were corrected for pre-melting. This was achieved by 
extrapolating the data for the solid from 170°K to the melting point. 
These values, which are given in column 3 of Table 38, were used to 
derive the entropy changes given in Table 39. Such long extrapolations are 
open to obvious objections but are the only procedures available. 

Table 39. Ent ropy  changes  on  heat ing methylmethacry la te  

6O 

f C dt 
7 

0 

225 

f C dt 
T 

6O 

298' 15 

225 

0"085 cal. deg. -1 g-1 

0"278 cal. deg. -1 g - t  

0"113 cal. deg. -1 g-1 

There are several lines of evidence 13'72 that the residual entropy of 
polymers is less than 2cal. deg. -1 mole -1 and hence the absolute entropy 
of polymethylmethacrylate at 25°C lies in the range 34"4 to 36"4 cal. deg. -~ 
mol~-1. Combining this with Ivin's 7~ and Small's 7~ value of AS°~ we obtain 
S~ (25°C)=60"6+3"0cal .  deg. -1mole -1 which should exceed the sum of 
the three quantities given in Table 39 by the entropy of fusion of methyl- 
methacrylate which is therefore 13.0 +4 '5  cal. deg. -1 mole -1. This compares 
with the value of 13.8 cal. deg. -1 mole -1 obtained by subtracting the entropy 
of vaporization ~ from the entropy of sublimation '~. 
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Radiation-induced Solid State 
Polymer&ation 

P. G. GARRATr 

One o] the more recent advances in the field of  polymer radiation has been 
the polymerization of solid monomers. This can occur even when the monomer 
is frozen down to liquid nitrogen temperature. Indeed same of the monomers 
can only be polymerized by exposure to gamma radiation when in the solid 
state, and in the majority of  cases investigated more rapid polymerization 
was observed in the crystalline staie than in the liquid state. This field is 
attracting growing interest and the following review attempts to outline many 

of the results already obtained. 

MOST of the previous work on radiation-induced polymerization has been 
mainly concerned with the irradiation of vinyl monomers in the liquid 
state or in solution. The absorbed energy pro.duces ionization and excitation, 
this resulting in the formation of radicals which can initiate or terminate 
the growing polymer chains. The kinetics of the reaction indicate that the 
initiating radicals are distributed at random throughout the system. The 
propagation reaction is independent of the radiation process, and is identical 
with that found in chemical initiation. For many monomers, irradiated at 
low intensities, the number of chains is dependent only on the dose absorbed, 
although their average length decreases as the radiation intensity rises (more 
radicals are available to terminate the growing chains)*. Under these con- 
ditions the rate of polymerization varies as the half power of the radiation 
intensity (10. This, however, is not found with acrylonitrile for example, 
when due to the insolubility of the polymer in the monomer the growing 
chains fold occlude the radical ends. 

More recently evidence has been produced to account for polymerization 
occurring by ionic mechanisms, these usually being favoured at low tem- 
peratures. The polymerization yield (conversion per unit dose) is found to 
be independent of the intensity indicating that termination is not due to 
radiation-induced radicals. In this instance the polymerization rate varies 
with the intensity (I). Further, greatly increased yields are obtained when 
polymerization occurs in the presence of certain inorganic additives. This 
is probably due to the stabilization of the initial charged species. There 
is not so much information available on ionic polymerizations as on radical 
polymerizations. One of the major difficulties encountered in solid state 
polymerization is the accurate determination of true polymer yields. These 
yields are one of the predominant factors involved in elucidating the 
mechanisms operative in this type of polymerization. 

In the solid state polymerization it is often necessary to destroy the 
frozen monomer phase after irradiation to determine the polymer yield. 

*This is assuming no chain transfer. 
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Evidence (discussed later) has been produced to show that a large contri- 
bution to the polymerization reaction may occur during the warming of 
the frozen mixture. During this period it is visualized that reactive species 
may be released, thereupon producing additional polymerization. It is 
possible, however, to follow the course of solid state polymerization by the 
following techniques: X-ray diffraction, optical methods and electron spin 
resonance (e.s.r.) studies. These later methods do not involve the destruction 
of the crysta/line solid phase. 

For the purpose of this review, the work already carried out in this field 
is described under the headings of various monomer groups. 

A C R Y L A M I D E  

Qne of the first reports on solid state polymerization by ionizing radiations 
was published as early as 1954, when acrylamide was polymerized using 
gamma radiation 1. At low temperatures an extremely long induction period 
was observed and on warming a violent polymerization reaction occurred. 
The polymer was subsequently isolated using methanol as precipitant. 

Much of the detailed work on solid state polymerization has been carried 
out using acrylamide as monomer, this being crystalline at room temperature 
(m. pt 84"C) TM. By measuring the polymer formed after various periods of 
standing, it has been observed that polymerization continues for several 
months after removal from the source ~-~. When the monomer is exposed 
to gamma rays at -78°C, a temperature at which there is no appreciable 
polymerization, subsequent warming to higher temperatures showed poly- 
merization to continue for six months, there being no indication of an 
approach to a limiting conversion ~. The kinetics of such a system has been 
reported to be consistent with a bimoleculartermination. The dependence 
of yield on radiation intensity and radical concentration is intermediate 
between that expected from a uniform radical distribution and that expected 
from the radical growth in isolated tracks of gamma rays ~-~. The kinetic 
data obtained from the study of the polymerization of acrylamide in the 
temperature range 0 ° to 60"C may be expressed in the form 

Y = A l o g ( l  + Bt) 

where Y is the fractional yield of polymer in time t, and A and B are 
constants, A being essentially temperature independent" 7. The time depend- 
ence of the polymerization is characterized by the lack of an induction 
period and by a rapid decay in rate with monomer conversion. It is 
important to note, however, that during the period of polymerization the 
radical concentrations measured by electron spin resonance were found to 
remain almost constant. This indicates that the characteristic bimolecular 
termination step observed in liquid state polymerization is not involved in 
solid state polymerization. The observed radical concentrations were in good 
agreement with the number of polymer chains obtained from the polymer 
yield and molecular weight data, which is an indication that all the radicals 
initiate chains and that chain transfer is negligible. 

In solid solutions of acrylamide and propionamide (which are iso- 
morphous) the polymer chain length was determined by chain transfer to 
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the propionamide. The high value of the chain transfer coefficient was 
ascribed to the directing influence of the crystal lattice. The chain transfer 
behaviour of the propionamide points to the importance of lattice control 
in solid state polymerization. It is suggested that the polymer chains grow 
at the monomer/polymer interface with the growing end anchored in the 
crystal lattice of the monomer. There is no appreciable chain transfer in 
solid solutions of acrylamide containing acetamide ~-~, which is not iso- 
morphous with the crystalline acrylamide. 

As there would appear to be no free radical termination involved, the 
usual steady state assumptions were found inadequateL The results obtained 
were consistent with the view that polymerization is a heterogeneous 
reaction, there being a nucleation mechanism in which the free radicals are 
probably trapped by overlapping of the growing polymer chains. Favourable 
sites for nucleation of reaction are crystal imperfections. As the reaction 
proceeds from the imperfect regions, additional strains can then release the 
dormant trapped radicals by creating an environment favourable for 
propagation. This latter release is termed 'enhanced nucleation'. This theory 
is supported by the results of experiments with mixed crystals. The addition 
of diluent propionamide, even though isomorphous with acrylamide, intro- 
duces more imperfections, these resulting in a higher rate of reaction than 
pure acrylamide. Evidence that polymerization occurs at crystal imper- 
fections is shown by the fact that if the crystal is scratched, the polymeri- 
zation proceeds rapidly along, the scratch. X-ray diffraction studies 
demonstrate that during the entire course of reaction both the crystalline 
monomer and amorphous polymer are present, this being further proof of 
a two-phase mechanism 8. 

Electron spin resonance and various microscopic studies of the solid 
state polymerization of acrylamide confirm that the reaction involves free 
radicals which do not terminate in the normal manner because they are 
trapped when the growing polymer regions overlapL It is concluded that 
the rates of polymerization are governed at least in part by local build up 
and release of compressive and tensile stresses. Evidence is given for the 
polymer nuclei being non-uniformly distributed, these falling into lines 
believed to be dislocations or other defects. 

Further microscopic studies of initially crystalline acrylamide at doses 
when the acrylamide was completely polymerized showed no evidence of 
birefringenee. X-ray diffraction diagrams showed only a broad diffuse ring 
characteristic of unoriented and non-crystalline polymers 1°. This shows 
that the initial orientation present in the monomer crystal has been com- 
pletely lost in the course of polymerization. Taken in conjunction with the 
earlier work, these results are consistent with polymerization occurring in 
the vicinity of definite sites, probably dislocations or regions of high strain. 

On the other hand, it has been concluded that the irradiation of an 
acrylamide crystal with X-rays yields a polymer which has the same external 
form as the monomer and is still double refracting. Since the polymer 
shows no sharp X-ray lines, the optical effects observed must arise from 
a strain or anisotropic arrangement produced by the 'fixing' of monomer 
molecules whilst the polymerization occurs ~1. These birefringent optical 
properties have been confirmed in this laboratorylL 
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It was concluded from electron spin resonance data that the continued 
polymerization of acrylamide after removal from the source is probably 
due to long-lived free radicals. An attempt to utilize these radicals to 
initiate the polymerization of methylmethacrylate by dissolving irradiated 
acrylamide in it, proved unsuccessful. However, with irradiated N-t-butyl 
acrylamide (which is a monomer that reacts only slowly with itself due to 
steric hindrance) immersion in styrene produced a polymer containing 
polystyrene and N-t-butyl acrylamide. This result indicates that free radicals 
may be stored in some kinds of irradiated crystals and that they may be 
used to initiate further polymerizations at a later datelL 

C A R B O X Y L I C  A C I D  M O N O M E R S  

Further work with the salts of carboxylic acid monomers, mainly acrylic 
and methacrylic acid, allowed the arrangement of the reactive monomer in 
the crystal lattice to be varied by altering the cation and the degree of 
hydration in some of the salts TM. A study of the potassium, sodium and 
lithium salts of acrylic acid exposed to gamma rays at - 7 8 ° C  showed the 
reactivity of the salts to be in the order potassium > sodium > lithium, 
from which it was concluded that the polyacrylate chain propagates more 
easily in the lattice of the potassium salt. Evidence for the chain length 
being determined by chain transfer is shown by the fact that the molecular 
weight of the polymer increases only slightly with polymer yield. 

More recently it has been found that the solid state polymerization of 
methacrylic acid in samples following irradiation with gamma rays at 
-78°C leads to a polymer which is less syndiotactic than that obtained from 
the monomer in the liquid phaselL Further, it has been shown that for 
alkali methacrylates the sodium salt is more reactive than the potassium 
salt, while lithium methacrylate does not polymerize. This is the opposite 
order to that found for the alkali acrylates. 

A C R Y L O N I T R I L E  A N D  M E T H A C R Y L O N I T R I L E  

It has been established that the polymerization of acrylonitrile at room 
temperature proceeds by a radical mechanism. It appears that in its own 
monomer the termination step is retarded by poor solvent conditions, giving 
a long lifetime to the growing radicals. The dependence of the polymeri- 
zation rate on radiation intensity 1 is, therefore, approximately I °'8 instead 
of the normal dependence as I °~. Marked post-irradiation steps have also 
been observed with. acrylonitrile, due to these trapped radicals. 

In the solid state the irradiation of acrylonitrile gives rather unexpected 
results. Even on continuous irradiation of the monomer at liquid nitrogen 
temperature it appears impossible to polymerize the monomer beyond a 
conversion of approximately five per cent 2°-~2. To discover whether any 
reaction occurs during the warming of the frozen monomer-polymer phase, 
the effect of slow and fast melting of the reaction mixture has been investi- 
gated. Experimental results have shown that on slow melting the mixture 
yields twice as much polymer as it yields on fast melting, although con- 
version for slow melting still only yields five per-cent polymer 2°. If, how- 
ever, the reaction mixture is allowed to melt and then recrystallize a much 
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higher conversion is obtained on further irradiation. This would point to 
the increased polymerization being due to defects in crystal structure around 
polymer chains. 

It has also been reported that if acrylonitrile is irradiated at -196°C to 
a dose of 7-8 × 10 ~ rads, subsequent warming to room temperature caused 
the acrylonitrile to polymerize explosively before the solid began to melt, 
giving large quantities of polymer 23. 

It has been found that during the polymerization the reaction vessels 
became electronically charged, and subsequent discharging with a grounded 
electrode causes polymerization to proceed furtheff'. A linear conversion 
up to twenty three per cent was achieved when the solid monomer was 
irradiated with X-rays in a grounded steel vessel 2°. This phenomenon was 
interpreted as indicating that some electronically charged species are the 
precursors of the active centres responsible for the initiation of polymeri- 
zation. Recent work in our laboratory has shown that the application of 
high voltages to the monomer at -196°C during irradiation with gamma 
rays has little or no effect on the yield of polymer 2~. 

The infra-red spectra of polyacrylonitrile polymerized by irradiation has 
shown that a reaction which gives the C : N linkage to the polymer occurs 
at low temperatures 2~. 

It has recently been shown that acrylonitrile can polymerize by two 
,different mechanisms, one radical and one probably ionic when initiated 
by ionizing radiations in different temperature regions ~1'~7. The following 
.evidence can be forwarded to support this claim that the mechanism in the 
solid state is almost certainly ionic: 
(a) Acrylonitrile was found to polymerize easily at -196°C even in the 

presence of radical inhibitors such as diphenyl picryl hydrazyl and 
benzoquinone which affect the polymerization at room temperature. 

(b) The induction period observed at room temperature was absent at low 
temperatures. 

(c) The initial polymerization rate was found to be proportional to the 
intensity of radiation, this being characteristic of ionic polymerizations, 
although the rate for acrylonitrile at room temperature was dependent 
on the intensity to the power 0"8 (which is higher than for normal radical 
polymerization due to lack of the usual termination reaction). 

(d) Very low activation energies are observed (approximately 0"4 kcal/mole) 
at low temperatures, as against about 5kcal/mole for typical radical 
reactions. 

Similar observations have been made for methacrylonitrile in the solid 
state, it being concluded that the reaction is probably ionic at low tem- 
peratures ~s. 

N O N - V I N Y L  M O N O M E R S  

Several non-vinyl monomers can also polymerize in the crystalline state 
and the polymerization of one of these, formaldehyde, initiated by ionizing 
radiations has been reported 23,~9. The irradiation in the solid state at 
--196°C induces a rapid, almost explosive polymerization reaction, which 

can be initiated on warming the irradiated solid formaldehyde or by 
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mechanical shock. A very high G value for conversion 5-4 x 10 ~ is obtained 
for a conversion of 52 per cent which is not normally obtained in radiation 
polymerization. In view of this very high G value it was considered that the 
initiation mechanism of the radiation polymerization in this case is different 
from the free radical or a simple ionic mechanism. It is conceivable that 
ionizing radiation brings formaldehyde to highly excited states including a 
polar state H~C+---O -, which will presumably initiate an ionic polymeri- 
zation reaction. It is possible to regard the highly excited molecule as 
trapped active centres at low temperatures, which initiate polymerization as 
soon as the temperature of the irradiated solid monomer is partly raised ~3. 
This polymerization has also been interpreted in terms of an internal warm- 
ing up due to the exotherm of growing chains 29. The solid state polymeri- 
zation of formaldehyde by gamma radiation has been described in a recent 
patents report ~°. The polymer obtained from the solid state polymerization 
of formaldehyde was found to have a fibrous bulky appearance. From 
observations of birefringence or X-ray diffraction photographs, the 
orientation of polymer molecules was observed to be rather perpendicular 
than parallel to the fibre axis. 

Acetaldehyde has also been found to polymerize in the solid state 3~ and 
further investigations 32 by X-ray diffraction methods showed polymerization 
occurring at - 140°C. 

RING COMPOUNDS 
The radiation-induced solid state polymerization of ring compounds which 
are known to have strained structures has been intensively investigated. 
Trioxan33.34, diketene34,35, ~.propiolactane3~,as and 3,3-bis-chloromethyl- 
oxacyclobutane 34'~7 have been found to polymerize only in the solid state 
by the irradiation of gamma rays or electrons. It was assumed that the ions 
produced by radiation have prolonged activities in the solid state which 
are sufficient to cause polymerization, and that the monomer molecules are 
suitably arranged in the crystalline state to initiate polymerization efficiently. 
The polymerization rate is approximately proportional to the first order of 
radiation intensity and the apparent activation energy is observed to be 
negative. 

With diketene, t3-propiolactane and 3,3-bis-chloromethyl-oxacyclobutane 
a maximum conversion was obtained at relatively low yields, the conversion 
of trioxan being linear up to high values. The saturation phenomenon 
observed has been ascribed to the fact that at high conversions polymer 
molecules aggregate with each other to form bunches of polymer. Unreacted 
monomer is squeezed out and loses its crystalline orientation to the extent 
of hindering further polymerization 38. A kinetic scheme has been developed 
to account for both the kinetic data obtained and the saturation phenomena. 
The rate of polymerization is given by the equation 

d Y / d t = A  (1 - Z Y )  
where 

A = k~kpl / kt 

I being the radiation intensity, k~kpkt the rate constants for initiation, 
propagation and termination, and Y the polymer yield. It is assumed that 
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the effective monomer fraction for polymerization is (1-ZY).  From 
investigations of polymerization kinetics and analysis of the polymer 
structure it was concluded that the polymerization takes place by an ionic 
mechanism in the monomer crystalline lattice. 

A study of the structure of these polymers shows them to have good 
crystallinity as well as orientation 39. The polymers obtained from the 
monomer in the large single crystals have higher melting points and better 
orientation than those obtained from suddenly cooled monomers. In general 
the polymers obtained from such large monomer crystals have the outward 
appearances of large crystals. It was noted that the orientation observed 
for polytrioxan obtained from large crystalline monomer was greater than 
that of stretched polyoxymethylene film or fibre obtained from formal- 
dehyde. This illustrates the fact that the monomer arrangement in crystals 
greatly influences the mechanism of the propagation reaction in the solid 
state, and that with trioxan the propagation reaction takes place along a 
crystallographic axis. 

It was observed that the rate of polymerization was remarkably reduced 
in the presence of solvent or co-monomer 4°. These results suggested that 
the molecules of the solvent or co-monomer may be able to invade the 
crystal of the monomer and disorder its lattice so that polymerization no 
longer occurs. 

M I S C E L L A N E O U S  M O N O M E R S  

The polymerization of various other vinyl monomers has been investigated 
in detail. The radiochemical polymerization of styrene and 2,4-dimethyl 
styrene is considered to proceed by a predominantly cationic mechanism 
at low temperatures and mainly by a radical mechanism at high tempera- 
tures "1. The effects of the change of phase and heterogeneity on the poly- 
merization of these monomers have also been studied "~. It was found that 
in tile pure solid monomers the rate of polymerization increases with tem- 
perature up to a maximum value at the melting point where the system is 
heterogeneous. The rate then falls rapidly above the melting point to a 
minimum value, and then rises in the customary manner for radical poly- 
merization. Another report on the polymerization of styrene in the solid 
state, interprets the results as indicating that reaction at low temperatures 
probably proceeds by an anionic mechanism 43. A twofold increase in yield 
(per hour) was obtained in the presence of benzoquinone. It was later 
observed that freshly sublimated benzoquinone (present in concentrations 
below one per cent) does not have any effect on the polymerization 2°. 

It is interesting to note that methyl methacrylate does not polymerize 
in the solid state 2°,44. However, a rapid polymerization was observed when 
frozen mixtures of the monomer with paraffin wax or mineral oil were 
treated with radiation ~°. This may be due to a different crystalline or 
amorphous environment. 

In the polymerization of vinyl stearate by 1 MV electrons, a discontinuity 
of reaction rate and molecular weight with respect to temperature was 
noted in the vicinity of the monomer melting point, and it was suggested 
that in this region the diffusion constant for propagation is easily affected 4~. 
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The polymerization of vinyl stearate has also been reported by other 
workersl°'l". 

The solid state polymerization of butadiene 4~ has been shown to proceed 
by an ionic mechanism at low temperatures. The polymerization of various 
other monomers in the solid state initiated by ionizing radiations has been 
reported from time to time. These include hexamethylcyclotrisiloxane ~7'a8, 
isobutylene 49, ethensulphonamide 5°, methacrylamide 14'1~, methylene bis- 
acrylamidelO, 1,. 15, acrylic and methacrylic acid 1~, the metallic acrylates TM 1, 
and tetraethylene-glycoldimethacrylate 5 x. 

P H O T O C H E M I C A L L Y  I N I T I A T E D  P O L Y M E R I Z A T I O N  
The photochemical polymerization of crystalline methacrylic acid by ultra- 
violet light has been investigated either with or without azobisisobutyro- 
nitrile as photosensitizer ~2. Because of the low energy of each photon, it is 
assumed that such reactions proceed through a radical mechanism, there 
being no ionic contribution. Results indicate that the radicals formed on the 
surface of the crystal are immobile at -196°C, but they become progres- 
sively more mobile as the temperature increases. It was suggested that the 
reaction is probably initiated by radicals formed near the surface of crystals 
or cracks. Micrographs show boundaries travelling inwards from surfaces 
with the gradual establishment of the reaction zone; this accounts for the 
autocatalytic character of the unsensitized reaction in the early stages. 

Further investigation of the photochemical polymerization of crystalline 
monomers has been reported ~8. A study of the crystal birefringence of 
crystalline acrylic and methacrylic acid was followed by optical methods. 
A remarkable effect is found if a small stress is mechanically applied to the 
monomer during the polymerization. The reaction is immediately halted 
or retarded, and on removal of the stress the polymerization restarts. With 
methacrylic acid the polymerization restarts immediately, but with acrylic 
acid the reaction only resumes after an induction period similar to the one 
initially observed. 

It is now assumed that dislocations within the crystals are suitable sites 
for radical formation s` . When the stress is applied it is thought that the 
dislocations move away from the polymer chains, preventing the growth 
of these chains. It is possible that with methacrylic acid the dislocations 
move under stress elastically, whilst in acrylic acid the dislocations move 
non-elastically, accounting for the further induction period. 

M I S C E L L A N E O U S  R E P O R T S  

Discussions on the possible mechanisms of solid state polymerization have 
been published ~, ~. A summary of solid state polymerization was included 
in a review of radiation polymerizationSL More recently a hypothesis 
explaining the mechanism of low temperature polymerization has 
appeared ~8. 

D I S C U S S I O N  

One of the major problems is to interpret the mechanism involved in these 
solid state reactions. It is plausible that both ionic and radical mechanisms 
exist in the polymerization of various monomers. This is illustrated for a 
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large number of monomers including acrylonitrile ~, methacrylonitrile ~s, 
butadiene '~, styrene '1, and 2,4-dimethylstyrene '1, different polymerization 
mechanisms existing in polymerization under identical conditions but for 
temperature. At a certain transition temperature which varies for each 
monomer both these mechanisms occur to some extent. 

It is apparent that ionic mechanisms are favoured at low temperatures. 
This view is supported by an accumulation of evidence, i.e. the lack of 
induction period, very low activation energies, initial polymerization rates 
and the absence of any inhibition of polymerization in the presence of 
radical scavengers. Further evidence is found in strained ring compounds 
which have only been effectively polymerized with ionic initiatorsS4"3L In 
addition it has been established that during the polymerization of acryloni- 
trile at low temperatures, the reaction vessel became electronically charged, 
this also being attributed to an ionic species 24. It has been suggested that 
styrene and 2,4-dimethylstyrene react by a predominantly cationic mech- 
anism 41, but with acrylonitrile and methacrylonitrile it may be argued that 
the reaction is mainly anionic, as these monomers are known not to poly- 
merize in the presence of cationic initiators. 

In the liquid state the majority of polymerizations proceed by a radical 
mechanism. However, evidence can be produced to support radical mech- 
anisms in the solid state, although as it will be seen later in this discussion, 
part of this evidence is open to question. It is noticeable that this evidence 
relates mainly to monomers which are crystalline at higher temperatures. 
Electron spin resonance measurements on acrylamide have shown that the 
radical concentration was approximately equal to the number of polymer 
chains calculated from kinetic evidence 3,4. Further, the photochemically 
initiated polymerization of methacrylic acid and acrylic acid is found to 
proceed in the presence of the free radical initiator azobisisobutyronitrile 5~. 
It has been shown that acrylamide can polymerize at 80°C in the presence 
of this initiator 1~, which would certainly appear to support a radical 
mechanism. 

It cannot, however, be assumed that if a radical mechanism does operate 
in the solid state then it is of a similar nature to that observed in liquids. 
It has already been mentioned that there is no characteristic bimolecular 
termination in the polymerization of acrylamide ~. Also in the polymerization 
of various acrylate salts, where the polymerizing species is the anion, 
different polymerization rates have been observed for the varying cations r, is. 
Chemically similar monomers, i.e. acrylamide, methacrylamide and 
methylene bisacrylamide, which have similar reactivities in the liquids, are 
described as having markedly dissimilar polymerization rates in the solid 
state r. 

In the e.s.r, studies it has usually been assumed that the radical concen- 
trations observed are the species responsible for the propagation of poly- 
merization. This assumption may be questioned. The free radicals observed 
in irradiated acrylamide at room temperature are confirmed to be only 
those formed in the polymer portion of the crystaP 9. The radical concen- 
trations derived from e.s.r, techniques with acrylamide ~, 4, ~, ~ and methacrylic 
acid 54 are almost constant despite a marked increase in polymerization. If 
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indeed it is a radical mechanism, this type of polymerization could be 
attributed to the formation of two types of radicals, one short-lived (some- 
what similar to that encountered in the liquid state) and one long-lived 
encountered in the solid state. In this concept the short-lived radicals would 
be mainly responsible for polymerization. It is the long-lived species which 
is observed by electron spin resonance and which remains in the irradiated 
crystal. These crystals have induced polymerization in other monomers after 
some considerable time 1~. 

The number of trapped radicals observed by electron spin resonance 
could still equal the number of chains obtained if an ionic propagation 
mechanism prevails; the ionic part of a radical anion or cation would be the 
initiating species, the radical anion or cation being fixed during chain 
growth 6°. Alternatively, the ejected electron may be recaptured at the end 
of polymerization, to give a radical species. 

Electron spin resonance, X-ray diffraction and microscope techniques 
would appear to confirm the view that the polymer nuclei are non-randomly 
distributed, the reaction occurring in definite regions associated with areas 
of high strain 9. There would appear to be areas which involve the buildup 
and release of strain. Indeed, the polymerization is found to proceed along 
scratches marked on the crystaP, and the addition of diluent propionamide 
to acrylamide systems produces a higher rate of reaction ~-5 due to the 
introduction of more imperfections. Even more remarkable evidence is 
the fact that the application of small pressures during the polymerization of 
acrylic and methacrylic acid halts or retards the reaction 5~. 

Associated with the view that the polymerization proceeds at areas of 
high strain is the idea that the reaction is of a heterogeneous nature, the 
monomer and polymer coexisting in different phases (crystalline and 
amorphous) throughout the reaction. This is found to be so with 
acrylamide 1°. A maximum value for polymerization rate has been observed 
with styrene and 2,4-dimethylstyrene at the melting point where the system 
is obviously heterogeneous ~. 

One of the conflicting aspects of these polymerizations is concerned with 
the structure of the polymer. Polyacrylamide and several related compounds 
exhibit no birefringence and appear to be unoriented and amorphous ~°. 
These investigations led to the conclusion that the formation of amorphous 
polymer was probably universal in solid state polymerization, the crystal 
symmetry not imposing order and orientation on the polymer. 

In opposition to this concept polymers obtained from heterocyclic com- 
pounds are found to have the appearance of a uniaxial fibril and to possess 
better orientation than those obtained from suddenly cooled monomer ~.~9. 
Optical birefringence is obtained with all these materials. In these latter 
materials, it was presumed that the crystalline monomer structure directly 
imposes order on the polymer and that propagation occurs along a crystal- 
lographic axis. 

Several more arguments can be put forward to extend the theory that the 
crystal lattice may impose control on the polymerization. The rate of 
polymerization would seem to depend on the purity of the crystal and on 
the rate of strain. Chemically similar compounds are found to give differing 
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reactivities in the solid state as previously mentioned, despite having similar 
reactivities in the liquid state'. Different polymerization rates are observed 
with various metallic acrylatesT'~L Finally, the high chain transfer of 
propionamide with acrylamide illustrates this argument, particularly the 
negative temperature coefficient of the chain transfer efficiency which is 
again contrary to the behaviour of chain transfer agents in the liquid 
state~-~, 7. 

Although no final conclusions can be expressed, it would appear that 
ionic mechanisms can account certainly for many polymerizations at low 
temperatures. While this extent of polymerization is associated with areas 
of high strain, the method of control by the crystal lattice is still uncertain. 
The field of solid state polymerization presents an intriguing problem to all 
radiation workers and its elucidation will provide much novel information 
on the nature of reactions in the solid state. 
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by Pro]essor A. Charlesby. 
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Notes 

The Reactivity Ratio in Styrene Maleic Anhydride 
C o pol ymeri za tion 

IN THE course of other work ~ on branched polymers derived from styrene 
(S) and maleic anhydride (M), a series of copolymers of varying composition 
was prepared at 50 ° C in acetone with 0'014 To w / v azo-bis-[isobutyronitrile] 
as catalyst after the reactants had been outgassed and the tubes sealed off. 
Polymerizations were carried out to less than 15 per cent conversion. 
The molar concentrations of monomers in the feed St and Mt were deter- 
mined by weighing and those in the resultant copolymers S, and M, by the 
titrimetric estimation of their maleic anhydride content, following the 
method of Fritz and LisickP. 

StlM t 0.594 0.709 2.86 3.91 8.98 [ 20'5 

S~IM, [1.05 ]1.07 I 1.28 I 1.38 [ 1.85 ! 3"02 
! 

The reactivity ratio r8 represents the ratio of the velocity constants 
k,,/k,,, for the two radical additions 

- S . + S  > -S- 

- S - + M  > - M .  

The corresponding ratio r,, is zero and r, is given directly by 

S,/M,= 1 + r..S,/M, 

Utilizing the data above, r, is found to be 0-097. If no assumption about 
r,, is made, adoption of the standard graphical intersection method 3 to the 
full copolymerization-composition equation yields values for r,, and r, of 
0 + 0-002 and 0"097 + 0"002 respectively. 

Bamford and Barb 4 have reported r8 values of 0-01, 0.022, 0"023 and 
0"029 for this reaction in different pure and mixed solvents at 60°C and 
Alfrey and Lavin ~ have found r,=0-04 at 80°C in benzene. The system 
in acetone was homogeneous throughout the copolymerization, whereas the 
polymer precipitated during 'those quoted above. Further differences 
lie in the temperature and in the polarity of the solvent. As the latter 
should not affect such a radical reaction and the value of r, at 50 ° might 
if anything be expected to be somewhat lower than at 60°C, the new value 
is reported without explanatory comment. 

It is, however, noteworthy that a higher value than 0"04 for r, would 
be more in keeping with the linear relation between log l/r~ and 
log kmothyl/k,t~m found by Leavitt, Stannett and Szwarc ~ in their comparison 
of methyl and styryl affinities towards vinyl substrates. Here kmoth~l and 
k,t,m are, respectively, the rate constants for addition of methyl and styryl 
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NOTES 

radicals to the monomers. Their point [utilizing r,=0"04] for addition to 
maleic anhydride lies considerably off the line but is brought into coin- 
cidence with it if the value of r, = 0"097 is employed. 

M. B. HUGLIN 
Department of Inorganic and Physical Chemistry, 

University of Liverpool 
(Received February 1962) 
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Molecu lar  M o t i o n  in P o l y m e t h y l m e t h a c r y l a t e  by  Pro ton  
Sp in -La t t i ce  Re laxa t ion  

WE REPORT the proton spin-lattice relaxation time, T1, in a sample of 
polymethylmethacrylate* over a wide temperature range. The apparatus will 
be described elsewhere 1 but we remark here that Tx was measured directly 
and not by saturation techniques by means of a 90 °, ~-, 90 ° pulse sequence at 
variable ~. The 90* pulses used had a length tw = 1 microsecond and the 
Bloch decay after the pulse could be observed from 4 microseconds from 
the beginning of the pulse. Since in most of the temperature range the line 
width 8H is about 5 gauss rising to 18 gauss at the lowest temperatures the 
pulse condition T~ ~-~ 1/7 ~H >~ t~ is well satisfied. Further, the reading of 
the decays after only 4 microseconds is sufficiently less than T2. We com- 
pare our results with those of KawaiL He has tw =5  microseconds and is 
able to read from 20 microseconds after the beginning of his pulse and 
claims a rather low accuracy. We consider this dangerous and feel that at 
least some of the discrepancy between our results and his in the intermediate 
temperature region in Figure 1 may be due to this. Single exponential 
recoveries were observed in all cases. 

The higher temperature minimum in T1 in Figure 1 we regard, with 
Kawai, as due to reorientation of substantial parts of the polymer chain. 
The variation of T~ with the correlation frequency Ve of the motion which 
modulates the interaction giving the relaxation is of the form 3"" 

T~ 1.41 Tt,mm. [1 + (~,/v<)= + 1 + (2~,/v=)2J 

where ~r is the resonant frequency (here 21-5Mc/s).  T1 has a minimum 
when ~c=1.62~r, the difference between our and Kawai's frequency 
(25 Mc/s) is not important. The experimental curve is quite well represented 
by the sum of three terms of the above form. The ~c for the high tempera- 
ture T~ minimum, point A, correlates quite well with extrapolated 

* The  sam.ule is frortw the s a m e  batch to which  s o m e  o f  the mechanical measurementS o f  Figure 2 refer. 
I t  is 'Perspe~¢' sheet  treated to reduce  m o n o m e r  content  to about 0"1 per cent. Vicar sof tening point 
123"6°C, molecular weight  > 10 e, molecular weight  distribution gaussian.  
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Figure/--Proton spin-lattice relaxation times as a function of tempera- 
ture from this paper (M) and from Kawai2(K) 

mechanical absorption measurements (G), sometimes called the = process, 
in the same sample as shown in the correlation frequency map of Figure 2. 
It is known 8 that the apparent activation energy is lower in the presence of 
a dis/ribution of correlation frequencies and this could explain the slightly 
smaller slope. The difference in T1 at the minimum between us and Kawai 
is probably due to variations in sample and apparatus. 

The lower temperature minimum in T1 is interpreted by Kawai, by a 
comparison with results for PMA, PEA, PEMA, etc., as due to the =-methyl 
(main chain) proton reorientation in PMMA rather than the ester methyl 
proton motion. We find a minimum at almost the same temperature but 
oursis a little lower and shows a less rapid variation of T1 with temperature. 
In fact our apparent activation energy is 2.5 kcal/mole as compared with 
Kawai's 3"6 kcal/mole. This curve passing through point B is also shown 
in Figure 2. 

The points D and D' are from measurements of proton line width 
variation ~. g, although the existence of two falls has been disputed', and 
fix ~c at about 10" c/s. 

All measurements ~. 8,10,1~ also agree to a line narrowing centred at about 
- I10°C with an apparent activation energy of order 3"1 kcal/mole which 
gives the curve through the point E. The point F corresponds to a small 
peak in mechanical loss observed at low temperatures by Sinnott TM and 
associated by him' with "the main chain methyl group reorientation. Since 
B is also very probably due to the main chain methyl we are encouraged 
to draw in the curve FEB. This gives the variation of the correlation 
frequency of the main chain methyl with temperature and we suppose that 
the lower slopes of the lines through E and B from n.m.r, to be due to 
distributions of correlation times 8 or other secondary matters. This then 
supports Sinnott's' assignment of point E to main chain methyl rather than 

337 
P 6  



NOTES 

Temperature 
-200 -150 -100 0 100 250 

I I I I I 

 10B. . / /  ! 
_ $ ~ e  

, PMMA / /  I 

,o,t / I.; 

i- /-,ke Ie  

1o,| , 2 " e  , , , 
14 12 /10 8^3," 6 4 

lO/T 

°C 

I 

2 0 

Figure 2---Correlation frequencies as a function of 
temperature from proton magnetic reasonance (A-E), 
mechanical (F,G) and dielectric (H) measurements. The 
tentative assignment of the moving entity for the four 

bands is discussed in the text 

Powles's 7 earlier indecision, both of which depended on values of second 
moments which are difficult to measure and interpret. 

The T1 curve shows signs of a third rather shallow minimum at low 
temperature which leads to the point C in Figure 2 and the line through 
it with slope 0"7~ kcal/mole, although this result is rather uncertain. We 
suggest, with Kawai, that point C is associated with side chain methyl group 
motion. It is possible that this correlates with Sinnott's suggestion TM, from 
mechanical loss measurements, that this methyl reorientation has a corre- 
lation frequency of order 10c/s  below 4.20K since the curve through C 
can be extrapolated back to about 15°K for 10c/s. However, some care 
is required in the analysis of methyl group reorientation with very low 
apparent activation energies in view of possible tunnelling 14,15. It is, how- 
ever, consistent as is the complete transition map, with the general rule 
that processes have lower activation energies the farther they are from the 
main one. 

The interpretation of the TI.~,,. values and of the T1 curve in detail will 
be discussed together with TI measurements on a series of acrylic polymers 
at present in hand in a later publication. 

The samples used were kindly supplied by D. 1. H. Sandfford of I.C.I. 
Plastics Division. 

J. G. POWLES 
Physics Department, P. 1VI~SF]ELD 

Queen Mary College, 
Mile End Road, London E1 (Received June 1962) 
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Molecular Motion in Polypropylene by Proton Spin-Lattice 
Relaxation 

WE REPORT measurements of the proton spin-lattice relaxation time, T1, 
at a resonant frequency of 21"5Mc/s as a function of temperature for 
polypropylene (PP) and for poly(3,3,3-d~-propylene), [P(3DP)]* in Figure 1. 
Also given in Figure 1 are some measurements on PP (K) due to Hirai and 
Kawai ~ which are generally similar to ours but differ substantially in the 
important intermediate temperature region. This is probably d u e  to 
apparatus and sample differences as discussed in the accompanying 'Note' 
on polymethylmethacrylateL 

The transient method of measuring Ta is described briefly in the accom- 
panying 'Note 'a and will be described in detail elsewhere'. 

In comparing the T1 curves for the normal polypropylene and for the 
polypropylene with all methyl groups deuterated it is striking that the higher 
temperature minimum is hardly affected but that the lower temperature 
one is very much shallower. The higher temperature minimum is thought 
to be connected with motion of substantial portions of the chains, as 
discussed below. It is plausible that the lower temperature minimum is 
connected with reorientation of the methyl group as has already been 
suggested ~ from measurements on polypropylene. It should be borne in mind 
that we observe in this temperature region simple exponential recovery of 
the magnetization and so presumably the T1 values given refer to all the 
protons in the sample, namely the methyl, methylene and CH protons in 
polypropylene and to the methylene and CH protons in the deuterated 
polypropylene. We note that on deuteration the T1 minimum is less marked 

*The sample o f  polyprovylen¢ is an isotactic polymer from Hercules Powder Co., Profax Batch 6501. 
The  sample of poly(3,3,3-d3-prol~ylene) was prepared by A. D. Caunt o f  I.C.I.  Plastics Division. The 
PP samplo was moulded at  85°C and the P(3DP) at 175°C. Both samples were kindW loaned to us 
bY Dr  M. P. McDonald of I .C.I .  Fibres Division and are the same ones for which broad line 
proton resonance measurements are quoted in this paper and which are published in detail elsewhere 1. 
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Figure /--Proton spin- 
lattice relaxation times as a 
function of temperature for 
polypropylene (PP) and 
poly(3,3,3-da propylene) 
[P(3DPX. The curve K is for 
polypropylene from the data 

of Hirai and Kawai ~ 

but is not removed. We suggest, as is very plausible, that the CD~ group in 
poly(3,3,3-d3-propylene) performs much the same reorientational motion as 
the CH3 group in polypropylene. Since the minimum occurs at the same 
temperature in both cases we presume that it is in both cases caused by the 
same motion. However, in polypropylene we are concerned with the direct 
dipolar interactions between protons both within the methyl group and 
between the methyl and the methylene and CH protons. The T1 minimum 
in this case depends in first approximation on the quantity ~2a/d~)= where 
/~a is the classical proton dipole moment and d is a characteristic separation. 
On the other hand in the poly(3,3,3-d3-propylene) the protons in the CH2 
and CH groups are being relaxed by the deuterons in the CD, groups which 
are in effective motion. The T1 minimum is now therefore expected to 
depend on (~H#D/d~) ~ where #D is the classical magnetic moment of the 
deuteron. Hence we expect 

T,,=~. for PP --  \-#w-] ~-DD/ = 16 

In fact the observed ratio in Figure 1 is 13 and so our interpretation of the 
mechanism is strongly supported. 

We believe the levelling off of the T, curve for P(3DP) at the lowest 
temperatures is due to impurity since the sample was slightly coloured. 
Paramagnetic impurities are expected to be important in reducing T1 when 
the intrinsic T1 rises substantially above one second. 
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NOTES 

with 

The T~ results for polypropylene can be well represented by 

T-~ = 17~ ~ L i +-~,,/T~,)' + 1 + (2vr/~,,) ~ 
i = 1  

Tl.mi~. 1 =0"13 sec, v~ =3"5 x 10 r e x p ~  --5-'5 (2"8- 10~/T) 

Ta,,m..2 =0-048 sec, v~ =3'5 x 10' exp ~--ff-5 (6-2- lff~/T) 

where vr is the resonant frequency (here 21"5 Mc/s) and R = 1.98 cal/mole 
°C. This formula is a slight generalization of current theory ~,~. vcl(T) and 
vc~(T) are the curves through the points A and B (for Tx,n,~.) in Figure 2. 
The points D and E in Figure 2 correspond to the centres of line narrowing 
from line width measurements in proton magnetic resonance in poly- 
propylene 1, r-, which determine the temperature at which the correlation 
frequency is approximately 104c/s. The point X corresponds to a'peak in 
mechanical loss at approximately 100c/s in a similar sample of poly- 
propylene 1°. Y .is also a mechanical loss result due to Sauer et aLL 

We have tentatively drawn in the curve XYDA and so extend, in effect, 
knowledge of the behaviour of the mechanical softening process to fre- 
quencies of order l0 g c/s which has not so far been done directly. In 
Figure 2 this curve is identified as Chain since it is clear that this 
frequency is agsociated with motion of substantial portions of the chain, 
probably in the amorphous regions of the sample. The lower slope of the 
curve through A deduced from T1 may be due to distributions of correlation 
times or other disturbing effects as discussed in the accompanying 'Note '3. 

u 10 8 

10 6 Figure 2--Correlation frequency ~r 
as a function of temperature 
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NOTES 

We have also tentatively passed a curve through the points E and B to 
suggest that this is the way the rate of reorientation of the methyl groups in 
polypropylene varies with temperature. The lower slopes of the curves 
through B and E from magnetic resonance are explained as above. This 
curve suggests that one should look for a mechanical loss peak in poly- 
propylene due to the methyl groups in the region of - 2 0 0 ° C  for 100 c/s.  

I f  our analysis is accepted it is clear that the rather complicated subsidiary 
mechanical processes at frequencies of order 2 k c / s  and temperatures of 
order - 4 5 ° C  r have little to do directly with the reorientation of the methyl 
groups. 

A more detailed discussion of the magnitude of the T1 values and their 
variation with temperature--a  more difficult mattei~ will be given elsewhere 
when measurements on a series of other polypropylenes and deuterated 
samples are completed. 
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Crystallinity in High Polymers, especially 
Fibres 

R. HOSEMANN 

The structure o/real fibres is examined in relation to the crystallinity o/some 
idealized models of substances and the distortions which they may undergo. 
Sections of the treatment deal in order with fundamental theory, distortions o[ 
the first kind and degree of crystallinity, the concept o /a  paracrystal and distor- 
tions oJ the second kind, paracrystalline macrolattiees, paracrystals in atomic 
dimensions, the amorphous lattice, and the structure of linear polyethylene 

including results of some recent work in the laboratory. 

IN 1950 we published two theories, the one of the paracrystal and the 
other of the so-called colloidal polydisperse system of particles. These two 
theories are more general than the better known theories. As you know, in 
1912, nearly 50 years ago, Max von Laue, Friedrich and KIipping 1 made 
their famous discovery of the interferences of X-rays by single crystals. A 
new branch of science, X-ray crystallography, developed in the following 
years and when about 1925 it was found that even fibres gave rise to some 
reflections, the first rough approximation was to speak about a crystalline 
fraction or a crystalline phase in these substances. However, one must be 
very careful and first study the meaning of the word 'crystalline' and the 
concept of a crystal. This is the central problem I would like to write 
about and to show that there is a more general idea, the concept of a 
paracrystal 2 which can degenerate to the form of a crystal. We then have 
more structural parameters which can be adapted to the problem. 

In .1915, the theory of the gaseous state was developed by Debye which 
is related to the theory of Lord Rayleigh on the diffuse scattering of 
amorphous phases. Guinie# published a similar theory of the continuous 
small-angle scattering of X-rays. This theory we have generalized some- 
what to polydisperse colloids and introduced a so-called interference 
correction term 4. .Now~ the next theory we have is very predominant in the 
structure analysis of liquids, glasses, etc. It was given by Debye 5 and by 
Zernike and Prin#. We can show that the paracrystalline theory for special 
combinations of structure parameters can degenerate both to the theor); of 
liquids and to that of crystals. We shall see that natural fibres and man-made 
fibres cannot be substances which contain real crystallites. The only people 
who had clothes of crystalline material were the old knights in the middle 
ages with their iron and bronze armour. We are sure that these materials 
consisted of single small crystallites. The most predominant and interesting 
macroscopic properties of the fibres depend, we believe, upon properties 
which are beyond the conventional crystal-like state. 

To determine the structure of real fibres I will deal first with some 

This l~al~er was presented at a Polyrneg Science Conference, held in conJumction with the Second World 
Congress of Man-made Fibres, at the  ConnauRht Rooms, Holl0orn, London W.C.2, 2rid and 3rd 
May 1962. 
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fundamentals of structure analysis, with the help of diagrams and using 
some idealized models of substances. Then I shall define distortions of the 
first kind in a crystal and discuss the physical definition of the degree of 
crystallinity. The third section deals with the concept of a paracrystal and 
distortion of the second kind. Then in the next section I shall describe a real 
paracrystal, and indicate where such real paracrystals occur in nature. We 
must distinguish two possibilities. The first one is that such a paracrystalline 
lattice can be found in macrostructures such as collagen or fl-keratin. Hence 
this section will deal with some real paracrystalline macrolattices. In the 
following section we may discover in nature a real paracrystal in atomic 
dimensions. I will give some ideas as to where such paracrystals might be 
found. In the sixth section we will discuss the amorphous lattice. This is 
the most randomly distributed irregular structure and corresponds to the 
theories of Rayleigh and Debye. The last section contributes some 
practical examples of polyethylene which we have investigated in recent 
years in our laboratory. 

I.  F U N D A M E N T A L S  
The intensity function I(b) is nothing more than the time ~-average of the 
squared scattered amplitude R(b). [See ref. 7 for details.] 

l(b) = RCo) R*(b) (1) 

The scattered amplitude R can be calculated for X-rays both as electrons 
and neutrons or light-scattering on screens by a Fourier integral (symbol ~)  
of the density distribution p(x) inside the irradiated sample. 

R(b) = ~r(p) (2) 

~ =  f exp { - 2~i(bx)} dv~ (3) 

This density distribution p(x) is a three-dimensional distribution function 
of the radius vector x which expands the physical space, dv~ is a volume 
element of x space. For X-rays p(x) is given by the density of the electron 
clouds, for electron radiation by the density distribution of the electrons 
and protons and for neutrons by the distribution of the nuclei and spinning 
electrons. We get direct information not of the amplitude but of the squared 
amplitude (see equation 1), which is the Fourier transform of the so-called 
Q function 

l(b)= ~(Q) (4) 

This Q function is nothing more than the so-called folding square of the 
unknown density distribution 

2 
= f p(y) p(y - x) d% Q(x) = (5) 

It is important to emphasize that this Q function for unbounded ideal 
crystals degenerates to the Patterson function or for statistical structures 
consisting of point-like single particles to the correlation function of 
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statistical mechanics. In other cases the Q function is much more general 
and contains all observable details of the unknown structure p(x)t. 

The folding square is a special folding product of the function p(x) with 
p ( -  x). The folding (or convolution) product of a function gl(x) with gz(x) 
is defined by 

glg~ = gx(Y) g2(x- y) dv~ (6) 

Again it is a function in physical space, depending upon x as p(x). The 
three-dimensional y integration must be carried out over the whole physical 
space and dv~ is again a volume element in physical space. 

Such a folding integral is well known in the one-dimensional case from 
the theory of Laplace transformations. Ewald 8 was the first to introduce 
special three-dimensional folding products to analyse the electron density 
distribution of ideal bounded crystals. J. J. Hermans 9 was the first to use 
one-dimensional convolution integrals in calculating statistical problems in 
liquids. It will be shown how powerful these operations are for structure 
analysis. The three-dimensional reciprocal vector b in the Fourier integrals 
(1) to (3) is connected with the unit vectors sx, So in the direction of the 
scattered and primary intensity and the wavelength ~ of the primary beam 
by the so-called Ewald construction 

b=(s-s0)/• ;  l b [ = u = 2  sin~9/X (7) 

The equations (1) to (7) give in a condensed form the whole mathematical 
background of structure analysis. 2~ is the scattering angle. 

The question is how to get information on p(x) from l(b). The step from 
l(b) to Q(x) is given by a Fourier transformation (equation 4) which can 
always be calculated uniquely. The step from p to Q (equation 5) can be 
illustrated by the following folding machine (Figure 1). It consists of a 

- LO 
M 

\I/ ~n 

/ J \  " . . . .  

Figure /--Folding machine for "~b~'** l 
two-dimensional structures 

ground glass screen M which scatters diffuse light from the source LQ and 
two identical transparent models A and B of the structure of interest. In 
Figure 1 these identical models consist of two points. In the focal plane S of 
the lens L one will find the folding square (or Q function) of the two-point 

~'For details see ref. 7. 
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structure which according to equation (5) consists of three points. The 
problem is to go back from Q to p, which implies solution of the integral 
equation (5) of the second degree, a new task not yet to be found in mathe- 
matical literature (the so-called folding root). 

Some years ago we found the general solution for all bounded structures 
which have a centre of symmetry or antisymmetry. This solution is defined 
by a convolution polynomial (see ref. 10) of the Q function which must be 
known exactly in all its details. That means one must have very high 
experimental precision. 

It is very good to know from the theoretical standpoint, that if we could 
measure with higher precision we could get much more information than 
we now have. Figure 2 gives the black and white structure of a chair and 
its folding square. Here p(x) has no centre of symmetry and a convolution 
polynomial does not exist. Nevertheless I think it will be possible to return 
from Q(x) to the structure p(x) of the chair. 

Figure 2--A chair and its folding 
square 

Figure 3 gives a special point structure, a paracrystalline lattice, where all 
the single points have a certain freedom in the horizontal direction. The 
Q function below shows some spotlike points and, as Ixl increases, more and 
more diffuse humps. They are smeared out only in the horizontal direction. 
Here we have a short domain of small-range order which is shorter in the 
horizontal than in the vertical direction. With respect to the vertical width 
of the humps we have an unbounded long-range order in all directions. So 
very complicated correlation functions, more complicated than those defined 
and to be found in the literature, are introduced. 

I I .  D I S T O R T I O N S  O F  T H E  F I R S T  K I N D .  
D E G R E E  O F  C R Y S T A L L I N I T Y  

Let us summarize very briefly the idea of a crystal. In Figure 4 we have 
single point-like atoms. They are very regularly arranged. It makes no 
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difference that here we have only two-dimensional crystals because one 
can prove that most of the interesting geometrical problems arise if one 
goes from one to two dimensions. The step from the second to the third, 

..:~......:.~...:~....::..~....~.~.~.:i.....i.;~;.;..i.~.~:~..~;/~.i~.....~.. . . . . . . . . . . . . .  , ° .  . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . :  : t : .": : : : :  ~ :  ~ :  ": ": ". ": . :  ". ". ":'.: .:..'." . ' . . - ' . . : ' . . : - :  

":'.:< <.:.:.~.~.:.: ".~.~ ~" :". " "  ~ "~.:.  V' . ' ; ' :?:.". ' . '~" "" . : ' ; .  
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Figure  3--Paracrystallinepoint structure (lattice) and its folding square (distance 
statistics) 

fourth or fifth dimension is not so essential although the geometrical 
possibilities certainly become more complicated. Nevertheless in two- 
dimensional models we find nearly all the essential features. The diffraction 
pattern of F i g u r e  4, a so-called Fraunhofer pattern, shows many Bragg 
reflections. It is well known that each reflection has the same shape. In 
F i g u r e  4 the central reflections seem to be thicker. This is solely due to the 
fact that they have a higher intensity. The half-widths are the same for all 
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Figure  4--Two-dimensional crystalline lattice and its Fraunhofer pattern 
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reflections. We can use any of these reflections and get the same information 
about the size and shape of the crystal. Only a weak background appears. 
From the intensities of the reflections a Fourier synthesis gives information 
on the shape and size of the single point-like atoms. 
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Figure 5(a) 

Figure 5 d ( a )  Ideal mixed crystal. (b) 
Fraunhofer pattern with high resolution. 
Ghosts appear. (c) Fraunhofer pattern 
with low resolution• Ghosts are smeared 

out 

Figure 5(b) Figure 5(c) 

In Figure 5 we have a crystal with different kinds of atoms, the so-called 
ideal mixed crystal. Here there are 'chemical distortions' and there is also 
a strong background. It is interesting to note that in ram crystals we have 
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found such a background even if there is only one sort of atom and if the 
absolute temperature is not small enough compared with the characteristic 
temperature 11. In this case each atom has at each moment another individual 
shape of its electron cloud, although they all are chemically identical. If, 
for instance, in the model of Figure 5 each point represents a pyranose ring 
in cellulose and if each pyranose ring has a different shape this produces 
the same kind of background. All these different sorts of distortions we call 
distortions of the first kind. The atoms or molecules lie in the right positions 
but each atom has a different shape. 

Figure 6--Bragg reflections and 
anisotropic background 

The Fraunhofer picture of Figure 6 shows a strong background also and 
it is interesting to see where this background comes from. The model is given 
Jn Figure 7. All atoms now have the same shape, but suffer a small horizon- 
tal displacement from their ideal positions. This is another kind of 
distortion of the first kind, which can be produced by micromechanical 
strains or thermal oscillations. Figure 7 is the frozen structure of linear 
(highly anisotropic) thermal vibrations. This distortion is so small that one 
can hardly see it in the model. The standard displacement of the atoms has 
a magnitude of only ten per cent of the mean distance between neighbouring 
atoms. Nevertheless this gives rise to a very strong background. So it is seen 
that diffraction patterns are quite sensitive to distortions. 

Furthermore, it is very interesting to note that at the same time as 
distortions of the first kind appear, the Bragg reflections lose some of their 
intensity and transfer it quantitatively to the background. The same thing 
happens in Fourier space as if one wanted to place a small piece of butter 
on a hot potato. The mound of butter melts and gives quantitatively liquid 
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butter to the background on the potato. If there are no overlapping effects of 
tingle atoms one can prove that no intensity is lost. It  goes quantitatively 
from the Bragg peaks to the background. Conversely, if one has such a 
background on the X-ray diagram, this means that peaks have transferred 
some of their intensity quantitatively to it. One can then introduce an 
artificial Debye factor D ~ and give the lost intensity from the background 
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Figure 7--Model to Figure 6 with horizontal frozen 
thermal vibrations 

back to the reflections to eliminate the effects of the distortions. Such a 
method was developed by Ruland x~. What he did was to measure in 
different Ux-U2 intervals (cf. equation 7) in Fourier space the intensity in the 
peaks compared with the intensity in the background. Table 1 shows in the 
columns Di 2 = 1 (no Debye factor) according to Figure 6 the integral intensity 
in the peaks relative to the background. This quotient decreases at larger 
scattering angles or u values. Now instead of D / =  1 we introduce an 
adapted Debye factor D2~p~. We multiply the measured integral intensities 
of the reflections by 1/D2~p~ and the measured integral intensity of the 
background by (1-D~,pt). In this way one can use any adapted Debye 
factor. It always systematically raises the outer reflections more than the 
inner ones. The exact factor D2~pt is found, when the quotient of the 
corrected peak intensity and total intensity is independent of the u interval. 
This quotient then is the correct degree of crystallinity (D.C.) As Table 1 
shows in the case of polypropylene, one can use the same adapted Debye 
factor 

D2,pt = exp ( - 4u 2) (8) 

for isotactic material or material annealed at 105°C or 160°C or 
amorphous material. Calculating the standard deviation of the centres of 
the single bricks in the lattice one gets for all four materials the same 
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fluctuation of 0-3 A. All these very different substances with different 
degrees of crystallinity have the same mean amplitudes of displacement. 
This is very interesting and proves that in polypropylene the crystalline 

Table 1. Degree of crystallinity (D.C.) in polypropylene after Ruland 12. 
D2~pt = exp ( - 4u 2) 

Isotactic, Annealed at Annealed at 
Interval in quenched 105°C 160°C "Amorphous" 

u (A- 1) Di~= D-- ~ = D~ ~ = Di--- 2 = 
1 D2avt 1 D2apt 1 D2al~t 1 DZapt 

0"1 --0'3 0"27 0"33 0"35 0"43 0'55 0"66 0'12 0"15 
0"1-0"6 0"16 0"29 0"22 0"41 0'33 0"61 0"08 0"14 
0"I--0"9 0"11 0'31 0'15 0'42 0"22 0"64 0"04 0'13 
0"1--1"3 0"07 0"32 0"09 0"44 0"15 0'68 0"03 0"14 

D.C. (averaged): 0"31 0"43 0"65 0" 14 

phase always has the same amount of distortions, whether the D.C. is 0"65 
or 0.43 or 0"3 or 0.14. Dr P. H. Hermans has informed me that these values 
agree very well with those he calculated by his method. 

Figure 8 gives an example of the method of Hermans and Weidinger 13 
for mercerized cotton linters. The intensity function is divided by a dotted 
line into peaks and into a background without recourse to an adapted 
Debye factor. If  a totally amorphous substance (D.C.=0) gives rise to an 

70 
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10 ̧ 

0 10 ° 200 300 400 50o 
Scattering angle 2~Y 

Figure 8--X-ray diagram of mercerized cotton linters 
(A=l'54A). Blackground construction according to P. H. 

Hermans. D.C.=40"9% 

5O 

"~ 40 

~. aa 

intensity proportional to the background scattering of Figure 8, one 
obtains from Figure 8 by linear extrapolation procedures a degree of 
crystallinity D.C. =40"9. 

However, one must be very careful in other practical examples. The 
above-mentioned construction by Hermans can give correct values or nearly 
correct values or interesting values which characterize the fibre. But some- 
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times, something unexpected can occur and then this method fails and the 
following may happen. In Figure 9 for instance we have single crystals. All 
have the same orientation; there are voids between them. All crystaUites 
produce the same Laue reflections and we can calculate a mean size and size 
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Figure 9--Single crystals with voids and their Fraunhofer pattern. No 
background 

distribution of the crystallites f rom a quantitative study of the peaks. Each  
reflection can be used. Since no backgroun6 exists, we obtain D . C . =  100 
per cent. 
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Figure 10--Single crystals and an amorphous phase. Fraunhofer pattern 
with background scattering from this phase 
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In Figure 10 there is a lattice with an amorphous phase embedded in the 
voids. We now observe the appearance of a large background. We are sure 
that now the Hermans method will work well and we can calculate the 
degree of crystallinity exactly. 
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Figure / / - - O n e  s ing le  c r y s t a l  w i t h  a n  i r r h o m o g e n e o u s  d i s p l a c e m e n t  
s ta t i s t ic .  F r a u n h o f e r  p a t t e r n  w i t h  b a c k g r o u n d ,  p r o d u c e d  by  t he  l a t t i c e  

d i s t o r t i o n s  

By contrast, in Figure 11 things have become a little more complicated. 
Here we have one single crystal and only dislocations of a special type. 
They are so-called in_homogeneous statistics. That means that a point-like 
statistic of perhaps 50 per cent of weight is superimposed upon a distance 
statistic of large width. Now 50 per cent of the atoms lie exactly in the 
fight position while the rest have large deviations. A heavy diffuse back- 
ground arises which has nothing to do with an amorphous phase. Here 
one must use Ruland's method. 

I I I .  T H E  C O N C E P T  O F  A P A R A C R Y S T A L .  D I S T O R T I O N S  

O F  T H E  S E C O N D  K I N D  

Figure 12 shows a point structure with a new type of distortion which 
gives rise to background scattering which again has nothing to do with an 
amorphous phase. It is a paracrystalline lattice. The long-range order is 
lost now and the atoms no longer ktaow exactly their ideal position. Now 
each atom is very 'stupid'. It  only knows its distance statistics to its next 
neighbour and the neighbour reacts only to its neighbour. Thus the neigh- 
bour of the neighbour has a larger distance fluctuation from the first atom 
than the nearest neighbour and the long-range order of the crystalline lattice 
with distortions of the first kind is lost. 

The diffraction pattern of Figure 12 has now a new character. Only the 
reflection at the zero point alone depends upon the size of the single para- 
crystal. All the other reflections depend both upon the size of this paracrystal 
a s  well as upon the new kind of distortions. Analysing two or three such 
reflections, one can calculate both the size of the lattices and the magnitude 
of  the distortions. 
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Now there are many types of lattices which depend only on the shape of 
the distance statistics of neighbours. In a Gaussian approximation each of 
the three distance statistics of the edge-vectors of a paracrystalline lattice 
cell can be described by a symmetric tensor, hence six components, 
altogether 18 new structure parameters. In Figure 13 an orthogonal pare- 

 i!!!ii iiiii 
Figure I2--One single paracrystal and i.ts Fraunhofer pattern 

crystalline cell is drawn, whereby the principal axes of these tensors lie 
parallel to the mean directions of the three cell edges. Here we have 
3 x 3 = 9 statistical parameters. But in general one can turn these principal 
axes into other general directions. This gives rise to 3 x 3 = 9 more statistical 
parameters. With the help of these 18 new parameters a large variety of 
new kinds of diffraction patterns arises. The task, and our main interest, is 

i 
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Figure 13--Principal axes 
of the coordination statistics 
of a paracrystal. A~ stands 

for A~.x~ in equation (15) 
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to get information on these so-called coordination statistics. In an ideal 
paracrystal the correlation function Q(x) is determined by these three 
coordination statistics. Let H~(x) be the coordination statistic of the cell 
edge a~ (k--1, 2, 3). Then a special edge-vector ak = y  has the probability 
Hk(y). In the theory of paracrystals it is proposed that there shall be no 
correlation to the edge ak of the next cell. Hence to find the neighbouring 
edge ak = z it has the probability H~(z) and a special combination y, z of 
neighbouring edges has the probability Hk(y) Hk(z). If we wish to calculate 
the distance statistics between an atom and the neighbour of its neighbour 
in the direction k for a certain position x = y + z then we have to integrate 
over all y values. Introducing this secondary condition we obtain 

Hzk(x) = f H~(y) Hk(x - y) d% 

Comparing this with equation (6) we get 

and 
h • Hz~= ~Hk (8) 

[ n -- 1 [ t imes 

H,,~ = "HkHkH~ . . . H~ (9) 

Therefore one can find the entire distance statistics of the lattice with the 
help of convolution polynomials. Transforming this into Fourier space one 
obtains with the help of the convolution theorem a very simple expression 
for the so-called paracrystalline lattice factor Z(b). It is given by the 
expression 

3 1 +F~ 
Z(b)= I I  Re - - - -  ; F~(b)=~(H~) (10) 

~=, l - F k  

F~ is the Fourier transform of the coordination statistic Hk(x). This para- 
crystalline lattice factor is the heart of the new theory. It gives rise to a 
background scattering 

13 = ~ 1 - I F ~  I (11) 
~ ,  1 + IF~I 

If the electron cloud of each paracrystalline lattice cell has another 
structure, then the next background component arises. It is given by 

12 = N ( ~ -  ]20) (12) 

10(b) is the structure amplitude (equal to the Fourier transform of the electron 
density distribution of one lattice cell). If the single atoms or molecules 
within a lattice cell have the same shape but suffer frozen or thermal 
displacement, a third background component arises 

l~(b) = N]% (1 - D 2) (13) 
where 

D(b)=~7(n) (14) 
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and H is the displacement statistic. For  thermal vibrations D 2 is called the 
Debye factor. 

In Figure 14 the paracrystalline distance statistics of a two-dimensional 
paracrystaUine lattice are calculated directly from a model (black blocks). 
The white blocks are calculated from the coordination statistics by means 
of equation (9). They agree within statistical error with the black blocks ~*. 

The two coordination statistics here are for convenience straight line 

0"2 
H23;HI2 HI1 

3~0 2'0 10 0 1'0 

H12;H11 HOl H22;HI1/'/11 

0 --~1!1 ',~ .,.?.dhll I¥~. ,  7 
i 30 20 10 0 10 

H 

2~0 - - - -  3'0 40 rnm ,~' 

2!0 3'0 4 0 m rn 

o2 J I  H0, ,I-  H, ,2~;H,'~H10 

H ~ 3'0 201i HiO 10 i 
0"21- H00 I I  H10 H2°;N1 °"-"HI° 

o,t ..,diN, I ,link... li lli  . . . .  

o a'o ~o 1'o ~ 1'o 2'0 3'0 ~O~rn 

Figure 14--Dis tance  statistics of  a paracrystal .  Black blocks directly calculated from 
Figure 3. White  blocks calculated f rom the coordinat ion  statistics 

functions parallel to each other. Hence the fluctuation tensors have only one 
principal axis unlike zero. Figure 14 demonstrates the easy way in which 
the whole correlation function is determined from details of the two 
coordination statistics. 

Figure 15 gives a schematic representation of one of the three k factors 
of equation (10) for a given coordination statistic H~(x). Each coordination 
statistic in the paracrystal gives rise to such a k factor. It consists of a 
family of planes which only near the zeropoint in Fourier space are very 
sharp and point-like. Here IF~[ --~ 1. Their distance is reciprocal to a~. With 
increasing Ib] they are more and more broadened and merge near the 
ellipsoid tFkl=0.3 into one another. Outside this ellipsoid all the single 
families are so diffuse and merged into one another that the k factor reaches 
the value unity. Now we have entered the region of no reflections. Multiply- 
ing three such families of non-co-planar more or less diffuse planes one 
obtains the paracrystaltine lattice-factor Z(b) defined by equation (10). There 
are many possibilities for analysing such interesting functions. 
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Figure 15--0ne k factor of the paracrystalline lattice 
factor Z (b) 

Figure 16 gives an example of a one-dimensional paracrystal.  I t  was 
constructed in the following way. We had two lottery boxes. In  one lottery 
box we had a distance statistic which is the one-dimensional coordinat ion 
statistic H1. We stuck a black needle on a white surface and the next need le  
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(a) (b) (c) (d) (e) 
Figure 16, part  /--Five one-dimensional 
paracrystalline lattices, each consisting of about 
100 individuals, all of which have the same 

statistical parameters 15 

in a horizontal  direction at a distance which we got  f rom the lottery box. 
Then we picked out  another  label f rom the lottery box and stuck in the 
next needle. Step by step in this way we built up  a one-dimensional para-  
crystal with nine points. With nine other needles another  paracrystal  was 
placed parallel to and below the first one and so on one paracrystal  after 
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another. 100 paracrystals were built up from this one lottery box. To 
introduce distortions of the thermal kind we had another lottery box with 
quite another independent statistic. This is the thermal vibration statistic 
with plus and minus values. Now we took out labels from this next 
statistic and each needle got its one independent displacement from the 

~ 4  

(a) (b) (c) (d) (e) 

Figure 16, part 2--Single linear paracrystals and 
their Fraunhofer patterns 

first position. A photograph of this model on Peruline plates with the size 
2 c m × 2 c m  was taken. Using a Fraunhofer apparatus with a slit 
orthogonal to the length of the single paracrystals one gets the diffraction 
pattern of Figure 16, part 2, which averages over all the 100 individual 
paracrystals with the same statistical parameters. The interesting thing is 
that by measuring only three different line widths one gets back all the 
information inserted into the models: the statistics of the paracrystal, 
the statistics of the thermal vibration and the mean size of the 
paracrystalsl'L 

Table 2 gives the results. The column 'x -space '  gives all the parameters 
we inserted into the models, the column 'b-space', those calculated from 
the intensity function. L is the averaged length of the paracrystals, gr is the 

Table 2. Analysis of one-dimensional paracrystalline lattices (after Bonartl0 
i 

Model (go~) 

6'1 
8"5 

10"3 
12"7 
25"0 
8"7 

13'2 

x-space b-space 

git g.Lit g," 
(%) (%) (%) 

12.5 116-3 - -  
17-0 J22-1 I - 
21"1 24-8 3"0 

9.t r 9.0 r 6.4 
13.7 J ?____L 9-o 

gi  
(%) 

9"2 
13"7 

0 
0 
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(t8"O) 
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L 
(mm) 

2"3 
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relative distance fluctuation of the distortions of thermal vibrations and gl 
that of the paracrystaUine distortions. The agreement between the x- and 
b-columns is satisfactory. 

I V .  P A R A C R Y S T A L L I N E  M A C R O L A T T I C E S  

The first macrolattice of the paracrystalline type we found was that of the 
B-feather-keratin of the seagull. Figure 17 gives the small angle scattering 
pattern from the work of Bear and Rugo 1~. From the position of the 
reflections one gets details of the size of a macrolattice cell: 185 A in the 
fibre direction and 34 A in one lateral direction. A paracrystalline point 
structure and its Fraunhofer diffraction on the RHS of Figure 17 proves how 
similar the two intensity functions are. The crystalline-like reflections 
along the meridian prove that the 185 A cell edge can only change its 
direction but hardly changes its length at all. That means its coordination 
statistic has the shape of a disc orthogonal to the fibre direction. The lateral 
coordination statistic on the other hand has the shape of a globular cloud. 
The model has the same kind of statistical variability. So we see that such 
kinds of fibres even in colloidal or atomic dimensions have a new type of 

Figure 17--Small-angle diffraction of B-feather-keratin (after Bear and Rugo TM) 
and a paracrystalline point structure with its Fraunhofer pattern 

freedom which induces their fibrous behaviour in the macroscopic scale. 
A fibre can be defined mathematically from the special shape of its 
coordination statistics alone. The edge-vectors parallel to the fibre axis have 
only a very small relative fluctuation in their lengths, but a larger relative 
fluctuation of their direction. This is the consequence of the homopolar 
valence bonds. In the lateral direction there is a larger relative fluctuation 
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both in length and in direction. This is a consequence of hydrogen bonds or 
van der Waals forces. Such a structure can never be a crystal even in 
100 A dimensions. From the beginning it is a paracrystal and, hence, in 
the macroscopic scale, a fibre. 

From the crystalline-like reflections along the meridian one can calculate 
directly the size of the paracrystat. One obtains a length of about 1 000 A 
along the fibre and a thickness of about 130 A (Table 3, p 369). From the 
orders of adjacent reflections which merge into one another one can calculate 
the tensors of the coordination statistics. In Figure 17 wide-angle reflections 
appear which consist of about 12 or 16 small-angle macrolattice reflections. 

Figure 18--Small-angle scattering of triacetylcellulose II and the weight statistics 
VH of the lengths 2L and averaged thicknesses 2a{(1 +v2)/2}~ of the miceiles 

A fibre with a highly distorted macrolattice is the triacetylcellulose It of  
K. Hess (Figure 18). It produces a kind of continuous small-angle scattering 
without any reflection. Hence one can calculate the statistics of the length L 
and the mean diameter in the lateral direction of the particles (micelles). 
Here we have to deal with a highly dispersed and polydisperse system. Now 
the distances between the centres of  the micelles fluctuate so greatly that 
there are no reflections. From theory, we know that here the relative 
distance fluctuation is greater than 35 per cent. If the mean relative 
distance fluctuation lies between 18 and 35 per cent one would get one 
reflection; if it is still smaller, two reflections or more (see equation 15). 
The maerolattice of the Hess triaeetylcellulose n has such large distortions 
that we approach the domain of amorphous lattices. 
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Figure 19 gives the model of another type of macrolattice. Here the 
distance in the fibre direction is a constant. This coordination statistic is 
a point function. The lateral coordination statistic has a certain degree of 
freedom and such a small mean distance vector, that we have only black 

÷ 

Figure 19--Paracrystalline layer lattice and its Fraunhofer pattern 

lines with a statistical curvature. This so-called paracrystalline layer lattice 
produces a Fraunhofer diffraction pattern which is very similar to the small- 
angle scattering of the collagen of the tail of the Australian kangaroo (Figure 
20). From the meridional distances one gets the fact that 655 A is the macro- 
lattice parameter in the fibre direction and from the number of the 
meridional reflections one can calculate that this cell edge is accurate within 
one per cent. This means that nature has the possibility of building up 
such 655 A-macrolattice cells with an accuracy of +6  A or better. Since in 
the horizontal direction the half-widths of the meridional reflections 
become larger with increasing Ibl, the lateral cell edge must have freedom 
to change its direction. Hence there are layer lines orthogonal to the fibre 
axis with a paracrystalline curvature (see Figure 19). Nevertheless, the 
macrolattice of collagen has a higher order than that of/3-keratin. 

The macrolattices of stretched synthetic foils such as polyurethane or 
polyethylene give rise to only one meridional small-angle reflection 
(Figure 21), first observed by Hess and KiessiglL We immediately see from 
equation (15) that the distortions are larger than 20 per cent. Therefore this 
macrolattice is more distorted than those of collagen or/3-feather-keratin, but 
not so much as the triacetylcellulose II. If A~ i  is the standard deviation of 
the coordination statistic Hk in the direction of the cell edge ai, the number 
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of discrete reflections n~ in the direction of a .  which do not merge into 
neighbouring reflections in the direction a~, is given by the simple relation 
(see Figure 13) 

A~X~ 0"35 
g ~ =  ~ = n~ (15) 

In this way some years ago we calculated the A~r~ values of several 
coordination statistics for different man-made and natural fibres (Table 3). 

Figure 20--Low-angle diffraction 
lines from collagen (after Bear and 

Bolduan, 1951) 

Cellulose in most cases has a very distorted macrolattice, so that one can- 
not calculate the principal axes A~x~ of its coordination statistics by 
counting the number of the reflections because no reflections exist. Question 
marks denote that information is not available from small-angle patterns. 

Figure 21--Small-angle diffraction of hot- 
stretched polyethylene 
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Table 3. Mean value ~k of the edges of the cells of some paracrystalline macrolattices 
and their statistical fluctuations /Xka~ in the direction s t and the mean sizes Lk of the 
macrolattices, calculated by the method of composite reflections (equation 15) and 
yon Laue's method of undistorte6 reflections, s~, s 2 and s 3 denote the directions of 

the backbone linkage, fibre axis and secondary valence bond respectively 

,4 

a2 

~2X2 
A2X 1 
AIX 1 
&iX2 
L 1 
L 2 
Ls 

Chymo- 
trypsin 
(moist) 

67"8 
49"6 
66"5 

1"0 
1"0 
1"5 
1"5 

,~500 
,~500 
,~500 

fl-keratin 
dry 

34 
185 

? 
1'4 
3"7 
2"5 
1"8 

130 
950 

? 

Collagen 
(untreated) 

110 
655 
? 

6"0 
30 
2-5 
2"1 

880 
20 000 

? 

a-keratin 

83 
198 
? 

1"8 
5'2 
5"0 

29 
160 

2 000 
? 

Poly- 
urethane 

(stretched) 

20 
70 
? 

>16 
>17 
>6 

>15 
? 
9 
? 

V. P A R A C R Y S T A L S  IN A T O M I C  D I M E N S I O N S  

T h e  first people who discussed the possibilities of paracrystalline-like 
lattices in fibres were Meyer and Mark 18. Figure 22 reproduces their picture 
of a possible arrangement of the chains in cellulose. If one introduces 
coordination statistics here one could define this structure quantitatively 
and calculate its diffraction pattern by means of equation (10). 

Figure 22-----Chain model of cellulose (after Meyer and Mark TM) 

The next very interesting paracrystal we found was at Chemstrand last 
year. Figure 23 gives the electron microscope picture and the electron 
diffraction pattern of a single 'crystal' of polyacrylonitrile (Lindenmeyerlg). 
Its shape is similar to that of single polyethylene crystals, the long chains 
again orthogonal to the lamellae arranged in pseudohexagonal symmetry. 
The X-ray diagram (Figure 24) shows only some sharp equatorial reflections, 
but all the other reflections are very diffuse and scarcely observable. From 
equation (15) we see immediately that all three coordination statistics must 
be rod-like, the rod axes parallel to the chain molecules. The two- 
dimensional paracrystalline model of Figure 25(a) has rod-like coordination 
statistics, whose lengths /X2x 2 and Alxl are about 20 per cent of the cell 
edges, while Azx I =AlXl - :0 .  This means that the lattice repeat distance in 
the direction of the polymer chain may fluctuate by as much as 20 per cent 
while the other two lattice distances are nearly constant. Its Fraunhofer 
pattern is of the same type as that of Figure 24. If one operates with a 
paracrystalline cell edge parallel to the chains in polyacrylonitrile and 14 A 
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Figure 23--Single paracrystal of polyacrylonitrile and its 
electron diffraction (after Lindenmeyer 19) 

long, statistical fluctuations of 3 A occur, which for all 3 cell edges are 
parallel to the chains. According to equation (15) the first layer line exists, 
though diffuse, while the second layer line is dissolved into the background. 
Since the rods are very thin, many crystalline-like reflections appear on the 
equator. Hence one must conclude that the lattice cells can change their 
lengths considerably parallel to the chains but not their lateral dimensions. 

(a) [ (b) 

( ( [ ) )  
| 

Figure 24--Schematic picture and X-ray pattern of the wide-angle diffraction of 
polyacrylonitrile (after Lindenmeyer .9) 
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Figure 25(a)---Paracrystal- 
line lattice with rodlike co- 
ordination statistics and its 

Fraunhofer pattern 

The content can be drawn out without changing its lateral dimension. This 
gives interesting information as to what the structure can be. We thus get 
new statistical details which enable us to deduce how the chains are 
arranged in paracrystalline lattice cells. It can be proved that the results 
of Stefani 2° who discussed the existence of an isotactic and syndiodactic 
phase disagree with the paracrystalline nature of polyacrylonitrile. 

Figure 25(b) gives the paracrystalline lattice factor Z(b) along the 
meridian 19 for different values of g= Ao.x2 /-&. Now we no longer have a 

10001 I g= 0-01 
8 500 K 

n o_ 

_ J  

I 

0 I 2 3 

,oF '!I 
g=0.1 g=0.2 

8k 

6F 

21-L 2 ~  

0 0 I 2 3 
Reciprocal space (relative units) 

2 3 

Figure 25(b)--Paracrystalline lattice factors for different relative distance 
fluctuations g (after Lindenmeyer ~9) 
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crystalline lattice factor but humps which are broadened. This means that 
the positions of the reflections are no longer those of conventional 
crystallography, but are shifted. 

The next atomic paracrystal is the ammonia synthesis catalyst. We 
found a broadening of the wide-angle reflections similar to model (a) of 

Figure 26--4 mm steel balls in crystalline arrangement with some 4"5 mm 
diameter steel balls in the central region 

Figure 16, wi~ich yielded g values of several per cent. This catalyst consists 
of a-iron and a few per cent of alumina. The atomic volume of AI is about 
40 per cent larger than that of Fe. Figure 26 shows a model of a single 
ideal crystal which consists of 5 000 steel bails of 4 mm diameter all lying 

Figure 27--The same as Figure 26 after a short time of shaking 
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on a drum. In the central region we have carefully replaced about 50 balls 
by larger steel balls with a diameter of 4"5 mm. This system is not in 
thermodynamic equilibrium, since the larger balls do not touch the drum. 
(D. TurnbuU carried out similar work--private communication.) In Figure 

Figure 28--The same as Figure 26 after a longer time of shaking 

27 the system has been shaken smoothly for a short t ime. One sees that 
step dislocations travel out from the disturbance centre and the large balls 
begin to settle down. 

After a longer time of shaking the larger balls finally obtain the space 
they need. But in the region where they lie the straight net planes become 

Figure 29--Two paracrystals and four crystalline mosaic blocks 
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curved rows (Figure 28). We now have a kind of paracrystal, embedded into 
a single crystal. 

In Figure 29 two small paracrystallites are surrounded by other crystals. 
Paracrystals arise only in regions where balls of different sizes are mixed. 
The same is applied in real mixed crystals where the atomic volumes of the 
respective components differ. Then paracrystalline structures are to be 
expected. To observe them with the help of X-ray patterns one must have 
high precision X-ray cameras. Otherwise one cannot detect the small effects 
of line broadening. (A High Precision Guinier-Jagodzinski Double Cylinder 
camera made by AEG--Bed in  NW87, Sickingenstr. 71, was used. An 
ammonia synthesis catalyst with three per cent aluminium, for instance, 
gives a g value of 1"2 + 0"2 per cent.) 

VI .  THE A M O R P H O U S  L A T T I C E  
Figures 30(a) and (b) give schematic representations of a crystalline and 
an ideal paracrystalline lattice. Its lattice factor is given by equation (10). 
Here each lattice cell has the shape of a parallelepiped. In Figure 30(c) we 

(a) 

(d) 

(b) 

(e) 

(c) 

Figure 30--Types of 
lattices: (a) crystalline, 
(b) ideal paracrystal- 
line, (c) paracrystal- 
line, (d) amorphous, 
and (e) cluster effects 

find a real paracrystal. Here there enters a correlation correction term not 
yet mentioned in equation (10). This is only a correction term calculated 
from the theory. In Figure 30(d) an amorphous lattice is given. In this it is no 
longer possible to find rows and columns where the single 'bricks' lie. 
Nevertheless it is a single 'lattice', because it has some homogeneous 
character, which statistically can well be defined by means of the Q func- 
tion. The fifth structure of Figure 30(e) is no longer a lattice because here we 
meet with aggregation effects which lie beyond the statistical fluctuations. 
That  means we now have clusters. These clusters can have an inner structure 
of crystalline, paracrystalline or amorphous type. Besides this we have a 
maerolattice whose bricks are the single dusters. This macrolattice can be of 
crystalline, paracrystaUine or amorphous type, quite independent of the inner 
structure of the clusters. In natural fibrous systems Bear and Rugo 1~ 
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pointed out that the more distortions there are in the microlattices, the less 
there are in the macrolattices and vice versa. The two statistical principals 
of order are competitors. For  instance, with metals we find very fine crystal- 
line lattices but macrolattices of the amorphous type. 

Figure 31 gives some examples of such amorphous lattices, which are of 
interest in fibre work if we think of the two-dimensional models as cross 
sections orthogonal to the fibre axis. Then the Fraunhofer pattern of Figure 
31 relates to the situation around the equator. All three models have 
particles of the same polydispersity g~ of 30 per cent, but the packing 

Figure 31--Polydisperse amorphous aggregations with constant poly- 
dispersity g~l and different packing density e2 

density ~2 varies from 0"1 to 0"5. If  g u = ~  we have the intermediate case 
where the intensity goes monotonically down with increasing b but has a 
point of inflection where d l / d b = 0 .  If  g~ > ~2 we have the gaseous case 
with no reflection. If  gu <~ e2 the liquid case with one or more 'liquid rings' 
results. 

I t  is meaningless to say that on the RHS of Figure 31 we have a liquid, 
on the LHS a gas, because the parameters g~, e~ which describe the type 
of phenomenon have nothing directly to do with gases or liquids. The 
microphotometer curves of the Fraunhofer patterns of Figure 31 can be seen 
in Figure 32. We clearly see the three different cases described above. 
Taking into account a so-called liquid correction term (Hosemann 2,4 and 
Joerchel ~1) one can calculate from the intensity functions of Figure 32 the 
polydispersity g~, the packing density ~ a n d  the mean diameter of the 
particles (right side of Table 4) which we have used in the models (left side 

375 



R. HOSEMANN 

of Table 4). The examples of Table 4 show that we get reliable information 
with an accuracy of 3 to 10 per cent. 

V I I .  S T R U C T U R E  OF L I N E A R  P O L Y E T H Y L E N E  
Figure 21 is a reproduction of the small-angle X-ray pattern of hot-stretched 
linear polyethylene (Bonart and Hosemann22). The position of the 
meridional 'Hess-Kiessig reflection' corresponds to a 120 A distance along 

01 
o 

-.o-----o- Exptt curves 

0'3 ~ . ] p  theor. 

I J 
0 0"5 1 1"5 

k=uc/2 

Figure 32 ~ Microphoto- 
meter curves of the Fraun- 
hofer patterns of Figure 31, 
shifted in the vertical direc- 

tion 

the fibre axis which by heat treatment can be extended to 1 000 A or 
more (Mandelkern2~). It is interesting to note that no small-angle scattering 
occurs along the equator. Around the meridional reflections a background 
exists which we have investigated carefully. I shall deal with some of the 
results of our analysis. 

If one transforms back the intensity function of Figure 21 one gets a 
Q function of the type of Figure 33(b). Guinier and Belb~och 24 
incorrectly equated this Q function to the density distribution p(x) and 
published the structure of Figure 33(c). Analogous to Guinier-Preston 
zones in the centre there is a domain of higher density (+  70). In the 
meridional direction one observes two domains of very low density ( - 1 0 )  
and surrounding these a mean density near zero. This means there are 
three different phases similar to the case of metallic alloys of age- 
hardened (AI, Ag)-mixed crystals: clusters of Ag atoms are surrounded by 
a domain, enriched with Zn atoms, and outside this the ordinary mixed 
phase exists. In contrast to a spherical symmetry one now has in Figure 33 
axial symmetry. Taking into account equations (4) and (5) one must 
remember that Q is the convolution square of p and hence that p can be 
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Figure 33(a) 

Figure 33--Hot-stretched poly- 
ethylene: (a) model, (b) folding 
square, (c) analysis of Guinier 

and Belb6och 2a 

Figure 33(b) 

1oo X 

- - 2  

Figure 33(c) 

quite different from Q (p is the folding root of Q). Figure 33(a) shows such 
a model of a folding root which has only two phases. Figure 33(b) is the 
folding square of Figure 33(a) produced by the folding machine (Figure 1). 

Now we again have a paracrystalline-like lattice but in contrast to the 
paracrystalline layer model of Figure 19 the layer lines are not very long. 
Hence the particle size influences the Fraunhofer pattern. The distance 
fluctuations between single lamellae are about 30 per cent. Therefore 
according to equation (15) only one reflection appears on each side of the 
meridian. Figure 34 shows another similar model and its Fraunhofer 
pattern, which corresponds very closely to Figure 21. Hess and Kiessig ar 
published the model of Figure 35(a) for stretched polyethylene. It is 
incorrect, because the structure, smeared out in atomic dimensions 
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Table  4. Polydispersity gu, packing density ~2 and mean particle diameter y for 
different amorphous models after Joerchel 2° 

M o d e l  x-space b .space 
No.  y g~ ~ 2 Y gv ~ 2 

la 
lb 
lc 

2a 
2b 
2c 

3a 
3b 
3c 

4a 
4b 
4c 

0"155 0"30 0'10 
0"155 0"30 0"30 
0'155 0"30 0'50 

0"106 0'42 0"10 
0" 106 0"42 0"30 
0' 106 0"42 0"50 

0'083 0"53 0"10 
0'083 0:53 0"30 
0'083 0"53 0"50 

0"053 0"75 0"10 
0'053 0'75 0"30 
0"053 0'75 0"50 

0"142 0"30 0"11 
0"145 0"27 0"37 
0"137 0'26 0"54 

0' 102 0"43 0"13 
0"096 0"45 0"31 
0'099 0'45 0"46 

0'081 0'53 0"10 
0'071 0'49 0'22 
0"068 0"49 0"35 

0"056 0"79 0"08 
0"058 0"81 0"21 
0'058 0"77 0'41 

[Figure 35(b)] gives rise to a strong equatorial small-angle scattering which 
we have not observed in Figure 21. 

Figure 36 is a model due to Statton and Gei! 29 which is also 
incorrect for hot-stretched polyethylene because it produces a strong 
equatorial reflection which is not observable. Such structures can exist only 
in cold-stretched fibres where we have a strong equatorial interference effect 
[see Figure 37(d)]. 

Cold-stretched polyethylene loses it transparency and becomes white. 
Hence by cold-stretching inhomogeneities arise with sizes of optical wave- 
lengths. Moreover, Figure 37(d) shows that these inhomogeneities go down 
to atomic dimensions. The Hess-Keissig reflections are relatively weak. 
After pressing together cold-stretched material in a lateral direction, one 

(a) 
Figure 34--Hot-stretched polyethylene: 

378 

(b) 
(a) model, (b) Fraunhofer pattern 



CRYSTALLINITY IN HIGH POLYMERS, ESPECIALLY FIBRES 

II 

(a) (b) 
Figure 35--Model of stretched polyethylene (a) according to Hess and 

Kiessig 1~, (b) smeared out in atomic dimensions 

gets a so-called four-point diagram [Figure 37(b), (c)] and at the same time 
the equatorial intensity at small angles disappears again [Figure 37(a)] and 
• the optical transparency returns. This means that by pressing with the 
fingers one can alter atomic dimensions. Figure 38(c) shows schematically 
that in this case single ultrafibrils are pressed together to form a bulk struc- 
ture with a paracrystalline hexagonal structure in the plane of pressure and 
stretching. Proof:  The four-point diagram exists only if the X-rays are 
orthogonal to this plane [Figure 37(b), (c)] and do not exist if they run 
parallel to the direction of pressure [Figure 37(a)]i 

From the analysis of the intensive small-angle scattering [Figure 37(d)] 
of the cold-stretched fibre according to the theory of amorphous lattices 
(Figure 31) one gets direct information of the size distribution of the ultra- 
fibrils which split off in cold-stretched material. In Figure 39 In I along the 
equator is plotted against I bl2. One gets the information that in the lateral 
direction as a result of cold-stretching the fibres must split up into ultra- 
fibrils, the one of 100 A diameter, the other of 200 A diameter and the third 
of 400 A. Using the Warren-Guinier approximation one can synthesize the 
In I versus b 2 function from three Gaussian. curves (Figure 40). It is 
interesting to know why 100, 200 and 400 A ultrafibrils arise. We believe 
that there are working elements present of about 100 A diameter. About 
20~ per cent of such elements are isolated, about 35~ per cent cluster 
together to about four of them and 45~ per cent to bundles of about 16 
ultrafibrils [Figure 38(b)]. The rest [ ( 1 -  ~) 100 per cent] build up dusters 
with diameters larger than 400 A. 

One often finds in the literature the statement that the equatorial small- 
angle scattering arises from voids in the substances and that these voids 
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Figure 36--The model of 
stretched polyethylene after 

Statton and Gei129 

are holes like bubbles in a foam. The analysis of the intensity of the 
meridional reflection parallel to the equator (Figure 39) proves that this 
cannot be so. One gets from this interference a lateral size (see the black 
regions in the models of Figures 33 and 34) of 100 A,, which corresponds 
exactly to the diameter of the 'working elements' (=  ultrafibrils) mentioned 
above. Hence, the 'voids' here are the intermediate spaces between the 
ultrafibrils and between the dusters of ultrafibrils. The next direct informa- 
tion of the existence of such 'working elements' one obtains from shearing 
experiments. Figure 41(b)" shows a schematic drawing of what happens if 
one bends a stretched polyethylene sample by moving its ends in the 
direction of the arrows. The single ultrafibrils, o r  parts or clusters of them 
glide one along the other parallel to the macromolecular chains. Such 
shearing processes, in contrast to those of  metals, we call 'shearing of the 
second kind'. 

Although in metals shearing only arises if the distance of the sheared 
ends is small compared with the areas sheared and these lie parallel to the 
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(a) (b) 

(c) (d) 

Figure 37--Small-angle diagrams of cold-stretched poly- 
ethylene: (a) laterally pressed parallel to the X-rays, (b) 
laterally pressed orthogonally to the X-rays, (c) ditto and 

annealed, (d) not pressed 

• ~/ ;~//I//~/tlZ 

(a) 
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Figure 38. (See caption overleaf) 
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7/, '~ 
~. ~ ~ 

N g 

Figure 38--Paracrystalline 
macrolattices in stretched 
polyethylene: (a) heat treat- 
ment, (b) cold stretched, (c) 

ditto and laterally pressed. 

(c) 

,031 
~, Equator 

102 ~ " /  

\ j L a y e r  Line 

- . . . . .  
10 O~j = ~ = J t i t 1 . 1 ~ ,  
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Figure 3P--Small-angle intensity of cold-stretched poly- Fig gle :y 
ethylene 
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Figure 40--Gaussian analysis of Figure 39 
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Figure 41--Types of shearing: (a) first kind 
(metals, etc., gliding planes parallel to the arrows), 
(b) second kind (high polymers, glide plane, s 

parallel to the chains) 
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Figure 42--Paracrystalline layer lattice after shearing--LN old, 
SL new direction of the chains. LR old and new main direction 

of the layers 

Figure 43(a) Figure 43(b) 

Figure 43--SmaU-angle diagrams of sheared polyethylene: (a) hot.stretched, (b) 
cold-stretched 
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arrows, the shearing of the second kind takes place also for long narrow 
strips and does not take place parallel to the arrows. In Figure 41(b) the 
mean edge vectors of the paracrystaUine macrolattice cells are no longer 
orthogonal. Hence the small-angle pattern must be monoclinic. Figure 42 
gives a model and its Fraunhofer pattern, Figure 43 the X-ray patterns of 
(a) hot- and (b) cold-stretched polyethylene after shearing. 

Similar non-orthogonal small-angle patterns were found by Hendus 2~ 
who cross-stretched a hot-stretched polyethylene (Figure 44). 

By heat treatment of cold-stretched material it again becomes transparent 
and the intensity of the Hess-Kiessig reflection increases. From the analysis 
of the background around these reflections one then discovers that 

Figure 44--Hot-stretched polyethylene parallel to Rt afterwards cross 
stretched parallel to R 2 (after Hendus 24) 

correlations between the single ultrafibrils, which in the cold-stretched 
material are totally lost, return step by step. Paracrystalline layer lines are 
built up step by step with increasing order [Figure 38(a)]. Now the single 
crystalline-like layers resemble more and more the monocrystals described 
by Keller 2~ and Fischer 27. 

Besides crystalline-like wide-angle reflection, we find in such material 
a so-called 'amorphous halo' (Figure 45). This indicates that between the 
single crystalline regions there must be a high degree of freedom for the 
single chains. Taking all these facts together we get the following picture 
(Figure 46) : 

In certain colloidal domains, we always encounter paracrystalline 
layer lattices. The higher the lateral correlation between adjacent ultra- 
fibrils, the larger the lateral size and the lower the paracrystalline curvature 
of these lamellae. Some of the chains must fold back at the surface of 
these layers. Otherwise one can never explain the hot-stretched diagram 
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Figure 45--Wide-angle Bragg reflections and the 'amorphous 
halo' in hot-stretched polyethylene 

of Figure 21 which has no equatorial scattering. The Hess-Kiessig and 
Statton models, which do not take into account this backfolding, always 
give rise to equatorial scattering and hence are incorrect. Thus, indirectly 
we can establish this backfolding in bulk material, which Fischer and 
Keller have proved directly for monocrystals. Let .~ be the amount of 
backfolding chains, /3 the portion of chains going straight through from 
one paracrystal to the next and -/ the portion of largely disturbed chains in 
the amorphous phase. The nuclear magnetic resonance measurements prove 
directly the existence of these three phases (Hyndman and Odglio~S). 
Absolute intensity measurements of the amorphous halo in Figure 45 will 
give more information on the quantity of 7*. The 'amorphous phase' thus 
consists of three different types of chains, S, LB and 7. It is thus prob- 
lematical from the atomic point of view to speak of a 'phase'. On the left 
side of Figure 46 one can see what happens if one has a cold-stretched 
material. Then voids V appear and give rise to the glide planes of Figure 
41(b). On the right side of Figure 46 we again have such shearing regions 
SH, which we found in our shearing experiments even for hot-treated mate- 
rial without voids. Here every 100 A we meet boundaries of ultrafibrils, since 

*Protons with low, raedium or high mobility are in paracrystallina regions P and short back foldings SB, 
or in straight chains S and long back foldings LB, or in the  m u c h  disturbed chains 7. 
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Figure 46--Model of the different types of maci ~ ~attices in stretched 
linear polyethylene 

the chains like to build up families, working elements, or cybotactic groups 
which have this high degree of freedom between them, although certain 
correlations exist between the ultrafibrils which give rise to para- 
crystalline layers of considerable lateral size. Only after cold-stretching 
do the voids V exist. If one compresses the material theh the four-point 
diagram [Figure 37(b) and (c)] emerges because the amorphous regions 
after cold-stretching have a larger lateral area (see the Statton model, 
Figure 36). The chains here have in some measure left the ultrafibrils and 
entered into the voids. If they are now pressed together they resist being 
pressed back. So the crystalline portion of one ultrafibril is forced to lie 
down near the amorphous region of the adjacent ultrafibril [Figure 38(c)] 
and therefore a hexagonal-like symmetry arises (lower left comer of 
Figure 46). In the centre of Figure 46 a domain CG exists where, we believe, 
crystallization can occur. The lateral end of one lamella is here. The 
chains on the right of this lamella belong to an amorphous region and 
hence have a higher mobility. With rising temperature the amorphous 
region will increase on the left side and destroy the crystalline region of the 
adjacent lameUa. Then the surfaces of the adjacent lamellae above and 
below this region can grow and, hence, the mean distance between para- 
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crystalline layers statistically increases. Lowering the temperature, the 
converse process takes place and nucleation of new lamellae occurs. 

On the right side of Figure 46 the lateral correlation between adjacent 
ultrafibrils is so high that large paracrystalline domains exist. The back- 
folding now occurs with such great regularity and the lattice distortions 
inside the  single lamellae are so small that we find here bundles of Keller 
crystals linked together by only a few straight chains. The above-defined 
quantity = here is very high, while fl and 3' are very small. 

Thus one single atomic and colloidal model can explain all the different 
experimental observations, especially the growth of spherulites which to a 
considerable degree also reveal microfibrillar as lamellar features. More 

Figure 47--Paracrystalline layer lattice on the sand 
near the mouth of the Tagliamento river in Italy 

quantitative X-ray investigations following the lines mentioned above should 
help to prove the correctness of the paracrystalline model in greater detail. 

The theory of paracrystalline structures is a little more complicated than 
that of conventional crystals. If, until this moment, we have discussed para- 
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crystalline structures in atomic or colloidal dimensions alone, it is important 
to realize that such structures also exist in macroscopic dimensions. 

Figure 47 gives a picture of sand near the mouth of the Tagliamento 
fiver in Italy at low tide. Here one finds such structures illustrated. The 
distance between adjacent "bricks' is not now in dimensions of Angstr~Sm 
units or microns but amounts to some centimetres. Nevertheless, the 
statistical problem here remains in principle the same as in the paracrystal- 
line layer lattices of polyethylene. If I would give to a student the task of 
explaining quantitatively such a structure, I am sure he will encounter 
relatively serious difficulties. He will give me the mean length of the frozen 
waves in the sand but he will not give me a quantitative measure of their 
polydispersity and curvature. Using theories such as that of the paracrystal 
and of amorphous lattices, which take into account quantitatively statistical 
elements such as coordination statistics, partial correlations, etc., he will 
find the correct answer with relative ease. I believe this is a method of 
obtaining new statistical structure elements, which are of practical impor- 
tance not only on the beach of the Tagliamento but which also explain 
many technological properties of man-made fibres. 

Fritz-Haber-lnstitut der Max-Planck Gesellschaft, 
Faradayweg 4-6, Berlin-Dahlem, Germany 

DISCUSSION 

Dr P. H. Hermans (Netherlands), Chairman: Would it be entirely 
meaningless to apply a procedure of dividing the diffraction picture into 
peaks and a background, for the hypothetical case when one has a substance 
consisting entirely of paracrystaUine matter? 

Professor R. Hosemann (Germany): The division of the X-ray pattern 
into l~eaks and a background is a first step in the analysis and never can be 
meaningless if one draws correct conclusions from the background- and 
peak-scattering. If, for instance, you have matter consisting of single para- 
crystallites and no amorphous regions, the background-scattering surely has 
nothing to do with an amorphous phase but depends alone on lattice 
distortions. T h e  examples of paracrystals given above demonstrate that 
with the help of this division you can calculate the paracrystalline 
distortion (i.e. distortion of the second kind) as well as the displacement 
distortions (distortion of the first kind such as Frenkel displacement, 
thermal vibration, etc.) and furthermore you can analyse from the widths of 
~ series of peaks not only these two different sorts of distortions but also the 
sizes of the crystallites or paracrystallites. 

If a real amorphous phase exists, this produces another sort of back- 
ground. After elimination of the distortion background as in Ruland's work 
one then gets information on the amorphous phase background. 

Dr P. H. Hermans (Netherlands), Chairman: Ruland tried, in the case of 
polypropylene, to verify the procedure of drawing the background line by 
extending the observations of the diagram to very large angles and found the 
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same crystalline fraction and the same Debye factor included in the 
background independent of the angle of diffraction used. 

You also mentioned that your paracrystalline distortions could be 
adequately described by a Debye factor. 

Professor R. Hosemann (Germany): The method of Ruland is based on 
assuming an artificial Debye factor until, for one sample, the crystalline 
fraction calculated is independent of the angle of diffraction used. But one 
can prove that this artificial Debye factor depends on distortions of the first 
and second kinds, and is given by 

3 

" 21F I/(1 + lEvi) 
k = l  

D 2 is defined by equation (14) and depends on the distortions of the first 
kind. Fu is defined by equation (10) and depends on the paracrystalline 
distortions, i.e. those of the second kind. 

Professor L. Kiichler (Germany): In connection with the questions just 
discussed, I wish to refer to some work by Herre and Reichert which has 
just been completed in our laboratory and which will shortly be published. 

In the last 15 years the so-called crystalline fraction has usually been 
determined by X-rays. Until the work of Ruland already mentioned, the 
lattice imperfections about which Professor Hosemann has spoken have not 
been taken into account, at least as far as I am aware; I do not know of 
any other work. 

Herre and Reichert have now endeavoured to take account of the lattice 
distortions in polyethylene exactly, and to determine from the scattering 
in as wide an angular range as possible--not as usually within a narrow 
range of angle--the crystalline fraction. Fundamentally, this is possible. 

However, the errors are so large--in polyethylene the error in the 
crystalline fraction is estimated at +40 per cent--that the method is 
practically without significance. An attempt has also been made, of course, to 
use the X-ray method indirectly, that is to say, to use it to determine the 
density. But this means that the simple measurement of density is replaced 
by a somewhat complicated X-ray measurement, and I consider that this 
has no advantage. 

Professor R. Hosemann(Germany): 40 per cent error is too large to 
allow analysis of atomic structure. It would be better to rely on simple 
density measurements. However, from Table 1 it may be seen that Ruland 
(with polypropylene) had results of much  higher accuracy. Perhaps the 
experimental technique can be improved for polyethylene. 

Professor L. Kiichler (Germany): The large error is not due to error in 
measurement, but is principally due to uncertainties in the atom form factor 
and in the incoherent scattering, and also to the not wholly correct simplifi- 
cation in the theoretical model (e.g. the assumptiort of anisotropie 
temperature scattering). 
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Pro/essor F. H. Miiller (Germany): In this connection I should like to 
make a point on thermal motion in crystalline partially crystallized poly- 
mers. Some experiments have been done in our institute by Dr Kilian, and 
he tried to obtain the thermal motion by a Debye factor D by measuring 
the wide angle scattering as a function of temperature in the range of - 150 ° 
to 200°C (Figure 48). He found two regions of different behaviour. (In 
press.) 

D is a linear function at higher temperatures, but at lower temperatures 
D becomes constant for branched polyethylene below - 5 0 ° C ,  and for 
unbranched polyethylene below -70°C .  Only at very low temperatures is 
there an effect of paracrystalline displacement. If  you assume a distorted 
lattice, then by thermal motion you get a more symmetrical lattice'at  high 
enough temperatures. So at high temperatures you see only the thermal 
motion but you can measure the paracrystalline arrangement at low tem- 
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Figure 48- -K + from the factor exp(--K+s 2) with s=2./k plotted as a 
fanction of temperature: • branched, and O linear polyethylene 

(Kolloidzschr. u. Z. L Polym. 1962, 183, 1) 

peratures only. You can estimate the respective paracrystalline fluctuations 
as four per cent for unbranched, and six per cent for branched polyethylene. 
Using one of your formulae and the number of undisturbed interferences you 
find six per cent and eight per cent as estimates. That is very fair agreement. 

ProJessor R.  Hosemann (Germany): According to Table 2 the thermal 
and paracrystaUine distortions in polyethylene can be analysed even at 
room temperature. Using the high precision camera mentioned above, we 
obtained g values (defined by equation 15) between two and eight per cent. 
This seems to agree well with your results. 
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Polymer Single Crystals 
A. KELLER 

A brief survey is presented on polymer single crystals including some still 
unpublished material. After a short historical retrospect the basic facts on 
single crystals and chain folding, a new structural concept derived therefrom, 
are outlined. Subsequently problems concerning the structure of folds and the 
origin of chain folding are discussed, the latter point leading to various theories 
on chain folding. Structural consequences of chain folding such as sectoriza- 
tion and non-planar habits, which lead to the problent of /old packing, are 
next surveyed/or the simplest monolayer crystals, followed by a brief descrip- 
tion of observations on more complex multilayer crystals and on some new 
features of crystallization from concentrated solutions. Finally there is a 
short reference to the possibility of single crystals and chain folding occurring 

in the melt crystallized bulk, including oriented systems. 

H I S T O R I C A L  R E T R O S P E C T  

THE FACT that chainlike but not yet polymeric--molecules can crystallize 
in the form of macroscopic crystals has been common knowledge since long 
before the birth of modem polymer science. It is a common feature of all 
such long molecules that they consist of a number of consecutive identical 
units like a string of beads. The simplest of these are the paraffmoid sub- 
stances with CH2 groups as sub-units. The units terminating the molecules 
must necessarily differ from those in the interior. Such long molecules 
crystallize by the chains stacking in a parallel fashion which mostly results in 
platelike habits. The three-dimensionally periodic arrangement of the 
molecules within such crystals defines the lattice. The unit cell comprises at 
least ohe full molecule and because of the elongated nature of this building 
unit, is strongly anisodimensional. The longest dimension is equal or simply 
related to the length of the molecule, the other principal axes to the closest 
intermolecular distances. We denote this repeat unit as the true unit cell in 
contrast to a smaller three dimensional periodicity, the subcell, within the 
true unit celt itself (Figure 1). The existence of a subcell is the direct 
consequence of the beaded string nature of the molecule. In the crystal the 
'beads" within one molecule are in a unique relation with respect to those in 
its neighbours, thus defining a three-dimensional repeat unit the exactly 
repeating sequence of which is confined to within the terminal groups of the 
molecules containing them. A complete crystal structure determination 
naturally requires the elucidation of the full content of the true unit cell. 
Nevertheless the subcell contains already a significant part of this informa- 
tion as the sub-units constitute a predominantly large portion of the 
molecule, and this will be increasingly so the larger the molecules. The 
existence of a subcell is immediately apparent from the diffraction patterns 
by the enhanced intensity of many of the reflections associated with it. 

This  p a p e r  w a s  presentedl a t  a P o l y m e r  Science Conference, he ld  iri c o n j u n c t i o n  w i h  the  Second World 
Congress of Man-made Fibres, at the Connaught Rooms, Holborn. London W.C.2, 2nd a n d  3rd 
M a y  1962. 
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Figure /--Diagrammatic illustration of the relation be- 
tween the true unit cell and subcell. The drawing is a 
simplified two-dimensional representation of the arrange- 
ment of short paraffin chains in a crystal of vertical 
structure (see Keller38). The small solid circles are CH2 
units, the large open circles are the terminal CH~ groups. 
The large rectangle drawn with solid lines represents the 
true unit cell--which here contains two molecules--and 

the small dashed rectangles are subcells 

Nevertheless there is a group of reflections, other 
than those from the subcell, which is expected to 
remain strong. These are reflections which corres- 
pond to the true cell  periodicity along the chain 
direction. In oligomeric substances (paratfinoids, 
etc.) these are directly related to, and are thus 
measures of, the molecular lengths. For  long 
molecules these periodicities will be large hence 
the corresponding reflections will be at small 
angles, requiring special low angle X-ray tech- 
niques for their detection. 

In the pioneering days of polymer crystallog- 
raphy, crystallographers took the obvious route by 
examining molecules of increasing length--poly- 

oxymethylenes in particular--synthesized at that time in Staudinger's 
laboratory. They found that while with increasing chain length the subcell 
reflections remained prominent, those due to the true spacings could not be 
directly recorded with the technical facilities of those days; their non- 
existence was inferred from the absence of the high orders accessible then. 
Existence of high orders presupposes high degree of regularity, which was 
taken for granted in a crystal at the time when imperfect lattices were not so 
prominent as they are today. On this basis the subcell was recognized as the 
true and only periodicity relevant to a polymer lattice. Next came the esti- 
mate of the size of the crystalline regions, based mainly on X-ray line 
broadening measurements with all its inherent pitfalls, from which it was 
concluded that the crystals were much shorter than the length of the mole- 
cule. This was followed by the necessity of considering also disordered 
amorphous regions on the basis of physical properties. These factors added 
together led to the familiar fringed miceUe concept, which till recently has 
dominated our views on polymer crystals. 

This development did not take place quite unopposed. In a paper 1 dated 
as early as 1930 and since practically forgotten it was deduced from high 
order reflections which (exceptionally as it appears) were present in the 
polyoxymethylene specimens in question that the true cell periodicities must 
have been larger than the one  associated with the lattice based on the sub- 
cell, being in the range of 60 to 120A. Ott attributed these spacings to the 
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long dimensions of the fully extended molecule. However, the molecules 
were believed to be of non-uniform length and in any case much longer than 
Ott's spacings from other evidence. As these large periodicities, manifesting 
themselves by their high orders, were not found again, this awkward point 
was bypassed at the time. Reports on large periodicities reappeared in the 
literature much later on with the advent of low angle X-ray techniques, 
and have since been recognized as typical of crystalline polymers. However, 
these have not been considered again in relation to the original problem 
but as something outside the scope of structural polymer crystallography 
proper. Structural crystallography was concerned exclusively with what we 
here term subceU structure. Admittedly the subcell structure accounts for 
nearly all the atoms in the structure and consequently is of prime import- 
ance. But as it turns out the minute amount of structural information which 
has remained beyond the scope of the classical approach holds the key to 
the understanding of ordering processes in polymers as opposed to those 
of non-polymeric chain molecules--a differentiation which is not apparent 
from the crystal structure studies proper. It is about these developments 
that I shall be concerned here. The new developments naturally do not 
displace the well established discipline of polymer crystallography as 
hitherto practised but widen its scope into a subject much more varied and 
comprehensive than it has been before. 

T H E  B A S I C  F A C T S  O N  S I N G L E  C R Y S T A L S  A N D  

C H A I N  F O L D I N G  

Paradoxically the new developments leading to the recognition of the 
unique mode of crystallization of "polymeric chains commenced by the 
recognition of close similarities between the appearance of crystallization 
products in polymers and non-polymeric substances. It is to be remembered 
that on account of the fringed micelle model a crystalline polymer was 
expected to be quite featureless. The mere fact that discernible organizations 
became observable at all by microscopic techniques in itself represented a 
breach in the prevailing picture of randomly arranged unrelated micelles. On 
closer inspection these organizations were found to be quite unexpectedly 
distinct and regular. Morphologically they all had their counterparts 
amongst simple substances and there seemed to be no need to postulate any 
specific polymeric feature to account for their existence. Spherulites and 
their building units, sheaves and fibrils fall in this category (see reviews 2, 3, 
which contain detailed references). This trend eventually culminated in the 
recognition of  polymer single crystals. If we look back far enough we may 
see that this discovery should not have been such a surprise as it was. 
Crystals of polymerized formaldehyde were in fact seen as early as 19074 
and later again in 19295 (see also Sauter~). However, no further attention 
was given to them during the period which followed characterized by the 
unconditional acceptance of the fringed micelle model which excluded the 
possibility of single crystals by implication. Single crystals were rediscovered 
again after stereoregular polymers with improved crystallization charac- 
teristics became available. 

Unambiguously defined single crystals have been observed so far in 
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crystallization products from dilute solutions. (For references before 1959 
see reviews 2.3; some of the later ones will be quoted separately. When 
reference not quoted see above reviews.) There is a gradual accumulation of 
evidence, however, that morphologies reminiscent of single crystals also 
occur in the more concentrated systems and even in the bulk melt crystal- 
lized polymer. About these more will be said later. At first I shall deal with 
the simplest products obtained from dilute solution. The first systematic 
observations were made on linear polyethylene (Figure 2) but as research 

Figure 2--Typical solution-grown single crystal of polyethylene. Electron 
micrograph. M agnificati on × 12000; reproduced without reduction (Keller 2) 

progressed single crystals were being detected in a number of other sub- 
stances. Such are: polyoxymethylene (GeiF), polyoxyethylene (Keller, 
unpublished), polypropylene (RCinby, Morehead and WaiterS), poly-4- 
methyl-pentene-1 (Keller, see ref. 3), polystyrene (Kargin et al.9), nylon 6 
(GeiF), nylon 7, nylon 8, nylon 66 (all three in Holland~), polyacrylic acid 
(Miller et d.10), cellulose [Manley 11 (Figure 3), R~nby and Noel2], and this 
list is by no means complete. Thus the generality of the single crystal is 
beyond any reasonable doubt. 

The standard method of producing crystals is to allow them to form in a 
supercooled solution when they appear in the form of a suspension which 
can be sedimented and examined by electron or optical microscopy. The 
basic properties of single crystals (as seen from Figure 2) are as follows. 
They consist of lamellae of uniform thickness in the range of 100 A. The 
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crystals thicken via the screw dislocation growth mechanism which leads to 
a spiral terraced structure. In some instances the morphology is more of a 
flat ribbon or fibril character. It  is, however, not clear whether these are 
distinct morphological forms or only degenerate or split versions of the 
basic lamellar morphology. 

Figure 3--Single crystal of cellulose (Manley, private communication). Electron 
micrograph. Magnification × 20000; reduced × 3/4 on reproduction 

Electron microscopy provides a means of assessing the molecular orienta- 
tion within such crystals by diffraction patterns taken of individual crystals 
selected on the viewing screen. The diffraction pattern consists of spots 
arranged as expected from a single crystal (polyethylene in Figure 4). The 
sharpness of the spots is comparable with that of other simpler crystalline 
substances. Polymers, however, are affected by the electron beam which 
rapidly destroys the crystalline order usually by generating cross links. This 
beam sensitivity necessitates special precautions when diffraction effects are 
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tO be recorded, but even so sets a limit to the exploitation of the full 
potentialities of electron optical techniques. Diffraction patterns like the one 
in Figure 4 revealed that the long chains lie mainly along the shortest 
crystal direction, i.e. in lamellar habit they are normal or approximately 
so to the plane of the lamellae and in fibrillar development nearly per- 
pendicular to the fibril axis. As the molecules are hundreds, thousands or 
even tens of thousands of Angstr/Sms long it follows that they cannot be 
contained within a distance of 100 A or so and stay straight. The only 
sensible alternative is to have the molecules fold back on themselves. This 
folding must be sharp so that the segments can return to their closest pack- 
ing after having folded over. It is noteworthy that this suggestion had already 
been made as early as 1938 (Storks 13) but then it passed unheeded. 
Accordingly the thickness of the layers (we shall restrict ourselves to the 
lamellar development in what follows) is equal or closely related to the fold 
length, which can be evaluated by direct measurements in shadowed electron 
micrographs. Another more accurate method of assessing the layer thickness 

Figure 4--Electron diffraction 
pattern given by a polyethylene 

single crystal (Keller 2) 

and hence the fold length is by X-rays, as the regular sequence of the layers 
gives rise to diffraction effects in a number of orders. This latter fact sub- 
stantiates the impression gained from the electron micrographs that the 
layers and hence the folds possess a high degree of uniformity. 

It is worth reflecting that the tabular polymer crystals are closely 
analogous in appearance to crystals of long chain but non-polymeric 
substances. Thus the polyethylene single crystal in Figure 2 is indistinguish- 
able in appearance from that of a paratfm with a chain length corresponding 
to the fold period. The same applies to the diffraction pattern. The sub- 
lattice reflections are identical in both and the large spacings referred to are 
the exact counterparts of the reflections from the basal planes in paraffins 
where these define the long dimension of the true unit cell. Accordingly 
these large spacings in polyethylene also define the true unit cell, which, 
however, is not related to the length of the molecule as in paraffins but to 
that of the fold. In this way a previously unexpected continuity between 
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oligomers and polymers is becoming apparent--a point to which I shall 
return later. 

The fold length in chain folded polymer crystals is not an invariant 
.quantity, but is temperature dependent. We distinguish two types of tem- 
perature effect: (1) Temperature of crystallization, (2) Temperature to which 
the crystal already formed has been heated. 

(1) In a given system the increase of crystallization temperature results in 
longer folds. A typical range of values for the best explored system namely 
polyethylene in xylene is 90 to 155 A for crystallization temperatures 
between 50 ° and 90°C. This effect is strictly reproducible, and values from 
different laboratories agree closely. The fold length is a unique function of 
crystallization temperature and does not depend on the fold length in 
crystals already present. Thus a temperature change during crystallization 
produces a corresponding change in the growing crystal resulting in an 
upward or downward step in the layer thickness for a temperature increase 
or decrease respectively (Keller and BasseW 4, Bassett and Kellerl~). These 
effects under (1) represent the most solidly established quantitative informa- 
tion we possess about chain folding. 

(2) When crystals already formed are heated beyond the original crystal- 
lization temperature the layer thickness and the corresponding X-ray spacing 
increases while the overall molecular orientation may remain unchanged 
(Statton and Geil x6, Statton 17, Hirai et  al.~s). It is concluded that, astonish- 
ing as it may appear, the chains refold to a larger fold length. This increase 
of the fold length is at first rapid, in fact a large part of the change can take 
place within seconds, but continues apparently without limit with an ever 
decreasing rate. In a crystal with an initial fold length of about 100 A the 
folds can increase up to at least 400 A. The exact values depend on the 
initial fold length of the material (Balt~, Bassett and Keller, unpublished), 
and also on experimental circumstances such as rate of heating, the support 
or medium on or within which the material is kept (StattonaT). There is 
evidence that at least part of these changes occur via an intermediate stage 
of melting (Fischer ~9, Fischer and Schmidt ~°, and private communication). 

We shall return to the structural implications of chain folding later. In 
this section only one further point will be made, required by the discussion 
which follows immediately : namely that folding is visualized to occur along 
the growing prism faces of the crystal. 

THE STRUCTURE OF THE FOLD AND THE ORIGIN 
OF CHAIN FOLDING 

When examining the chain folding hypothesis more closely, the first question 
to be raised is whether folding of the chains with the required abruptness is 
possible or not. Again the answer to this is readily available in the early 
literature: it was found in 1933 (Miiller ~1) that large cyclic paraffin mole- 
cules pack in the same way as linear ones, which implies that the large rings 
must exist in a collapsed form in the crystal which in turn requires bending 
as sharp as postulated for chain folded polyethylene. Accordingly such sharp 
folds do exist, and experiments with models show that they can arise with 
unexpected facility. In principle, the structure of cyclic compounds should 

399 



A. KELLER 

reveal the exact fold configuration. In reality, however, these can have 
several subcell structures (Burbank and Keller; Newman, both unpublished), 
and the one directly relevant to the polyethylene problem has not yet been 
identified. 

The possibility of a direct determination of the fold structure being still 
remote a priori geometric arguments need to be resorted to. For this purpose 
one may consider the diamond lattice (Frank, unpublished), which is a 
covalently bonded network of C atoms. Any non-closing sequence of C 
atoms in the diamond lattice corresponds to a possible chain configuration 
(subject to the restrictions imposed by. the H atoms in the polyethylene 
chain). In this way proceeding from one C atom to the next the possible fold 
configurations can be mapped. Due allowance being made for the distortions 
required when going from the diamond to the polyethylene lattice (essenti- 
ally due to the presence of hydrogens in the latter) the energetically most 
favoured fold configurations can be selected (Figure 5). It  is found that the 
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Figure 5--<)ne of the simplest folded car- 
ben--carbon paths in the diamond lattice as 
seen (a) normal to the plane of folding, (b) 
along the straight segment direction. In the 
actual polyethylene lattice a slight adjust- 
ment of the intersegment distance (+0"24A) 
and a considerable (+ 50* and --32 °) twist 
of the stems is required to make this path 
correspond to a fold along (110). When 
considering also these adjustments the fold 
configuration illustrated here containing 
four gauche bonds, emerges as the energetic- 
ally most favourable one. In terms of sur- 
face free energy this would require a 
value of I00 to 150 erg cm -2. (Frank, 

unpublished) 

most likely candidate is asymmetrical both with respect to the pianos 
parallel and perpendicular to the plane of folding, even in its undistorted 
configuration in the diamond lattice, a point to which I shall return later. 

Accepting the geometric possibility of folding, obviously the question 
arises why should it occur in a crystallizing maeromolecule. This enquiry 
has led to theories which will be outlined here only in the briefest possible 
way. Any theory would have to account for at least the reasons of a folded 
configuration, for the observed uniformity of the fold length and for its 
observed temperature dependence. There are two classes of theories: kinetic 
and e~luilibrium. 

According to the kinetic theories (Lauritzen and Hoffman 2~, Price 2a'2", 
Frank and Tosi 2~) the thermodynamically most stable configuration would be 
the crystal consisting of completely extended chains, nevertheless in the 
actual structure the chains will have a folded configuration with a narrow 
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distribution of fold length because such will b e  favoured by the rate with 
which crystallization in the particular configuration in question can take 
place. In  general any crystallization occurs via primary nucleation followed 
by growth. In polymers primary nucleation could take place intramolecularly 
by folding up of the same molecule. I t  can be Shown that this would occur 
with a narrow distribution of fold lengths (Lauritzen and Hoffmann'). 
Further growth then could occur with the molecules folding up along the 
existing crystal faces. I t  is this latter growth process which really determines 
the fold height in the crystals formed (Price ~3, Lauritzen and Hoffman22). 
The experimental findings quoted above imply that the fold length is deter- 
mined by the circumstances under which the deposition of the molecule 
occurs and is not observably influenced by the fold lengths already present 
at the crystal face where the new molecule deposits. It  was not a priori 
obvious that a kinetic approach can account for this fact until it was recast 
in a form which now meets all the principal requirements (Frank and Tosi25). 

According to the equilibrium approach (Peterlin and Fischer 26) the state 
of maximum stability (lowest free energy) in a polymer crystal corresponds 
to a finite extension of the lattice along the chain direction, and this is the 
state towards which the system will tend in the actual crystal. This new 
stability criterion should be the consequence of the anisotropy of the force 
constants in a macromolecular lattice. Chain folding would be one way in 
which this criterion could be satisfied. 

Both classes of theory should be amenable to quantitative experimental 
verification. The best test for this is the variation of the fold length with 
crystallization temperature which is best established in the dilute 
polyethylene-xylene system. Both classes account for the observed sign of 
this temperature dependence. For  obtaining actual values certain parameters 
in the  system need to be numerically defined. Thus both classes of theory 
require values for the surface free energies of the chain folded crystal. 
Information on the surface free energies of the side surfaces is available 
from independent evidence (Turnbull and Cormia 27) and those of the fold 
surfaces can be estimated a priori within broad limits (in the order of 70 to 
150 erg/cm2). Both types of theory arrive at the correct magnitude of the 
fold height--with reasonable values for these parameters, although the 
kinetic theory only (Frank and Tosi ~)  attempts to match the experimental 
fold height-- temperature of crystallization curve which it does to a good 
approximation. 

According to latest information values as low as 50 erg/cm 2 and less are being 
claimed for the fold surface free energies both on the basis of equilibrium (Peterlin, 
Fischer and Reinhold 28, 40 to 50A) and on kinetic (Hoffman anti Weeks, private 
communication) considerations. It takes a minimum of three gauche bonds to fold 
a chain back on itself, which on the basis of values for short hydrocarbons requires 
45 erg/cm 2, which does not include distortions necessary to rotate the chain segments 
in their positions in the polyethylene lattice and the increase in free energy due to 
the defective packing of the methylene groups in the folds as compared with those 
in the straight segments. Including these the fold surface energies would come near 
100 erg/cm 2 at the lowest estimate (Frank unpublished, see Figure 5). Accordingly 
50 erg/cm z or even less would be too small. 

As in the kinetic theories the fold length depends on the supercooling 
while in the equilibrium theory it is some function of the actual temperature, 
it might appear  to be a simple matter  to decide between them. However,  the 
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true melting point of a crystal with an infinite fold length in the solvent 
(required for definition of supercooling) is uncertain to such an extent that 
it makes this test inapplicable at least in a straightforward manner. Never- 
theless latest crystallization studies under pressure (Wunderlich, private 
communication) extended the hitherto realizable range of crystallization 
temperatures permitting a distinction to be made in favour of the kinetic 
approach, but whether to the complete exclusion of the equilibrium theory 
is not a straightforward matter to decide. 

However, in addition to the fold height/crystallization temperature 
relationship in polyethylene crystallized from dilute solution, other 
phenomena are also being considered in arguments concerning the validity 
of the opposing theories. These refer to systems which are not yet 
defined with precision structurally, neither are they treated with any rigour 
theoretically. Nevertheless it may be justified to invoke them in search of 
qualitative criteria by which to distinguish between the theories in question. 
Such phenomena include the effect of annealing on the long spacings of both 
single crystals and the bulk. Both classes of theories are at least consistent 
about the increase of the fold length with temperature when the crystals 
already formed are heated subsequently. In the equilibrium case, however, 
this effect should be reversible : contraction of the fold is expected on cool- 
ing. Such reversibility has not been observed up to date; some claims to the 
contrary could not be substantiated. This in itself, however, does not settle 
the issue as according to the equilibrium approach the drive towards shorter 
fold lengths (or in general crystal thickness) should be smaller than in the 
reverse direction, hence the fact that such an effect is absent can at least 
be excused. 

On the other hand there is one class of effects which, if confirmed, seems 
to lie beyond the scope of the kinetic approach. The morphological con- 
tinuity between crystals of paraffins and polyethylene has already been 
mentioned. According to available indications it appears that oligomeric 
compounds might suddenly bend back on themselves beyond a certain length 
when forming a crystal. Experiments on polyethylene fractions (Keller and 
O'Connor ~9) and more recently on oligomeric series of polyamides synthe- 
sized under controlled conditions (Zahn and Piepe r3°, Kern et  al. 31) are 
strongly indicative of this kind of behaviour. It is found namely that the long 
spacings increase with the molecular length only up to the point where they 
are in the range of those of the corresponding polymer, remaining constant 
thereafter, responding to heat, recrystallization and swelling treatment 
roughly in the same way as the polymer does (for these latter aspects, Zahn 
and Pieper3°). 

In all the work mentioned in this section the long spacings are being 
identified with the fold length or (in the short oligomer case) with the length 
of the molecule. However, the numerical identity of these lengths and the 
spacings measured directly cannot be guaranteed a priori  without the 
knowledge of the molecular orientation with respect to the planes giving rise 
to the long spacings. Evidently great circumspection is needed when the 
exactness of the identification is of consequence. For example in some cases 
the spacings can decrease which, however, was found to be the consequence 
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of molecular re-arrangement (increase amount and/or regularity of stagger-- 
see next section) at constant fold length (Balfft, Bassett and Keller, in 
preparation). In the oligomer work in particular the final confirmation of 
the key point mentioned above is still pending an account of some 
ambiguities along these lines (Bal~ and Keller, unpublished). 

The present situation as regards the theories perhaps could be summed up 
as follows. It is possible that there is a thermodynamic criterion for folded 
polymer crystallization, and if this is so it is certainly of great significance iff 
itself. Nevertheless, equilibrium considerations do not usually govern crystal 
growth, and in polymers just as in general, kinetic factors are expected to 
influence the way crystals develop. 

S T R U C T U R A L  C O N S E Q U E N C E S  O F  C H A I N  F O L D I N G  
I N  S I N G L E  C R Y S T A L S  

As already stated the chains are visualized as folding up along the growing 
prism faces of the crystals. Thus the folding direction will be different along 
the different crystal faces, and this difference will persist after the growth 
front has passed. Consequently the crystal will consist of structurally distinct 
sectors each based on a crystal face; there will be as many sectors as there 
are prism faces. Thus the unprecedented situation arises that different 
structures will be contained within the boundaries of what appears to be a 
single crystal. Different fold plane directions define different unit cells, i.e. 
structures. The packing of the straight segments in the interior of the 
lamellae, defined by the subcell, remains essentially unaffected by the fold 
plane direction (although by symmetry requirements some differences are in 

Figure 6--Electron micrograph revealing the existence of distinct sectors in a 
lozenge-shaped polyethylene crystal through morphological features (corrugations). 
Magnification x 2500; reduced x 3/4 on reproduction. (Bassett, Frank and Keller, 

in preparation) 
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principle to be expected and in fact some subtle differences in the diffraction 
patterns are found experimentally, Bassett, Frank and Keller32; Keller, 
unpublished). 

The existence of distinct sectors (or fold domains as termed in some 
recent literature, Reneker and GeiPa; Burbank 34) can make itself apparent 
in the morphology (e.g. Bassett, Frank and Kellel~'~; Keller and Bassett14). 
Figures 6 and 7 are examples of monolayer crystals of polyethylene where 
the sectorization in the expected manner is apparent. The effects showing up 

Figure 7--Electron micrograph revealing the existence of 
distinct sectors in a truncated lozenge-shaped polyethylene 
crystal through diffraction effects (Bragg extinction). Magnifi- 
cation × 4100; reproduced without reduction (Bassett and 

Keller ae) 

the distinctness of sectors are morphological features, like corrugations, 
changing direction along the sector boundaries (Figure 6) or diffraction 
effects arising from the fact that the different sectors may satisfy different 
diffraction conditions with respect to ~he direction of the electron beam in 
the microscope (Figure 7). In addition~ different sectors may have different 
physical properties, e.g. may melt at lower temperatures as shown in 
Figure 8 which represents a crystal in the melting region. 

In general, the crystal lamellae are not planar, although they mostly 
become so on drying down, which is a necessary requirement for electron 
microscopy. The. original non-planarity, however, makes itself apparent in 
various ways in flattened crystals. The central crease in Figure 7 is one 
example. It is not possible to list all relevant observations at this place and in 
what follows I shall quote only the essentials of the final model as it stands 
today (Bassett and Keller Be, and to be published; earlier propositions 
leading up to it: Reneker and GeiP3; Niegisch and Swan3~). The simplest 
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Figure 8--Electron micrograph of a polyethylene crystal near its melting point. 
The sectors bounded by the truncating faces melt before the rest of the crystal. 
Magnification x 6000; reproduced without reduction. (Keller and Bassett 14) 

Figure 9--Model  of a non fiat-based hollow pyramid. This is the true three- 
dimensional configuration of some of I~he simplest monolaycr polyethylene 
crystals. The transparent disc illustrates the relation of the pyramid to a flat 

base (plane perpendicular to the pyramid axis) 
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monolayer polyethylene crystal is a hollow, dished pyramid. The crystal 
sectors form the pyramid facets. The straight segment direction is assumed 
to be parallel to the pyramid axis. The pyramids are non flat based, i.e. 
pairs of basal planes lie at different heights as measured along the pyramid 
axis. A model for the simplest crystal shape in polyethylene (lozenge shape 
with { 110} prism faces only)'is shown in Figure 9. More complicated habits 
show analogous but appropriately modified features. The transparent disc 
illustrates the intersection of a fiat base with the pyramid. These intersec- 
tions are crystallographic directions and define the geometry of the pyramid. 
Such directions can become structurally distinct (see Figure 6) either in the 
course of collapse on a substrate or during growth, and it is essentially from 
these that the present model has been derived. 

The facets of the pyramids are clearly oblique to the directions of the 
straight segments. They are rational planes in the subcell, consequently can 
be defined by the subeell indices: (hkl), where the subscripts refer to the 
subcell. Two of the indices (hk), are defined by the direction of the line of 
intersection with the flat base, determining the direction of the steepest dip. 
The third index l, defines the magnitude of the dip. This latter cannot be 
determined directly from the electron microscope images but can be inferred 
from the change in diffraction conditions which arise when the pyramid 
facets lie down flat on the substrate in the course of specimen preparation 
in crystals which collapse via such a mechanism. Such diffraction informa- 
tion can be obtained both from aggregates of collapsed crystals by X-rays, 
and from individual crystals and sectors thereof by means of rotating stage 
experiments under the electron microscope. In addition under favourable 
circumstances direct measurements of these angles in uncollapsed pyramids 
by light optical methods has just become possible in certain favourable 
circumstances (see below; Bassett, Frank and Keller, to be published). 

Figure /0--Dark field optical 
micrograph of a monolayer 
polyethylene crystal while float- 
ing in suspension. The pyra- 
midal nature of the crystal is 
revealed. Magnification × 800; 
reproduced without reduction. 
(Bassett, Frank and Keller, in 

preparation) 

Until recently all information as regards three-dimensional shape of the 
crystals was inferred from crystals collapsed in some way on a substrate. 
The true three-dimensional character of the crystals became directly 
apparent only when examined while floating in the liquid, which is only 
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possible in the light microscope under specially favourable conditions. 
Photographs as Figure 10 directly confirm the pyramidal habit while ones 
like Figure 11 reveal that they can also grow in a corrugated or half- 
corrugated half pyramidal form (Bassett, Frank and Keller, in preparation). 
These corrugated crystals are really variants of the pyramidal model where 
the direction of slope of the oblique facets alternates instead of being uni- 
form within a sector, the essential point being the particular obliquity rather 
than the uniformity of the pyramid. 

Figure 1~--Dark field optical 
micrograph of a monolayer poly- 
ethylene crystal while floating in 
suspension. This crystal is pyra- 
midal in the centre, but corru- 
gated outside. Magnification × 
800; reproduced without reduction. 
(Bassett, Frank and Keller, in pre- 

paration) 

The obliquity of the facets is directly related to the crystal structure; and 
what follows will be an illustration how the study of structure in the sense of 
conventional structural crystallography and that of morphology merges in 
these investigations. The model in Figure 9 with the postulate that the 
ribbons of molecules are parallel to the prism faces in each sector, with the 
straight segments along the pyramid axis, requires that the folds should be 
staggered within the ribbon [Figure 12(a)] and that consecutive ribbons 
should stack in a staggered fashion [Figure 12(b)]. These staggerings must 
allow the atoms in adjacent straight segments to remain in register as 
required by the crystal structure, which means that the subcell is to be 
preserved. All the various observed or inferred oblique facets can be 
accounted for by a suitable adjustment of the obliquity of the ribbons and 
the staggering between them while still preserving the subceU, the displace- 
ment of adjacent folds being either equal to the carbon-carbon repeat or to 
a small multiple of it. 

The quantitative assessment on polyethylene crystals reveals that the (hk), 
indices of the oblique facets are either (31)s or occasionally some other 
direction close to (31),. Thus the direction of steepest dip is either identical 
or at any rate is within a narrow range in all the pyramids. The l, index, 
however, can vary largely. So far the distinct cases of ls = 2 and 4 have been 
identified which represent widely differing inclinations of the pyramid 
facets. In terms of staggering the near constancy of (hk), and variability of 
Is means that there is a relation between staggering within and between 
ribbons, the ratio of the two being approximately a constant (Bassett, Frank 
and Keller, in preparation). 
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(Q) (b) 

Figure 12--Sketch illustrating the principles of fold staggering 
leading to pyramidal and corrugated crystals. (a) A ribbon of 
a folded molecule seen normal to the ribbon plane. (b) Stacking 
of consecutive ribbons, seen along the ribbons. The folds are 
drawn asymmetric both with respect to the plane perpendicular to 
the ribbon (a) and with respect to the plane of the ribbons (b) 

The type of staggering required by the polyethylene crystals implies that 
the folds are likely to be asymmetrical both with respect to the ribbon plane 
and to the plane perpendicular to the ribbon, the diagrams in Figures 12(a) 
and (b) having been drawn accordingly. Such asymmetries are implied in 
principle through the reduction of lattice symmetry when the folds are intro- 
duced along one diagonal ((110~) of an originally orthorhombic cell, 
but as mentioned earlier they have in fact emerged in concrete structural 
terms from the examination of the possible fold configurations via the 
diamond lattice (Frank, unpublished) (Figure 5). In order to account for the 
observed staggerings quantitatively an exact knowledge of the fold structure 
would be needed, and further subtleties would have to be invoked which I 
cannot touch upon in this brief review. 

These staggered structures have their counterparts amongst paraffins, 
where they can manifest themselves in analogous oblique facets, however, 
without sectorization (KellerS'). In paraffinoid substances it is the packing 
requirement of the terminal group which leads to staggering, While in 
polymers the fold plays the same part extending the analogy pursued here 
still further. 

In crystals of simple substances the development of crystal faces does not 
affect the internal structure, and changes in the habit during growth can 
arise without leaving their mark in the crystal interior. This is not so in a 
polymer crystal. Each prism face has its associated sector which is structur- 
ally distinct by virtue of the direction of the fold plane. Accordingly crystals 
with differing prism faces are different structurally, consequently there are as 
many different structures as ther~ are habits. Further any change of habit 
during growth implies a change of structure. Thus in contrast to crystals of 
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simple substances in polymers external habit and internal structure are 
closely linked. Naturally the sectors forming the crystals have to join. In 
view of the fact that the basal planes are oblique with respect to the straight 
segment direction--which is to be kept identical over the whole layer--and 
that this obliquity is different in the different sectors, there are only certain 
restricted planes along which smooth joining can occur. Even a slight 
violation of the exact joining requirement, such as might occur accidentally 
during growth would lead to only partial joining with parts of the edges 
remaining exposed. Such exposed edges will be favoured sites for further 
growth leading to overlapping layers and localized spiral terraces. This will 
be particularly frequent in crystals with serrated faces. Here each tiny prism 
face has an associated micro-sector which is the facet of a corresponding 
micro-pyramid. The whole crystal layer will be puckered in a complex way 
with a multitude of domain boundaries within, each with its particular 
joining requirement. The joining problem becomes even more acute when 
the habit changes during growth, in which case newly formed sectors have 
to join not only their neighbours in the same phase of growth but also the 
preceding sector behind the growth front (Figure 13). The variety of 
intriguing problems arising in this way is practically inexhaustible (see 
Bassett and Keller 1~, Geil and Reneker3~). 

Figure 13--Crystal of polyethylene which has changed its habit during growth. 
Most of the crystal grew as a truncated lozenge, but owing t6 a change in growth 
temperature it continued to grow with faces which define true lozenges only. 
Complex growth features arise where these latter faces join the, truncating 
faces formed during the earlier stages of growth. Electron micrograph. 
Magnification × 6300; reproduced without reduction. (Keller and Bassett 14, 

and Bassett and Keller ~5) 
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So far only the simplest monolayer development has been considered. 
Much less is known of how consecutive layers develop. Here  further 
problems arise because of the pyramidal nature of the layers. If  consecutive 
layers are concentric the pyramids could fit together not, however, without 
some inherent difficulties of how to account even for the simplest observed 
spirals (Bassett, Keller and Mitsuhashi 4°) a point I cannot say more about 
at this place. In addition consecutive layers are often rotationally displaced 

Figure 14--Multilayer polyethylene crystal where consecutive terraces are rotated 
with respect to each other always by the same amount in the same sense. Electron 
micrograph, replica, magnification × 6000; reduced × 3/4 on reproduction. (Bassets. 

Keller and Mitsuhashi, unpublished) 
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in some cases leading to quite spectacular formations (Figure 14) which are 
still unexplained. When the usual multilayer crystals are viewed sideways 
while still in the liquid, consecutive layers are often seen to be connected in 
the centre only, splaying otherwise (Figure 15) resembling in this view a 
radiating or sheafing structure (Mitsuhashi and Keller41). In other instances, 
however, concentric consecutive layers may be contiguous. We think the 
physical reason behind the splaying or contiguous sequence of layers lies in 
loose molecules which protrude from the lamellae. Accordingly we visualize 
the layer surfaces as 'hairy' which might either prevent consecutive layers 
from lying smoothly on each other, or on the contrary might tie them 
together, according to crystallization conditions. We find that higher crystal- 
lization temperature promotes connectedness. 

Figure 15--A simple multilayer polyethylene 
crystal seen edgewise while in susoension. 
Optical micrograph. Phase contrast illumina- 
tion. Magnification x 410; reproduced with- 

out reduction. (Mitsuhashi and Keller 41) 

S I N G L E  C R Y S T A L - L I K E  S T R U C T U R E S  F R O M  
C O N C E N T R A T E D  S O L U T I O N  

The discussion has so far referred to crystals from dilute solution. Increase 
of concentration enhances the multilayer character of the crystals. Lower 
temperatures of crystallization yield complicated splaying aggregates of 
monolayers which when viewed from the side even more resemble sheaflike 
fibrillar aggregates such as were associated with spherulite development in 
the earlier literature on polymer morphology (Figure 16) (Bassett, Keller and 
MitsuhashP°). The present observations that such sheaves can represent one 
view of multilayer single crystals is clearly relevant to questions concerning 
spherulite morphology. This point is even more apparent with crystallization 
from concentrated solution at higher temperatures (polyethylene from xylene 
above 75°C beyond about 0.3 per cent) when increasingly more compact 
objects arise (Bassett, Keller and Mitsuhashi4°). These can be so deceptively 
different when viewed from different directions that it is difficult to believe 
that the images seen belong to the same object. Only a detailed exploration 
from different viewing directions could give even an approximate idea of 
what these objects really correspond to. The remarkable point is that the 
same object can reveal practically all the characteristic aspects usually 
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associated with spherulite growth yet retain from one range of viewing 
directions the characteristics of single crystals even if in a thick, compact 
version (Figures 19, 20 and 21). We termed these objects 'axialites' as they 
appear to consist of a lamellar structure splaying about an axis, which 
corresponds to one of the crystal diagonals. In this case the sDlaying units 

Figure 16---A complex multi- 
layer polyethylene crystal 
grown from a more concen- 
trated solution than the one in 
Figure 15 seen edgewise while 
in suspension. Optical micro- 
graph. Phase contrast illumin- 
ation. Magnification x 500; 
reproduced without reduction. 
(Bassett, Keller and Mitsu- 

hashi 4o) 

are not the -~ 100 A monolayers any longer but are much thicker aggregates 
formed by them. There is evidence that even within such a contiguous stack 
of monolayers increased cohesion exists between a certain number of layers. 
To illustrate this briefly let us imagine that one could fix the layer forming 
the top surface of a stack and take away one layer after another starting 
from the bottom end of the stack. [Experiments equivalent to this--invol- 
ving selective dissolution of layers where the top layer is being bonded to a 
carbon film--have in fact been carried out (BassetP 2, Bassett, Keller and 
MitsuhashP°)]. It  will be found that after the number of layers in the stack 
is reduced to a particular value further layers cannot be detached while the 
top surface is held fixed. This means that connectedness must exist between 
the remaining layers of the stack and the fixed top surface. It is found that 
the range of this connectedness increases with concentration and at a given 
concentration with the temperature of crystallization while the identity of 
the --~ 100 A layers forming the stack remains apparent. We attribute this 
cohesion to tie molecules which may run through several chain folded 
layers thus. tying a packet of them together. 

Axialites were successfully grown from concentration as high as could be 
achieved experimentally which was up to beyond 30 per cent corresponding 
more to the plasticized bulk than to a solution. Here they tend to adhere 
together and resemble spherulites from an increasing range of viewing direc- 
tions, still preserving the splaying lamellar appearance consisting of packets 
of chain folded layers. 

These latest experiments indicate that chain folded crystallization is not 
restricted to dilute solutions. The characteristic structural features of chain 
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folded crystallization can be recognized in crystallization products even from 
very concentrated solutions, the layers being increasingly held together 
presumably by tie molecules running through several lamellae. It is this latter 
feature which we believe represents the link betwen crystallization from 
dilute and condensed systems. 

The importance of interlamellar linkages became apparent quite 
unexpectedly in the course of the study of radiation damage in polyethylene 
(Salovey and Keller'3). As already stated ionizing radiation amongst others 
crosslinks the polyethylene chains which eventually leads to the destruction 
of crystallinity--a process which makes the electron microscopy of these 
objects particularly difficult. Long before crystallinity is affected, however, 
the crosslinks already reduce solubility by the formation of a connected 
network. It was found that the effectiveness of a given dose in reducing the 
solubility is largely dependent on the conditions of crystallization. In 
material crystallized from solution large variability was found (between 0 
and 70 per cent insolubility for a given radiation dose) which correlates well 
with the state of aggregation of the lamellae established morphologically, 
increased insolubility being associated with a more compact aggregation of 
the lamellae. It follows that the crosslinks which are effective in reducing 
solubility are those between the different lamellae, and thus must link the 
bent parts of the molecule. Lamellae can only be linked if they are in close 
contact with each other which is automatically ensured when they are tied 
molecularly. These ideas were confirmed in two ways: (a) by reducing the 
radiation induced insolubility of compact aggregates by tearing the lamellae 
apart with ultrasonic radiation beforehand (Salovey and Keller40; (b) by 
promoting the insolubility in loosely packed lamellar aggregates by means 
of compacting them first mechanically, e.g. by fast filtration (Salovey44). 

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

While single crystals comparable in definition and distinctness with those 
observed from solution have not been seen in the interior of melt crystallized 
specimens morphological features reminiscent of chain folded lamellae are 
becoming increasingly apparent. Admittedly they are necessarily observed 
under special conditions which makes the generality of the individual 
findings subject to argument. This, however, is the essence of the problem; 
we simply do not possess means to examine the submicroscopic morphology 
of the undisturbed interior of a bulk polymer comparable with those used 
in the study of products crystallized from solution. For obvious reasons 
morphologies arising during crystallization of thin molten layers are most 
amenable to examination. Such studies revealed a class of objects termed 
"hedrites' which can show either clearly developed single crystal-like faces 
or splaying sheaf-like features or more frequently a mixture of the two 
(Geil 4~, Leugering40 (Figure 17). It appears that these are in the same class 
as the axialites obtained from concentrated solution but restricted in their 
three-dimensional developments. 

In thicker melt crystallized objects it is the surface which is the most 
readily amenable to direct morphological examination and these very often 
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Figure 17--Polyoxyethylene 'hedrites' Partly polygonal, partly sheaflike 
objects formed from thin melt films. Optical micrographs. Cross 
polaroids plus first order red plate. Magnification × 250; reproduced 

without reduction (Geil ~r) 

reveal lamellar structures. These in turn can be oriented in a periodically 
varying manner with respect to the plane of the surface, which corresponds 
to the by now familiar banded development of the spherulite (Figure 18) 
which accordingly should possess such a lamellar morphology. Spiral growth 
terraces can also be seen on some of these surface structures (Geil4~). It  may 
appear that this in itself might settle the issue if it could be assured that 
surfaces are representative of the interior, which cannot be safely assumed 
a priori (Sella and Trillat4~). Nevertheless lamellar structures could be made 
visible along fracture surfaces (Geil ~5, Fischerl~), b u t  here again the 
generality of such findings particularly in view of the danger of artefacts 
cannot be fully guaranteed. In addition to morphological evidence the low 
angle X-ray effects revealing large spacings must also be kept in mind. Such 
large spacings of I00 to 300 A are well established in the bulk but have so 
far been essentially still unaccounted for. They are similarly present in single 
crystal preparations where they are convincingly attributed to chain folding 
as already discussed. It would not be logical to assume "that similar effects 
in related systems are due to quite unrelated causes. Indeed late experi- 
ments on the effect of annealing on the long spacings showed close 
resemblance between the behaviour of unoriented melt and solution crystal- 
lized polyethylene (Fischer and Schmidt 2°, and private communication.) 
These authors in fact conclude that the two structures must be basically 
identical and hence folded. Also correlation between the variation of long 
spacings on heating and the thickness of lamellae on the specimen surface 
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has been found (Geil, private communication). On the other hand thermo- 
dynamic and also structural arguments are being advanced against chain 
folded crystallization and single crystal type morphologies within the bulk 
(Chiang and Flory% Mandelkern et alP1). It appears nevertheless that the 
picture of lamellar chain folded crystallization in the bulk is gradually gain- 
ing ground. Also some theoretical foundations for it are being laid (Hoffman 

Figure 18--Surface of a melt-grown film of polyethylene which under 
the polarizing microscope reveals banded spherulites. Electron micro- 
graph, replica. Magnification × 22000; reproduced without reduction. 

(Fischer 48) 

and LauritzenSZ). We feel therefore that chain folded lamellae with appro- 
priate number of molecular ties between them may correspond to the real 
situation (Bassett, Keller and Mitsuhashi~°). The number of chains passing 
through layers as compared to those which fold back would determine 
whether the overall character of the crystallization is chain folded or not. 
Thus the issue is likely to be more a matter of degree than of principle. At 
any rate until individual lamellae which are thin compared with the length 
of the molecules can be distinguished folded structures must at least form 
a significant part of the material. 

S O M E  R E M A R K S  ON O R I E N T E D  S Y S T E M S  

Little has been said so far about deformation of the morphological entities 
under external orienting influence and about the morphology of the drawn 
fibre. Bypassing at this place the numerous intriguing effects encountered 
during the intermediate stages of deformation, eventually in the course of 
drawing the molecules become parallel to the draw direction. Contrary to 
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the generally accepted views we have no real evidence that the chains are 
straight. In fact the draw ratio of the usual fibre is much lower than would 
correspond to full extension if the molecules were originally folded. The 
diffraction evidence only tells us that most of the molecule is along the draw 
direction in the same way as it informs us that the molecules are about 
normal to the basal plane of the single crystal. As in the latter the wide 
angle reflections do not reveal the fold, neither can we expect this in the case 
of a drawn fibre. In single crystal diffraction patterns the folds make them- 
selves apparent via the low angle reflections due to large spacings along the 
chain direction. The corresponding diffraction effects are present also in the 
fibre and without any preconceived knowledge to the contrary there is no 
reason to assume that their origin is different (Bassett and KellerS3). These 
low angle reflections in fibres are often split along layer lines (so-called 
four-point diagram). This must be due to a staggering of some periodicity 
along the chain. We know that the folds are staggered in the single crystals 
giving rise to the pyramidal habit. If this staggering of folds pertains also in 
the fibre the four-point diagram would be accounted for. The analogy can be 
taken even further : when single crystals are heated the fold length increases, 
so does the larger periodicity in the fibre. In addition certain characteristic 
disorientation processes occur involving a rotation of the overall chain 
direction away from the fibre axis which is revealed by the wide angle 
(subcell) reflections. Now the same type of disorientations can be observed 
also in the single crystals which have never been extended. All this amounts 
to the fact that as far as the X-ray reflections are concerned--wide and low 
angle---drawn fibres and single crystals are indistinguishable in their quali- 
tative behaviour, both as originally prepared and as heated. This suggests 
that there is a feature common to both which might be the folded configura- 
tion. Naturally in the fibre the folds could not be confined to lamellae 
otherwise its strength would be unaccounted for. In line with the suggestions 
made here earlier a number of molecules could run through several fold 
layers tying the whole system together. These tie molecules could be of two 
types : those incorporated in this form during crystallization as discussed in 
connection with unoriented systems and those which have been folded origin- 
ally but have been fully or partially pulled out on drawing. The number 
of the latter is expected to increase with elongation. Significant differences 
found recently (Fischer and Schmidt 2°, and private communication) in the 
annealing behaviour of highly drawn polyethylene (mostly 16 x elongation, 
which is much higher than that in the fibres encountered usually in practice) 
as compared with the undrawn bulk---differences attributed by these authors 
to a departure from the folded structure postulated for the unoriented 
material---could be attributed to this factor. 

This type of picture (folded molecules together with straight or partially 
straight tie molecules) has also been arrived at by Bonart and Hosemann 54, 
and by Hosemann 55, by considering the possible origin of low-angle diffrac- 
tion effects in fibres from the viewpoint of their generalized diffraction 
theory. The proportion of folded and extended molecules, or rather parts of 
molecules remains an open question and the dosing remarks of the previous 
section pertain here also. It follows from the foregoing that this would be a 
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(A) 

(B) 

Figure 21--Detai ls  of (A) Figure 19, (B) Figure 20. The corresponding 
pictures are lettered in the stereograms. Mount ing convention:  Each 
photograph when viewed up the page represents the view when observd 
inwards on the stereogram. Magnification × 600; reproduced without  

reduction. (Bassett, Keller and Mitsuhashi 4°) 
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variable quantity characteristic of each individual system which would have 
to be assessed in each case when such a system is characterized. 

As will have been noticed this review could only be kept reasonably 
up-to-date by quoting a substantial amount of still unpublished material, My 
thanks are due to all those mentioned in the text who informed me of their 
results in advance of the written publication. 

H. H. Wills Physics Laboratory, 
University of Bristol 

DISCUSSION 

Professor R. Brill (Germany): I should just like to mention that there 
is direct X-ray evidence for the fact that in polyamide fibres sheets are 
formed before the fibre is fully extended. In the extension of a bristle of a 
polyamide the cross section narrows at a certain point and two shoulders 
glide along the fibre in opposite directions. Between the shoulders the fibre 
is in a completely extended state, at the shoulder there is a transition state 
between the extended and the original state. In this transition state the 
orientation of molecules or crystallites starts. If one makes an X-ray diagram 
of that portion one sees that layers are present which are oriented parallel 
to the direction of extension, the layers or lamellae containing the hydrogen 
bonds between neighbouring polyamide molecules. The X-ray diagrams of 
the fully extended fibre in the neighbourhood of the shoulder show that 
the molecular layers, by further extension, have been rotated in such a way 
that the axis of the molecules is now parallel to the fibre. If here also the 
layers consist of folded molecules, by further extension an unfolding should 
take place by which the layers are just rotated into the direction of the 
fibre axis. 

Dr A. Keller (U.K.): It is now well known that ir~ the initial stages 
of drawing it is possible to obtain an orientation where the molecules are 
oriented perpendicular to the draw direction, This has been interpreted as 
resulting from the alignment of larger scale morphological units within 
which the molecules are oriented perpendicular to the direction which 
becomes parallel to that of drawing, the orientation of the molecules with 
respect to these units remaining unaffected at these low elongations (--~50 
per cent elongation). Also if filaments solidify under slight tension only, 
as e.g. when potyamide melts are allowed to drip out freely from a spin- 
nerette head, solidification occurs in mid air, and the molecules are oriented 
perpendicular to the filament axis. This can be interpreted by visualizing 
the larger scale units, referred to above, actually forming in an aligned 
array along the filament axis during crys~llization, the molecules within 
these units being perpendicular to the alignment direction. These larger 
units are probably those which are responsible for the radiating structure 
of the spherulites, and the postulated molecular orientation within them 
would be consistent with the tangential orientation known to exist within 
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the spherulites. Thus the perpendicular orientations referred to here could 
be visualized as resulting from the alignment of spherulite radii. According 
to the foregoing this alignment could arise either through deformation of 
existing spherulites on slight elongation or through some slight orienting 
influence during crystallization. In the latter case it is possible to elongate 
the solid filaments thus formed further, up to 300 per cent at elevated 
temperatures, in such a way that the perpendicular orientation is main- 
tained or even improved. This can be visualized as a sliding past of the 
larger scale units without the molecular orientation within them being 
affected. (For details, see Keller56). 

Naturally, at large enough elongations the molecules do become aligned 
in the draw direction. As mentioned by Professor BriU usually a particular 
set of planes align first. These are invariably the planes which are parallel 
to the spherulite radii in undrawn specimens. In the perpendicular 
orientations quoted above these planes are parallel to the filament or draw 
• 'direction, which is naturally required if such orientations are to be 
identified with those along the spherulite radii. On further drawing the 
molecules gradually align in the draw direction while these planes maintain 
this parallel orientation. If the initial stage of perpendicular orientation is 
missed, which mostly happens unless special care is taken, this preferential 
plane orientation alone becomes apparent. 

Finally, I would like to quote an experiment related to the above 
observations on perpendicular orientations which also illustrate more con- 
cretely the part played by the texture in deformation processes. We (Bassett, 
Keller and Mitsuhashi 4°) embedded polyethylene 'axialites' as in Figures 19 
to 21 in rubber by mixing the suspension with rubber solution and allowing 
it to dry. The 'axialites' could thus be stretched together with the rubber. 
The axialites could be classed in two groups: those where the planes of the 
lamellae were (a) predominantly parallel, (b) predominantly perpendicular 
to the stretching direction. Case (a) was by far the more frequent for ob- 
vious geometric reasons and also because some turning of the 'axialites' in 
this direction might have occurred. It was observed that such 'axialites' 
could draw out into streaks three to four times their original length. It could 
be concluded from the birefringence that the molecules were perpendicular 
to the long direction of the streak. We interpret this as the result of the chain 
folded lamellae slipping past eaek other without their internal structure 
being essentially affected. In case (b) the 'axialites' elongated in an accordian 
fashion with essentially unaltered molecular orientation as judged from the 
birefringence. This would be due to the layers being pulled apart. Thus the 
deformations observed in this experiment have one feature in common: 
they involve the displacement of otherwise essentially unaltered lamellae 
only. One would expect this to be an important feature also in the 
deformation of the bulk material. 

Professor F. R. Eirich (U.S.A.), Chairman: I might relate very briefly 
that chain folding apparently occurs not only when a polymer molecule 
grows on its own crystal, but also when it lies down on a heterogeneous inter- 
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face. The chains seem to fold also and they show very similar relations as 
Dr Keller has mentioned, namely the fold thickness increases with tempera- 
ture, and the fold thickness is related to crystal dimensions. So we might 
enter into a different phase of studying the adsorption of high molecular 
weight substances by transferring some of the things we have learned from 
Dr Keller to the study of high polymers at interfaces. 

Pro[essor R. Hosemann (Germany) : The amorphous ring in polyethylene 
gives direct information of such folding back. It is interesting to note that 
if we are hot stretching polyethylene by 3 000 per cent, this amorphous 
ring can totally disappear if stretching is sufficiently slow. If we wait for 
one or two months it comes back step by step. 

Dr B. Buchdahl (U.S.A.): I should like to ask Dr Keller if the calcula- 
tions that he referred to by Professor Frank now permit an estimate of the 
surface energy? 

Dr A. Keller (U.K.): I cannot enlarge on the point made in my talk at 
this place as this is a big and complex subject. I can only state that an 
estimate of 90 to 160 erg/cm ~ for the fold surface energies is probably a 
reasonable one. 

Professor F. C. Frank (U.K.): A priori I do not think you can make 
very close estimates. The kind of value you have mentioned, 90 to 160, is 
about as good an a priori estimate as I should like to make. 

Professor H. A. Stuart (Germany): I should like to say that the new 
thermodynamic theory of finite thickness of polyethylene crystals by 
Reinhold, Peterlin and Fischer leads to values for the surface energy 
between 30 and 50 erg/cm 2. In this theory which will be published in the 
1ournal of Chemical Physics the free energy of a polyethylene crystal is 
calculated regarding the periodical lattice potential and its diminution by 
torsional vibrations of the chains. There is a minimum of the free energy 
which shifts and flattens with increasing temperature. Considering the run 
of the minimum as a function of temperature there is good agreement with 
the experimental long period of polyethylene between 40* and  ll0°C. 
Above l l0°C this minimum disappears, which means that there is no 
longer a stable finite thickness in the crystal. So we understand the enormous 
increase of the period when approaching the melting point and the growth 
of the period with the time of annealing. We shall soon see, I hope, whether 
this thermodynamic effect or kinetic reasons lead to the periodic structure 
of polymer crystals. 
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Stereoregular Polymers and Polymerization 
F. DANUSSO 

The historical development is traced of processes leading to the stereoregular 
polymerization of various substances with a view to indicating lines of interest 
for further exploratory work. Principal subdivisions of the text include: types 
of steric arrangements experimentally obtained, general considerations on the 
mechanism of stereospecific polymerization, some properties of stereoregular 

polymers, and future developments and applications. 

EIGHT years have elapsed since a group of chemists of the Industrial 
Chemistry Institute of the Polytechnic of Milan, under the guidance of 
Professor Natta, for the first time succeeded in synthesizing and character- 
izing ~-olefine stereoregular polymers employing stereospecific procedures 
of outstanding possibilities 1. 

Only eight years have elapsed since that beginning, but we now find it 
already impossible to summarize in a short discussion all the results and 
consequences of that start and the subsequent development of the field of 
synthetic stereoregular polymers. 

The reasons for the success of this new branch of industrial and macro- 
molecular chemistry reside, as is now fairly well known, on the one hand, 
in the scientific interest of stereospecific syntheses and properties of 
numerous new polymers of regular structure; and on the other hand, in 
the accompanying industrial interest in the development of procedures, 
which from simple widely available and cheap monomers lead to versatile 
polymers rich in practical applieations, such as resins, plastic materials, 
fibres and rubber. 

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

The first synthetic stereoregular polymers prepared and clearly character- 
ized were polymers of alkyl or aryl monosubstituted ethylenes (such as 
propylene, butene-1, styrene) 1. 

The arrangement existing in 'the new polymers revealed itself to the 
discoverers through the presence in the products of a phase of high 
crystallinity. Never before had this been observed in polymers obtained by 
the previously available methods of polymerization from the same or 
analogous monomers. 

The crystallinity was a simple external manifestation of a regular arrange- 
ment that soon after was shown to be of extremely fine structure, on a 
molecular scale, and which at first sight seemed to be of almost imposgible 
realization when applying the concepts then available on growth mechanisms 
of polymeric chains. 

This paper was  presented at a Polymer Science Conference, held in conjunct ion  with the S~cond World 
Congress of Man-m~ide Fibres, at the Connaught Rooms, Holborn, London W.C.2, 2nd and 3rd 
May 1962. 
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Actually the stereospecific catalysts used, now frequently called 'Ziegler- 
Natta catalysts', have been developed from similar metalorganic catalysts 
which, through Professor Ziegler's brilliant achievements with ethylene 2, 
have proved capable of producing polyethylenes having a considerable 
degree of macromolecular linearity. 

However, the high linearity obtained with a monomer such as ethylene, 
having two planes of molecular symmetry, did not allow the expectation 
of success with monomers, such as vinyl monomers, having a single plane of 
molecular symmetry. 

The results obtained by Professor Natta with selected metalorganic 
catalysts were indeed surprising, having led to the synthesis of macro- 
molecules which, besides being linear, have a regular structure relative to 
each centre of steric isomerism (tertiary carbon atom) possessed by each 
structural unit along the macromolecular chain. 

After the first results many scientists quite soon understood the import- 
ance of attaining a control of factors of steric nature in macromolecular 
syntheses. Such a control created a new dimension in research and held out 
promising openings towards entire classes of new polymers having in all 
cases some interesting characteristics. 

The application of the same Ziegler-Natta catalysts, either of classical 
formulation or modified, soon led to the preparation of new polymers of 
butadiene and. isoprene with a steric structure completely ordered: four 
pure stereoisomers of polybutadiene and at least two of polyisoprene. These 
last two reproduced the structure of gutta percha and natural rubber. 

These important results were subsequently followed by others. New 
catalytic systems were selected from the primitive ones and the stereo- 
specific syntheses were extended to more complex hydrocarbon monomers, 
to entire homologous series of these, and to monomers containing polar 
groups, such as vinyl ethers, acrylates and methacrylates, aldehydes, 
ketones, ketenes and different cyclic compounds. 

in some cases these polymers even possessed complex stereoregularities, 
based on more than one centre of steric isomerism of the units. Stereo- 
regularity was also obtained and identified in various copolymers. 

Work done on possible developments of t h e  Ziegler-Natta catalysts 
stimulated considerable research in various directions which, however, do 
not always appear to be entirely independent. 

The results of previous polymerization processes were reconsidered and 
carefully re-examined from the point of view of the steric structure of 
obtainable products. Thus, it has been found that certain crystallizable 
polyvinylethers previously obtained ~ were stereoregula#, and that certain 
polystyrenes 5 could undergo some crystallization and accordingly were 
stereoregular to a noticeable extent 6, 7. 

Finally, it has been acknowledged that polymerizations of conventional 
type, such as cationic, anionic and later on even radical polymerizations, 
if carried out under particular conditions and with certain monomers, could 
be endowed with some stereospecificity (as was inferred from the appre- 
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ciable crystallizability of previously known, radical polyvinylchlorides and 
polyacrylonitriles). A large volume of research work has been carried out 
recently in this direction and the results, at times satisfactory and at times 
uncertain, occupy a noteworthy space in the present macromolecular 
bibliography. 

T Y P E S  O F  S T E R I C  A R R A N G E M E N T S  

E X P E R I M E N T A L L Y  O B T A I N E D  

(a) General concepts on tactic polymers 

The notions of the usual stereochemistry, though useful in a general way, 
when applied to stereoregular polymers have always caused some diffi- 
culties in the classification and understanding of the obtainable stereo- 
structures. 

It has therefore been found suitable to establish a nomenclature which 
should answer not only to formal needs, but also to a desirable clarity on 
basic concepts ~. This nomenclature has created the bases for extensions 
to cases of macromolecular steric isomerism more complex than those first 
observed, and which are in the course of further development. 

It has been noticed that the ordered arrangements of a macromolecular 
chain can be conveniently treated in general terms of isomerism. That is 
any regular chain has a priviledged structure among those of the possible 
isomeric chains. The privilege lies in the fact that the structure is built 
according to a very simple, non-statistical rule which imposes the intrinsic 
structure of the base units and their mode of enchainment, or one of 
these factors. 

The possible isomerism may be classed in three types: positional, 
structural or steric. Any ordered arrangement can consequently be defined 
or distinguished with reference to each type of isomerism. 

Let tls examine, for example, the following three segments of polyvinyl 
chains: 

--CH~--CH--CH2--CH--CH2--CH---CH2--CH---CH2--CH--CH2--CH-- 
I J J I J r 

R R R R R R 
(1) 

--CH2--CH--CH--CH2---CH2--CH--CH--CH2---CH2--CH--CH--CH,__ 
J I I I I I 

R R R R R R 
(2) 

--CHz--CH---CHz---CH--CH 2 - -CH- -CH- -CH2- - -CH2- -CH~2- - -CH__  
I I I f I I 

R R R R R R 
(3) 

Neglecting for the moment any other difference, the structures of these 
segments differ in isomerism, of position of the R substituents along the 
main chain. Even intuitively we recognize as 'posifionally' regular the 
structures (1) and (2) with respect to structure-(3). Actually the first two 
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structures possess regular enchainments of the units, respectively of the 
head-to-tail and head-to-head/tail-to-tail types. When observing these two 
regular segments we may notice that a 'repetitive rule' of the orientation 
of the unit is applied in the former, and an 'alternating rule' between two 
orientations is applied in the latter*. 

Essentially identical considerations as those on the positional isomerism 
can be made in regard to structural and steric isomerisms. 

The following three examples of polybutadiene segments differ at least 
in structural isomerism: 

--CHo--CH-----CH--CH=--CH2--CH--CH--CHo--CH_~--CH=CH--CH~-- 
(4) 

--CH2--CH--CH--CH~--CH2--CH--CH2--CH--CH--CH=-- 
l 

I 

CH=CH2 

CH2--CH_o 
/ \ 

- -CH~--CH CH--CH~--CH.~--CH=---CH--CH.~-- 
\ / 

CH--CH 

(5) 

(6) 

The first segment appears to be 'structurally' regular with respect to the 
other two, by virtue of a simple repetitive rule. 

As to ordered arrangements based on steric isomerism it is convenient 
to lay special emphasis on the more interesting case in practice of linear 
chains (or macromolecules) which are already 'positionally' and 'structurally' 
ordered. As a matter of fact, it can be understood that for a stereospecific 
synthesis it is necessary to reach such mechanism requirements that the 
polymer obtained also proves to be ordered with respect to any other 
isomerism. 

In this case, as is known, the arrangement of the steric structure leads 
to polymers which have been called 'tactic polymers'. Their steric regularity 
is called 'tacticity' and the ordering rule 'taxis'. 

On the basis of examples drawn from experience, it may be of some 
interest to discuss here some types of tacticity definitely already achieved. 

(b) Centres of steric isomerism and monotactic polymers 
Steric isomerism among chains (or segments of chains) of the same 

composition, and consequently every tacticity, originates from 'sites' or 
'centres' of steric isomerism contained in the base unit (and not necessarily 

*Incidenta l ly  i t  can  be r e m a r k e d  that  the  a l t e rna t ing  rule  o f  s t ructure  (2) can  b e  equal ly  re la ted  to a 
reve t i t ive  rule ,  p rov ided  a d o e b l e  repea t ing  unit  is  considered witi~ r ega r d  to  tha t  o f  s t ruc ture  ( I ) .  The  
choice  of  ~n a l te rna t ing  rule to t  s t ructure  (2), however,  appears  to  be  m o r e  convenien t  becaus e  i t  is 
refer red  to the  same  repeat ing  u n i t  as foL ' s t ruc tu re  (I) ,  which  is a l so  the smallest  dist ingUishable (and 
in  additiQn corresponds  to ~h¢ monomer ic  unit),  I n  tbJs sense it may  also be  sa id  that, s t ructure  ( I )  
possesses the  "finest' posi t ional  a r rangemeot .  
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contained in the monomer). Hitherto it has been agreed to consider only 
centres situated on the main chain. 

The 'stereocentre' of more simple consideration is the double bond o( 
the ethylenic type. This may be inserted in the main chain in such a way 
that the holding unit intrinsically assumes a cis or trans structure. 

Figure 1 shows, for instance, the two possible structures of a 1,4-enchained 
butadiene unit (the representation fixes the end groups in an arbitrary 
conformation). 

The taxis obtained up to now and recognized for this type of stereoiso- 
merism is solely repetitive and gives rise to 'cis-tacticity" or to 'trans. 
tacticity', that is to polymers which are 'cis-tactic" or 'trans-tactic" 
respectively. 

cis ~ trans 
unit ~ unit 

Figure I 

Another important site of steric isomerism, more frequently occurring 
than the preceding one, is the 'carbon atom differently disubstituted on the 
main chain' (hydrogen being also counted as a substituent). No simple 
denomination has been given to it yet, though it does deserve one. We shall 
call it here 'D.D. atom' for the sake of brevity (D.D. for 'differently 
disubsiituted', in the sense expressed above). 

H CH3 
__CH2 ~"C/~ O __ 

H CH3 
--CH  "c/---c.r-- 

(b) 

Figure 2 
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This stereocentre appears to be of a more general type than the 
"asymmetric carbon atom' of conventional stereochemistry: in some 
instances it clearly shows itself to be an asymmetric carbon atom, but in 
others it seems to shun such a definition. 

In Figure 2 we find two typical examples: in the first (a) are represented 
the two possible steric structures of the unit which can be obtained from 
propylene oxide; in the second (b) the structure of a polypropylene chain is 
represented in correspondence with one of the tertiary carbon atoms. 
The 'D.D. atom' in the first example can be immediately recognized as 
asymmetric and its configuration is easily assignable in the limits of the 
unit, that is in its immediate neighbourhood. In the second example, on the 
contrary, the steric configuration is not easily assignable, or it could be so 
in a strictly formal way, only considering every detail of the structure of 
the entire molecule. 

Of greater interest for the macromolecular chemist is the fact that such 
differences are not essential for the consideration of ordered steric arrange- 
ment. The formal difficulties are easily overcome if one refers to the 
configurations of 'D.D. atoms', in their succession along a chain, as they 
are recorded by a hypothetical observer who is supposed to proceed along 
the bonds constituting the principal chain (Figure 3) and meet and over- 
take these atoms one after the other. The direction in which the observer 

A B A B 
\ /  \ /  

C H2 -- C--CH 2- C--CI-12 -- 

Figure 3 

proceeds is unimportant provided that he does not change it. 
The device of the hypothetical observer, which is common to various 

well known rules of physics, is very useful here, particularly when con' 
sidering complex cases. 

The taxes realized up to now with the site of the 'D.D. atom' are both 
the repetitive one, and the alternating one, which give rise to 'isotacticity" 
and 'syndiotacticity' respectively. In an 'isotactic" polymer, the hypothetical 
observer meets the 'D.D. atoms' all of them having the same disposition 
of the substituents (the remainder of the chain included); in a 'syndiotactie' 
polymer he finds them with dispositions alternating between the two 
possibilities. 

The representation of the two structures may be made easily and without 
ambiguity following the so-called 'Fisher's projection', well known to 
chemists. This projection is nothing else than the visualization on a plane 
of the succession of the configurations of the 'D.D. atoms' met by the 
hypothetical observer mentioned above. 
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For example, the two tactic structures of polypropylene realized up to 
aaow, isotactic 1 and syndiotactic 9, can b e a s  shown below: 

- -  CHs 

CH~ CH~ - -  

- -  CH~ 

- -  CH~ CH~ - -  

- - C H ~  

- -  CH8 CH~ - - -  

- -  CH3 

- -  CH~ 

_ - -  CH~ 

(isotactic) (syndiotactic) 

The isotactic polymers prepared up to the present time (fully or partially 
stereoregular) are very numerous, mostly of vinylic hydrocarbon and non- 
hydrocarbon types; others are of the vinylidenic, acetalic, epoxidic, etc. 
types. On the other hand, only a few cases of syndiotactic polymers are 
known; among these polypropylene, polybutadiene (with 1,2-enchainmen0 
and certain polymers from partially stereospecific, radical polymerization 
(e.g. polyvinylchloride, polyacrylonitrile, polymethylmethacrylate and 
polyisopropylacrylate). 

The repetitive taxis appears therefore to be the one greatly predominant. 
Up to now it has not been found necessary to consider steric isomerism 

centres different from the ethylenic double bond and from the 'D.D. atom' 
on the main chain. Some particular cyclic structures might be treated as 
ulterior stereocentres but, as we shall see presently, their consideration has 
so far been led back to that of a pair of 'D.D. atoms'. 

(c) Polytactic polymers 
Besides tactic polymers based on a single centre of steric isomerism, 

therefore 'monotactic', there have long been prepared 'ditactic' and, more 
recently, 'tritactic' polymers. 

A first interesting example is that of the 'di-isotactic' polymers obtained 
:from alkenylethers ~°: 

H H H OR 

~C =C, /"  or ~ C = C ,  / \ / \ 
R" O R  R '  H 

giving the unit 
... - -C  - - C - -  ... 

H R' H OR 
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The two polymeric structures so far prepared, both recognizable as di- 
isotactic (that is independently isotactic with regard to each of the two 'D.D. 
atoms') are of three type and erythro type respectively, as follows: 

- - O R  
R ' - -  

- - O R  
R '  

- -  OR 
W - -  

- - O R  
W - -  

(three) 

- -  OR 
_ _ _ _  R r 

- - -  OR 
_ _ _  R p 

OR 
_ _  R s 

- -  OR 
- - - -  R 1 

(erythro) 

Another peculiar case of ditacticity is that of a crystallizable alternating 
copolymer obtained from c/s-butene-2 and ethylene 11, whose repeating 
unit is 

. . .  - -CH2--C C- -CH2- - . . .  

H CH~ H CH~ 

It might actually be considered a polypropylene with a 'positional' head- 
to-head/tail-to-tail arrangement and results to be a 'disyndiotactic" polymer, 
according to the following structure 

CHs CH, CH~ CH~ 

I . . . . . . . . .  . . . . . . . .  

CH8 CH~ CH~ CH~ 
(threo disyndiotactic) 

An important example of ditacticity from a cyclic structure has been 
revealed by certain polymers prepared from benzofuran12: 

H H 

Here the ditacticity arises from the opening of a double bond of the 
cyclic monomer and might be treated in terms of monotacticity from cis or 
trans configurations relative to the cycle, taken as a new type of stereo- 
centre; but it can be more conveniently treated as ditacticity deriving from 
a pair of 'D.D. atoms' on the principal chain. Actually there are four 
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theoretical cases of steric isomerism of the whole unit, the two 'D.D. atoms' 
being also asymmetric atoms, each of them capable of assuming one of 
the two possible steric configurations. 

Optically active polymers were also prepared in this case 1~, when using 
catalysts with asymmetric atomic groups, by a method I shall mention 
presently. 

A significant example of ditacticity based on two stereocentres of different 
types has been realized 13 with a polymer from pentadiene-l,3 

CHo~-----CH---CH--CH~---CH3 > ----CH2----CH~------CH----C-- 
/ \  

H CH3 
The polymeric structure is tram-tactic relative to the ethylenic double bond 
and isotactic with respect to the 'D.D. atom', and can be represented by 
the following intuitive projection, derived from a Fisher's projection 

CH3 CH3 CH3 CH~ 
_ _ \ _  _ _ \ _  _ _ \ - -  _ _ \ _  _ 

Here the 'D.D. atom' is also asymmetric and can be oriented in 
uncompensated configurations by suitable asymmetric catalysis, thus yield- 
ing optically active polymers". 

Finally, the example of the first tritactic polymer obtained can be 
mentioned here, deriving from methyl sorbate ~ 

CH3--CH--CH---CH~-----CH--CO(OH3 > - - C - - C H - - C H - - C  
/ \  / \  

H CH3 H CO 
I 
0 
I 

CH3 
An ethylenic double bond and two 'D.D. atoms' are in this unit as stereo- 
centres. The tritactic structure recognized up to date is that of trans-erythro. 
di-isotactic polymethylsorbate. 

I 
I CH, 

/ /  

I 
i COOR 
I CH~ 

/ 

[ COOR 
I ] CH~ 

/ /  
[ COOR 
I 

Also this polymer is optically active when produced by an asymmetric 
synthesis 16. 
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G E N E R A L  C O N S I D E R A T I O N S  O N  T H E  M E C H A N I S M  O F  

S T E R E O S P E C I F I C  P O L Y M E R I Z A T I O N  

Since the beginning, the mechanism of stereospecific polymerizations has 
been the object of intense research and theoretical speculation. Here we 
shall limit ourselves to some considerations of a general character. 

There is no doubt that in the stercospecific polymerizations yet known 
the stereoregularity of the polymer is obtained through a regulation of the 
structure and of the manner of enchainment of every new monomeric unit 
entering into the chain, a regulation which takes place in the elementary 
repetitive reaction of chain growth. 

We must admit that the mechanism of such a regulation is so far in no 
way known with certainty in each particular detail. We know suitable 
catalysts, or catalyst-monomer couples, or particular operating conditions 
of conventional types of polymerization which produce stereoregularity in 
a more or less high degree. In some more important cases we know con- 
siderable details of the kinetic and chemical mechanism of the regulating 
reaction. The ultimate reasons, however, why the centres of steric isomerism 
range themselves in given configurations along the polymeric chain can be 
perceived by intuition, but cannot be described particularly without intro- 
ducing strUcturistic or mechanistic hypotheses having up to now the value 
of pure, and in some instances even arbitrary, speculation. 

For an accurate study of this complex matter some important considera- 
tions should be borne in mind. 

Nowadays, quite properly investigations of the stereospecific n~echanisms 
must, for obvious heuristic reasons, be conducted on a great Variety of' 
polymerizations having any degree of stereospecificity. It is clear, however, 
that the investigations acquire depth of meaning if they are made to con- 
verge on types of reaction capable of producing polymers endowed with 
substantial, practically complete, tacticity and capable of transforming in 
such polymers wide classes of monomeric compounds. 

Even today there is no doubt, as there was at the beginning of these 
investigations, that these two attributes are possessed to high degree by 
the syntheses with metalorganic catalysts, among which the Ziegler-Natta 
catalysts have the highest importance. The results obtained by the latter 
have facilitated remarkable progress in the mastery of macromolecular 
chemistry. 

In the first place they have made clear a decisive superiority of ionic 
polymerizations over radical ones in the realization of positional, structural 
and steric arrangements in the polymers, 

In particular they have pushed researchers to pay closer attention to the 
nature of the ionic couple responsible for the polymerization, and to develop 
the possibilities offered by secondary electrostatic couples, preferably con- 
stituting bonds having only a partially heteropolar component. 

Among these apparently the most important are the coordination bonds 
obtainable in metalorganic complexes, owing to consideration of which the 
term 'coordination polymerization" was introduced for the Ziegler-Natta 
processes 1 r. 

The kinetic and chemical mechanisms of this reaction have been parti- 
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cularly studied in some specific cases and above all in its application to 
olefine monomers 1+. 

Up to a few years ago we could distinguish, in ionic polymerization, 
purely the two cases of cationic and anionic polymerization, whose 
characteristics were substantially influenced by the presence in the system 
of an ion, respectively positive or negative, which grew by attacking 
monomer molecules and was only generically assisted by a counterion whose 
role was of hardly any relevance. 

The first systematic work on the influence of steric and polar factors on 
coordination polymerization, carried out on a wide series of arylethylenic 
monomers 19, has led to realization that, in this case, even if the chain grows 
on an end of negative character, the attack of the monomer double bond 
takes place by force of the metalorganic counterion, that is by force of a 
positive electrophilic centre. 

These results have given useful evidence of the aptitude of the counterion 
to determine or predetermine the stereospecific addition. Various subsequent 
results, and other research work now in progress, have further confirmed 
that today the most important cases of stereospecific coordination polymeri- 
zation appear to be principally due to a counterionic attack, or to a 
predominant intervention of the counterion in the elementary addition 
mechanism. 

The application of this simple concept to subsequent experiments has 
yielded new satisfactory results, among them the asymmetric synthesis of 
polytactic stereoregular polymers, which have been found to be endowed 
with optical activity 1~, x+. Their structure, containing stereocentres consisting 
of asymmetric carbon atoms in chain (for example polysorbates, poly- 
pentadienes and polybenzofurans), was unbalanced with regard to the 
statistical equivalence of the two possible configurations (impressed by the 
various catalytic centres contained in a single catalyst) through insertion 
of aia asymmetric counterion in a stereospecific metalorganic catalyst of 
normal type. 

Thus, a synthesis of a reiterative asymmetric type was carried out in 
the laboratory, simulating Certain natural processes of enzymic catalysis. 

Today in the light of the above considerations and with reference to the 
classical case of a Ziegler-Natta catalysis, the mechanism of a stereospecific 
polymerization is, at least in principle, easily conceivable as comprising: 
(a) a previous coordination of the monomer molecule to the catalytic 
counterion (in the cases of heterogeneous catalysis possibly constituting an 
active surface); and (b) the insertion of the resulting monomeric unit in the 
previously formed chain, which also adheres to the catalytic centre by virtue 
of a bond of coordinated type. 

The stereospecificity is evidently imposed during the first stage by local, 
characteristic conditions, whose geometric and energetic details remain 
comprehensibly difficult to specify and individualize. Thus it is easy to 
suppose that the tacticities realized up to now are principally those based 
on a repetitive rule. 

The alternating rule, actually realized in more than one case, is more 
difficult to understand. An explanation perhaps valid in some particular 
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circumstances (a typical one: radical polymerization) is based on the 
repelling action that the substituent of the last unit in the chain may 
exert on the substituent of the entering monomeric unit. On the other hand 
in the cases in which the alternating arrangement is impressed by a catalyst, 
the situation appears generally to be more complex. Furthermore it cannot 
always be excluded that, under the appearance of an alternating rule, a 
repetitive mechanism is hidden. 

Before concluding this topic, it is interesting to point o u t  that the 
considerations developed above on the role of the counterion lead if 
generalized to envisaging theoretically four possible cases of ionic poly- 
merization ~°. In fact for each case of formally cationic and anionic 
polymerization (that is with the growth of a chain end respectively positive 
or negative) we may have the two subsidiary cases of ionic or counterionic 
attack. 

Hitherto three of these cases have been experimentally ascertained: the 
cationic and anionic ones 'by ionic attack' (conventional cationic and 
anionic polymerizations) and the anionic 'by counterionic attack' (for 
example: Ziegler-Natta polymerization of olefinic monomers). Not yet 
experimentally recognized for certain is the fourth case of cationic polymeri- 
zation 'by counterionic attack'; to this there is no contradiction on 
theoretical grounds and it has probably already been realized in some cases. 

S O M E  P R O P E R T I E S  O F  S T E R E O R E G U L A R  P O L Y M E R S  

Consideration of the properties of highly stereoregular polymers has 
theoretical and practical importance. 

On the one hand, the highly stereoregular polymers are nowadays 
relatively numerous, and their number will increase more and more with 
the progress of studies; depending on the monomeric structure, they can 
assume a great variety of properties and therefore they Offer an exceptional 
casuistry both for research and for application. 

On the other hand, in the various cases in which their molecular structure 
may be entirely characterized, there is both the hope and the possibility 
to establish clear general relationships between structure and consequent 
properties, with a remarkable widening of the corresponding important 
chapter of macromolecular chemistry, 

The fundamental element for comprehension of the properties of poly- 
meric materials is the macromolecular conformation, and we shall prefer, 
ably dwell on this aspect when describing some of the properties of tactic 
polymers. 

It is intuitive that if a macromolecular chain has an ordered structure, it 
should have the possibility to assume, under favourable conditions, ordered 
conformations. 

Actually, the essential geometry of a macromolecule depends on the bond 
distances between the atoms constituting the main chain and on the valency 
angles, and the various conformations which the molecule can assume are 
originated by all the possible internal rotations of parts of the molecule with 
respect to others around the valency bonds. An important role is played 
in such conformations by the properties of the lateral substituents, which 
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with their bulk, conformations and interactions, create hindrances to the 
possible conformations of the main chain itself. 

Therefore, generally speaking, the possible conformations of a macro- 
molecule will be disordered. But, if the structural mode of insertion of 
all the substituents to the main chain is ordered, which happens in tactic 
polymers, it must also be theoretically expected that the macromolecule 
will also admit particular conformations of ordered type, that is character- 
ized by a well determined value of an identity period along a chain axis 
within which all (or almost all) the distances among atoms or atomic 
groups constituting the macromolecule assume fixed and constant values. 

It can be easily understood that the substantial attainment of an ordered 
conformation in each single macromolecule is a first necessary, even if not 
sutficient, condition in order to reach crystallinity. Actually, a macro- 
molecule in such an ordered conformation should become in a sense 'stiff' 
and find a condition which might be called 'monodimensional crystallinity'. 

It is interesting to note that such a state of the macromolecule appears 
to be fairly independent of interactions with other macromolecules when 
examined from the point of view of its internal energy. In fact, it has 
been demonstrated in various cases already that the energetically most stable 
conformation of an isolated stereoregnlar macromolecule (supposed to be 
endowed with a periodicity along an axis), calculated theoretically (even if 
with unavoidable hypotheses) only on the basis of intramolecular inter- 
actions, corresponds to the conformation experimentally determined for 
the same macromolecnle when inserted in the crystalline lattice of the 
polymer% 

In order to reach a real crystallinity, that is an ordered arrangement on 
a 'three-dimensional' scale, a further condition is obviously necessary: equal 
macromolecules, in ordered conformations of the same type (even enantio- 
morphous), must pack together with a sufficient energy to obtain a stable 
crystalline lattice, with a three-dimensionally periodic structure, leading to 
a minimum value of the free energy of the system. 

Although in principle a stereoregnlar polymer should not be prevented 
from satisfying any condition for the attainment of crystallinity, in practice 
it has been found that not all the tactic polymers are crystallizable, owing 
probably to non-thermodynamic reasons. 

Significant examples are found z2 in Table 1, in which there is a list of 
isotactic polymers of substituted styrenes divided into two columns: those 
in the first column can be crystallized easily, whereas those in the second 
have not yet been crystallized, even if they proved by different methods to 
be equally tactic. 

Table 1 shows that the para substituents allow crystallinity only if the 
substituent is of very small size, otherwise the polymer is not crystallizable. 
Substitutions in the meta positions do not follow sim~le rules. The ortho 
substitutions, if they do not hinder polymerization, generally give 
crystallizable polymers. The double substitutions appear to be favourable 
to crystallinity, even if meta or para positions are involved. 

Some of the non-crystallizable polymers of Table 1 show in the infra-red 
(i.r.) spectrum characteristic bands, which can be attributed to a helical 
shape of the chain. For these the hypothesis may be accepted that the chains, 
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even if they can assume substantially ordered conformations, cannot effect 
the packing which causes the three-dimensional crystalline arrangement, 
possibly because of hindrances due to lateral substituents. 

Table 1. Crystallizability of isotactic polymers of nuclear substituted styrenes 

Crystallizable polymers from: Non-crystallizable polymers from : 
Styrene 
o-Methylstyrene (p-Methylstyrene)* 
m-Methylstyrene p-Ethylstyrene 

p-Isopropylstyrene 
o-Fluorostyrene m-Fluorostyrene 
p-Fluorostyrene m-Chlorostyrene 

p-Chlorostyrene 
p-Bromostyrene 
2-Vinylnaphthalene 

l-Vinylnaphthalene 4-Vinylbiphenyl 
9-Vinylphenanthrene 

2,4-Dimethylstyrene 
2,5-Dimethylstyrene 
3,4-Dimethylstyrene 
3,5-Dimethylstyrene 
2-Metbyl-4-fluorostyrene 

*Crystallizable following S. Murahashi et al. H. 

Thus, in general, polymers which by i.r. examination appear 'crystalline' 
(in the meaning technicians give to this word) may on the contrary appear 
non-crystalline by X-ray examination. 

In other cases, by i.r. analysis, bands are not observed which can be 
surely attributed to ordered conformations; but a suitable chemical trans- 
formation of the side groups of the non-crystallizable polymer confirmed 
the presence of isotacticity through the crystallizability of the polymer 
obtained by the transformation. This applies, for instance, to poly-p- 
chlorostyrene which, when obtained by Ziegler-Natta polymerization, can- 
not in practice be crystallized; but when hydrogenated in the nucleus and 
therefore dehydrochlorinated, can be transformed into isotactic crystalline 
polyvinylcydohexane". 

The molecular conformation reached by tactic polymers in the crystalline 
state proved to be predominantly of the helicoidal type (actual or general- 
ized). In fact such a conformation, by admitting the validity of the so-called 
'equivalence principle' was demonstrated to be really necessary for all the 
isotactic polymers of the vinyl type ~. 

Figure 4 shows, for instance, the conformations of a chain of isotactic ~ 
and syndiotactic 9 polypropylene. In this case the syndiotactic chain' is also 
helix-shaped. But in Figure 5, in which the conformations of isotactic ~' 
and syndiotactic ~ polybutadiene are compared, it can be observed that 
the syndiotactic polymer assumes a conformation with an almost planar 
main chain. 

The ternary helix conformation is very frequent, but other types of 
helices can occur. 
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In this sense the influence of the substituent appears to be determining. 
In fact the helix is ternary if the substituent has a certain bulk, larger, for 
instance, than in hydrogen, fluorine, hydroxyl, but not beyond a certain limit 
(be it, for instance, a methyl, ethyl, propyl, phenyl or methoxyl group). 

Ca) (b) 

Figure 4 

With substituents of a greater encumbrance, or even branched, the helix 
pitch increases. This happens, for instance, when the substituent is an 
isopropyl, isobutyl, isopropoxyl or o-methylphenyl group. 

Figure 6 shows typical examples of helicoidal conformations of different 
pitch~L 

Obviously, particular energetic interactions among substituents can even 
be a cause of the increase of the pitch of the helix. 

Simple or complex helicoidal conformations occur also with polytactic 
polymers. Figure 7 shows the conformation of the chain of the threo 
and erythro di-isotactic polymers of 1-deuteropropylene, both shaped as a 
simple ternary helix ~°. Figure 8, on the contrary, shows the chain of the 
threo-di-isotactic poly-methylisobutoxyethylene, which has the helix con- 
formation with seven monomeric units in two pitches~L 

A different pitch of the helix can also differentiate two polymorphous 
modifications of one polymer. Thus, isotactic polybutene-1 has a stable 
modification in the shape of a ternary helix, and a metastable modification 
for which a quaternary helix can be postulated3L 

Always considering the topic of polymorphism, it is interesting to point 
out that the field of tactic polymers has revealed an extraordinary tendency 
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Figure 5 

o~ 

(~ 

Figure 6 

] ]I JIl k . )  R R"CH) ,'C2HS .'CH" CH~ R. -CH2 .CH.[CH~J.Ca HS R- "CH-(CH~2,-C2 H) 
"CH2"CH) "CH'(CH3)a "CH2-CH "(CH) );~ 
"O'CH3: O'CH2"CH -{CH~) ~ 
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of the crystallizable polymers to appear in polymorphous modifications, so 
that today one is unlikely to find polymers showing only one crystalline 
structure. 

Thus, for instance, isotactic polypropylene has at least three modifications, 
in addition to one of smectic type3a; isotactic polybutene-1 has also three 

Figure 7 

modifications 3~,34 and isotactic polypentene-1 has at least two modi- 
fications 35. At times they are difficult to prepare. For instance, hitherto it 
was thought that isotactic polypentene-1 had a melting temperature of 
about 80°C, while it probably yields a stable modification, melting above 
ll0*C ~5. 

Modifications with a density lower than that of the corresponding atactic 
polymer, as with isotatic polyvinylcyclopropane ae, have also been observed 
in tactic polymers. 

Among the polymorphic modifications o f  one polymer, one is generally 
stable and the others are metastable. So far, with trans-tactic polybutadiene 
only, two stable modifications were recognized for certain; they can be 
transformed one into the other, following a solid-solid thermodynamic 
transition ~. 

Figure 9 shows the dilatometric curve of a sample of trans'tactic poly- 
butadiene, in which the transition can be observed taking place at 76"C 
from a higher density modification into a second one having a much lower 
density and melting at 146"C ~. 
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By studying stereoregular copolymers, new concepts on isomorphism 
could be introduced. Thus, in various cases already, it has been observed 
that certain copolymers, prepared by using stereospecific catalysts, are 
crystallizable in the entire range of compositions. 

Figure 8 

In Figure 10 the dependence of the melting temperature on the com- 
position is reported for isotactic styrene-p-fluorostyrene copolymers'. In 
this case, the crystallinity is present at any composition by virtue of a 
phenomenon which may be identified with isomorphism, and may be called 
'monomeric unit isomorphism': the co-monomeric units of different type, 
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but of fairly similar structure, allow the mixed chains to crystallize in a 
single three-dimensional lattice. The compositions on the left of the diagram 
have ternary helix shape, while those on the right have quaternary helix 
shape. 

In addition cases have been observed of 'isomorphism of chains', in which 
chains of different polymers or copolymers can pack together in a single 
crystalline lattice, with formation of solid solutions a°. 

o 
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By raising the temperature of a stereoregular polymer whose molecules 
are in ordered conformations with which we have so far dealt, the articulate 
macromolecules of the polymer progressively acquire degrees of freedom 
and therefore a tendency to more and more disordered conformations. If, 
in particular, the polymer was in the crystalline state, it undergoes melting 
and becomes amorphous. 

Analogous phenomena occur if the polymer is dissolved in a solvent. 
The defects thus created in the originally ordered conformations can be 

thought of as due to the appearance here and there in the chains of free 
'joints' or 'folds', that allow establishment of a universe of conformations 
in the whole of the molecules of the polymer, The polymer will become 
intrinsically mobile and will assume physical, mechanical and rheologic 
properties peculiar to the macromolecular amorphous or solution state. 

Also the topic of the molecular conformation of stereo-ordered polymers 
in the amorphous state or in solution, has always been the object of parti- 
cular attention for many scientists. 

At the beginning, the apparently strong tendency of the stereo-ordered 
macromolecules to assume regular conformations led one to believe that, 
even if they lost the peculiar packing of the crystalline solid state, they had 
to maintain a relatively stiff conformation even in the amorphous or 
solution state. 

The study of the properties ~f  the stereoregular polymers in solution, 
carried out for the first time on isotactic polystyrene '° and subsequently 
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on some other polymers, soon showed that the average molecular dimensions 
of an isotactic polymer in solution are not very different from those of a 
corresponding atactic polymer. This has indicated that the 'joints' or 'folds" 
arising in respect of the primitive ordered conformations should be 
numerous also in the tactic macromolecules. 

The observations on tactic polymers in solution, which furnish much 
analogous information on the pure amorphous state, are nowadays rather 
extensive, but the solvents used have usually been 'good' solvents. A broader 
research with 'bad' solvents might now be opportune, because most probably 
it will point out that, under thermodynamic conditions very near to precipi- 
tation, the stereoregular macromolecules should tend to become stiffer, 
foreshadowing a transition to the ordered, solid state. 

Actually it is known that the swelling of crystallizable polymers in the 
metastable amorphous state in suitable non-solvent liquids causes rapid 
crystallization of the polymers themselves. 

Fairly fundamental research on the thermodynamic fusion quantities of 
the stereo-ordered polymers, such as enthalpy and entropy of fusion, was  
carried out, but unfortunately it did not yet .give a clearly significant 
contribution to the solution of these problems "1. 

Anyway, from the above considerations, it is possible, in principle, to 
conclude that the macromolecule of a tactic polymer in the amorphous or 
solution state nowadays can be reasonably conceived as being constituted 
by segments of chain conformed in a way essentially similar to that of the 
solid state, that is in an ordered conformation, interposed by 'joints' or 
"folds', on the nature of which 42 there is at the moment an active interest 
in research. 

A further interesting aspect of the conformations of stereoregular 
polymers, whose ordered conformations are helicoidal, is that of the internal 
distribution of enantiomorphous conformations. 

Frequently, in the crystalline lattices of these polymers, two adjacent 
chains have not identical, but rather enantiomorph0us conformations. By 
neglecting other possible differences, in the case of helicoidal chains the 
two facing conformations are a left-handed and a right-handed helix. An 
example of this situation can be seen in Figure 11 for the elementary unit 
cell of isotactic polybutene-1, in which the two types of enantiomorphous 
chains are indicated with A and B 43. 

From the calculations carried out up to now of the conformational 
potential energy as a function of the successive internal rotation angles 
of an isolated regular chain, it has been deduced that the transformation 
of a helicoidal ordered conformation into its enantiomorphous one generally 
comprises a very limited potential barrier a4. With it, when the polymer 
passes into the amorphous or solution state, it must be expected that the 
various chain segments, which maintain an ordered conformation, can al- 
most indifferently assume a given helicoidal conformation, or its enantio- 
morphous conformation. An equal probability of the two conformations 
should cause the chains to assume not only in different macromolecules, but 
also in different segments of a single macromolecule, mixed conformations 
of about 1 : 1 of each. 
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An interesting indication of this situation was obtained by preparing 
isotactic polymers of branched alpha-olefines, which are optically active 
due to an asymmetric carbon atom in their molecule 4.. The polymers 
obtained have in various cases a much higher optical activity than that of the 
monomer. 

o 

"'... 

. . . .  , , / ' : ,  . . . . . . . . . . . . . . . . . . . . .  ? 2  ° 

o 

Figure 11 

This phenomenon can be explained by the fact that the asymmetric 
carbon atoms, which are adjacent to the main chain and unbalanced in 
their two possible configurations, preferentially stabilize one of the two 
enantiomorphous helicoidal conformations of the polymeric chain (a 
phenomenon analogous to that observed in polyaminoacids with asymmetric 
and antipodic carbon atoms in the chain). As a consequence a confor- 
mational asymmetry is created in the polymer, which is the cause of the 
marked increase of the optical activity. This last should originate not so 
much from the helicoidal shape of the chain as from the lack of balance 
of the conformational isomerism of the monomeric units, with relation to 
their mode of insertion in the chain. In fact, the marked optical activity 
measured in the polymer is of the same order as that which can be calcu- 
lated in model substances with low molecular weight, supposing their 
molecule stabilized in one of the possible conformations '~. 

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

Even if impossible to examine here further peculiarities of stereoregular 
polymers and polymerization, it is at once understandable that macro- 
molecular scientists expect many and ever more numerous developments 
in this field. 

The refining of the conditions of stereospecificity of the reactions will no 
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doubt allow the preparation of many new polymers endowed with high 
degrees of steric purity. Similarly, the refining of the methods of character- 
ization of the products will also facilitate notable developments in the study 
of the relations between properties and structure. From various points of 
view this will be simplified by the opportunity to operate on ever more 
numerous polymers having well known molecular structure. In other words 
no particular limit can be seen to a steadily increasing scientific interest in 
this field, engaging an ever-increasing number of workers. 

Next to the scientific interest there are now other important interests of 
a practical nature and it is convenient to say a few words on them. 

It cannot be doubted that if the scientific interest finds no foreseeable 
limit today, the practical interest is always firmly anchored to economic 
aspects. 

Therefore it is obvious that industrial action polarizes at first exclusively 
on polymers derived from monomers of greater economic convenience; and 
immediately afterwards on those which by a suitable intensification of 
research can be expected to be advantageously obtained in the very near 
future. Still later we may have the eventual consideration of polymers 
producible from costly monomers, but for this it will be necessary to 
consider whether the quality will compensate for the greater cost of 
production. 

Today industrial interest is still mainly centred on polymers derived from 
particularly cheap and plentiful monomers and therefore limited to 
monomers of a relatively simple molecular structure. 

The balance of the bulk of industrial results finds the following polymers 
in the most advanced positions at present: the very versatile isotactic 
polypropylene, for the production of plastic materials, fibres and films; the 
cis-tactic polybutadiene and polyisoprene, for the preparation of rubber 
having a wide field of application and good characteristics; the ethylene- 
propylene copolymers possibly in the form of ter-polymers with special 
dienes, which can also be used for the production of cheap rubber with 
satisfactory properties. 

Some other polymers are at present the object of advanced applied 
research, but for them the interest of industrial production in the proper 
sense is still to be seen. Among them we find the isotactic poly-butene-1 and 
polystyrene, and also the isotactic polymers of some aliphatic olefines with 
a branched substituent. 

For other stereoregular polymers, a possible practical development rests 
with future research, and on this question it is relatively difficult to make 
any forecast. 

The highly stereoregular polymers which have had up to now a positive 
success are hydrocarbon polymers. Research, however, has prepared several 
stereoregular polymers of monomers containing hetero-atoms (above all 
oxygen), of varying chemical nature (ethers, esters, aldehydes, ketones and 
ketenes). For some of these, there is no serious reason to exclude early 
development, limited perhaps to special applications. For many others there 
is a widespread feeling that there may be serious obstacles due particularly 
to poor thermal stability. 

444 



STEREOREGULAR POLYMERS AND POLYMERIZATION 

It is interesting to recall that still today the properties of the crystalline 
state appear to be of fundamental importance for the application of the 
stereoregular polymers. 

Crystallinity attended by high melting temperatures may lead to good 
mechanical resistance and good dimensional stability, high hardness and 
elastic modulus, in polymers which can be employed as plastics and 
construction materials. 

Furthermore, high melting temperature and high regularity of the 
molecular structure may involve high tenacity and orientability under 
stretching in materials suitable for fibres and films. For these materials the 
hydrocarbon stereoregular polymers have further demonstrated that the 
high interactions of a polar character are not indispensable in polymeric 
chains, as normally occurs in fibres previously developed. The high steric 
purity should also allow elimination of unfavourable effects due to relatively 
high glass transition temperature or to solubility of the crystalline polymer 
in common solvents. 

Even in the application to rubber, the crystallizability of stereoregular 
polymers, even if requiring stretching lower temperatures, appears to be 
useful for aspects which today might still seem. secondary but are probably 
fundamental. It cannot in fact be overlooked that natural rubber, whose 
characteristics are undoubtedly considered to be very good, is a stereo- 
regular polymer, just like a number of other interesting natural polymers. 

Istituto di Chimica Industriale del Politecnico, 
Piazza Leonardo da Vinci 32, 

Milan, Italy 

DISCUSSION 
Dr J. Corbiere (France): You have said that the regulation is of special 
interest for cheap monomers and cheap polymers, but your remarks refer 
mainly to hydrocarbon monomers. There are other polymers which are 
cheap and which I suppose would be of interest to have in stereoregular 
forms, such as polyacrylonitrile or polyvinyl alcohol. You have not spoken 
about these. Is it because the monomers are too difficult to polymerize with 
stereoregulation, or is there some other reason? 

Pro/e~sor F. Danusso (Italy): I have spoken about fully stereoregular 
polymers of the greatest industrial importance. It is possible that other 
stereoregular polymers can be employed with success for special appli- 
cations, but so far we have not seen any application on a commercial scale 
of the polymers you have mentioned (as yet stereoregular only to some 
extent). 

In my lecture the attention was mainly focused on hydrocarbon polymers 
from particularly cheap monomers, with which it is possible to reach 
substantially stereoregular polymers, among which some are largely recog- 
nized today as new materials and have become industrially important. As 
for the polymers you have mentioned, although these a r e  endowed in 
particular cases with some degree of stereoregularity, they constitute 
improved rather than new materials. 
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Dr C. W. Bunn (U.K.): You mentioned a number of polymers which did 
not crystallize, or have not yet been crystallized, although I gather the 
evidence is that they have a stereoregular character. What is the reason 
for this? 

Pro]essor F. Danusso (Italy): Some of these polymers show infra-red 
bands which must refer to an ordered molecular conformation, but we must 
assume that the polymers cannot effect the packing necessary for three- 
dimensional ordering. For others it has been impossible to recognize 
significant infra-red bands. Thus, there are two cases for non-crystallizable 
polymers : 
(a) the polymer has difficulty in packing, although it has an ordered 

conformation; 
(b) the polymer cannot easily achieve an ordered conformation in single 

macromolecules. 
Dr C. W. Bunn (U.K.): If  the molecule itself is stereorcgular why can 

it not take up an ordered configuration? 
Pro~essor F. Danusso (Ita/y): It is difficult to answer this question with 

certainty. Perhaps the polymer is formed in a disordered state and it cannot 
easily reach an ordered state, but in principle this is possible. 

Dr C. W. Bunn (U.K.): One of the substances which does not crystallize 
is a fluorostyrene, is it not? 

ProJessor F. Danusso (Ita/y): Isotactic polymers of ortho- and para- 
fluorostyrene crystallize, but isotactic polymers of meta-fluorostyrene do 
not. 

Dr C. W. Bunn (U.K.): A fluorine atom is not very much bigger than a 
hydrogen atom, yet the unsubstituted styrene crystallizes well. 

Pro[essor F. Danusso (Italy): Yes, but there are evidently particular 
interactions, perhaps hydrogen bonding, which prevent crystallization. 

Dr M. Gordon (U.K.): Could Professor Danusso enlarge a little on the 
role of the counterion in the stereospecific polymerization reaction? 

Pro[essor F. Danusso (Italy): I think that the view of the counterion at 
the moment is the opposite of that which was held originally. I think that 
in many cases there is a very clear role of the counterion, independent of 
the nature of the ion. In other cases there is a specific contribution by the 
ion also. In some cases it is difficult to think that the ion has any relevance 
in the first stage of the reaction. There are cases in which you can see, for 
instance, a copolymerization which proceeds as two independent simul- 
taneous homopolymerizations. To have this it is necessary that the counter- 
ion shall attack the two monomers and that it is the only reagent attacking 
monomer molecules. The ion then does not play any role in kinetic and 
mechanical control. Other eases are possible in which a more concerted 
mechanism can be devised. 
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Polymerization & the Solid State 
M. MAGAT 

Following a brief description of early investigations o] processes of poly- 
merization, the author discusses mechanisms likely to operate in the solid state 
and deals with the polymerizability of various monomers, factors determining 
whether a monomer may be polymerized in the solid state, the mechanism of 
solid state polymerization, activation energy and polymerization at very low 
temperatures, influence of 'texture' of solid, and stereospecificity of polymers. 

I .  H I S T O R I C A L  I N T R O D U C T I O N  
WHILE bimolecular reactions of inorganic compounds in the solid state have 
been the subject of many investigations over a long period, the study of the 
reactions of organic substances under the same conditions have only 
recently begun. The reason for this is that, in view of the bulkiness of organic 
molecules it seemed unlikely that the movement of molecules in the middle 
of a lattice could take place with sufficient speed. In particular the possibility 
of polymerization in the solid state involving the displacement of a large 
number of molecules appeared a priori to be impossible. Nevertheless in 
1933 Letort  1 in France and Travers 2 in England reported that acetaldehyde 
polymerized spontaneously 'on crystallization', or more exactly on fusion 3 
of the crystals of this substance. 

It  was not until 1954 that research on polymerization in the solid state 
was opened by a series of publications by Mesrobian, Adler, Ballantine, 
Dienes and co-workers 4, 5 on the polymerization of crystalline acrylamide 
initiated by ionizing radiation. These authors found the ideal method for 
the initiation of such polymerizations, that is to say for the production 
in situ of radicals and eventually of ions which may catalyse them; since 
even if it possible in certain cases, as Bamford, Jenkins and Ward s have 
since shown, to produce radicals by a photochemical route, this method of 
initiation is usually prevented by the optical inhomogeneity of the medium. 

The work of Mesrobian and co-workers was followed in 1956 by the work 
of Lawton, Grubb and Balwit ~ who showed that the polymerization of 
hexamethylcyclotrisiloxane by ionizing radiation was not only possible in 
the solid state but occurred only in the solid state. In 1959 Bensasson s, ~ on 
the one hand and Sobue and Tabata 1° on the other showed that polymeriza- 
tions in the solid state were not limited to solid monomers at ambient 
temperatures and above, but can also be carried out at low temperatures. 
They showed that acrylonitrile polymerizes 10 or 20 times more rapidly 
in the solid state than at several degrees above the melting point. 

I I .  E X P E R I M E N T A L  R E S U L T S  C O N C E R N I N G  T H E  

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

We have gathered in the Tables 1 to 4 the monomers whose polymerization 
in the solid state has been studied to date. This list is considerably longer 
than that which we published two years ago. We have indicated for each 
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monomer  its melting point,  the range of temperatures studied, the existence 
or otherwise of a post-effect, the type of ini t iat ion used and  the ratio of 
the rates above and below the melt ing point  ( V , / V , ) .  

I t  is striking that  the number  of monomers  polymerizable in the solid 
state is very large, and  that monomers  of widely varying types are represen- 

Table 1. Vinyl and divinyl monomers 

Monomers 

~tyrene. - -  30 

z-Methylstyrene --23 
~.-4-Dimethyl- 

styrene 
Vinyl acetate -- 1 5 9  

Vinyl carbazole + 64 

Vinyl toluene 
Vinyl chloride -- 138 : 

Vinylidene 
chloride --80 ' 

Vinyl stearate + 34 : 

3utadiene 
[soprene 
Vinylpyrrolidone + 13"5 
Vinyl 

caprolactane ? ; 
7-Succylvinylimide' ? 
~-Vinylphthalyli- 

mide ? 
Vinyl octadecyl 

ether + 30 
-lexadecene +4-2 

[sobutylene 
0-Vinylacetanilide 
l-Carboxybuta- 

diene 

M. pt Tempera- Poly- Post- V,  Eso].t Refer- 
(°C) ture of meri- effect Initiation - -  kcal/ 

irradiation zation Vl mol ence~ 

--196 
--78 to --51 + 
--196, --78 - -  

- - 8 0  + 

- -  1 9 6  + 

20 to 6"0; 
70"9P (1) + 

- -  + 

- -  1 9 6  to 
--138 

- -  1 9 6  - -  

- -  1 9 6  to 
+34 + 

- -  1 9 6  + 

- -  1 9 6  + 

+7 + 

.9 --* 
? --? 

? - - t  

+10, +50(1) + 
- 1 9 6 ,  - 7 7 ,  

- 1 4 1  o ,  + 2 0 ( 1 )  + 
- 1 9 6 ,  - 8 0  (11 + 

+148] +110 + 

I ? + 

+ 7 
+ v >~1 
- -  7 0 

? v ? 
? 7 HI 

+ v ~<1 

- 7 0 

- -/ 0 

? 7, e- <I 
? v ? 
? v ? 
? v ~ 1 

? "r ,~1 
? v ,~1 

? v "~1 

? v >1 

? 7 ~ 2  
? ~; .~I 
? t h e r m a l  ? 

? t h e r m a l  ? 

9"2 

~1 
0 

N12 
? 

? 

? 

~1.5 
? 

9 

J ? 

small 
?. 

11, 12, 12 
12 

13 
14 

15 
16 

5 

17 

18, 19 
20, 21 

20 
22 

23 
23 

23 

24 

25 
26 
27 

27 
*Polymerized very rapidly in the molten sta~.  
1"Explosive polymerization on dissolving. 

ted. One even finds monomers  such as acetone and tr ioxan whose 
polymerizat ion in the l iquid state has never been described as far as we 
know. Certain of these polymerizations proceed very rapidly:  explosive 
polymerizations have been observed with formaldehyde and  acetaldehyde, 
while others are very slow, as is the post-polymerization of acrylamide 2r''9. 

I I I .  F A C T O R S  D E T E R M I N I N G  W H E T H E R  A 
M O N O M E R  MAY BE P O L Y M E R I Z E D  IN TI lE  

S O L I D  S T A T E  
On the basis of T a b l e s  1 and  4, let us try to deduce the condit ions which 
determine whether or not  a monomer  may be polymerized in the solid state. 
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Table 2. Acrylic monomers 
i 

Monomer Initiation 

Acrylic acid 
Methacrylic acid 
Acrylamide 

M.pt 
(°C) 

+12 
+16 

i +85 

Methacrylamide + 16 
Acrylonitrile -- 83 

Methacrylonitrile 
Methylacrylate 
Methylmethacry- ' 

late 
Octadecylmetha- 

crylate 

Cetyhnethacrylate 

--40 

--50 

+17 

? 

Temperature 
o] irradia- 

tion 
? 
0 

0 to +60 

9 

- -  196 to 
--135 

- -  135 to 
--83 

- -  1 9 6 ;  --78 
- -  1 9 6 ;  - - 7 8  

- -  1 9 6 ;  - - 7 8  

--10; +30 (1) 

Poly- Post- 
meri- effect 
zation 

+ ? 
+ 
+ + 

+ ? 

+(.9) -- 

+ + 
+ + 

+ ? 

+ ? 

Vs 
Vz 

.y 
U.V., 7 ? 

v,c~=:l 

7 <1 (7) 
] 

7 

-y ? 
-y 0 

~,; u.v. 

I 1 

~ l t  

E,ol.t Reler- 
kcal/mole ences 

? 5 
? 6, 27 

?(+) 4, 5, 28, 
29,30,31 

? 5, 32 
I 

0 ! 8,10,17 

1"5 8, 14, 17 
? 12, 33 

?(++) 12, 16 

?--(+ +) 12, 16 

? I 34 

< 0  ! 23 
( + )  Shows a post-effect. 

( + + )  Polymerizes rapidly in a glass formed bY adding liquid paraffin, 
(=) Azobis-isobutyronitrile. 

t This mopomer shows a maximum rate of polymerization at the melting point. 

Two factors may be envisaged: the crystalline structure and the mechanism 
of polymerization. 

(a) Crystalline structure 
Unfortunately the exact crystalline structure of most of the monomers 

studied is not known. In view of the diversity of monomers polymerizable in 
the solid state it might  be thought that this factor can play only a 
secondary role. This conclusion would be false since Morawetz 28 has shown 
that the different salts of acrylic and methacrylic acids which all possess the 
same polymerizable group, but have different structures, polymerize at 
very different rates. The same holds true for the different hydrates ot 
calcium acrylate and even for the anhydrous crystals prepared from 
different hydrates2L I t  is nevertheless possible that these variations result 
not from different structures but from the different distances between 
double bonds, a factor which, according to SchmidP ° determines the 
possibility of photochemical reactions between unsaturated compounds in 
the crystalline state. I t  should be pointed out that in other cases (poly- 
merization of methylmethacrylate as a solid solution of monomer  in liquid 
Paraffin 1~'1~) an increase in intermolecular distance does not impede the 
reaction. 

While waiting for the determination of crystalline structure of 
monomers,  which is actually being carried out in several laboratories, it 
thus appears difficult to relate the possibility of polymerization in the 
solid state to crystalline structure. 

It  should be pointed out, however, in those cases where polymerization 
proceeds in the solid state and where the crystalline structure has been 
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Table 3. Various monomers 

Temperature 
M. pt of irradia- Monomer (°C) tion 

--118 --196 to 
- -  160 

- -  160  to 
--118 

--123 --196to 
--150 

- -  150  to 
--123 

--95 .196;  --136 
-44-5 --78 
- -  54  - -  78;  0 (1) 

+-64 - -£30 to -+-80 
--33'4 --196to 

--132 
- -  132 to 

--70 
--70 to --33 

--6"5 --196to 
--130 

- -  130 to 
--6"5 

--78 to 
+ 17 + 16"4 

+64 +0 to +64 
+ 1 4 6 _  + 1 6 ;  + 1 0 0  

+113 +20; --70 

-- 41 , - - 7 8 i  
t + 20 (1) 

*Exolosive under  cer ta in  condit ions.  

Formaldehyde 

Acetaldehyde 

Acetone 
Chloracetone 
Bromacetone 

Trioxan 
fl-Propiolactone 

Diketene 

3-3-Bis-chloro- 
methyloxetane 

Hexamethyi-cyclo- 
trisiloxane 

Cyanuric chloride 
Triphosphonitrilic 

chloride 

Aceto-nitrii-e - - -  

Poly- I Post. 
za_tionmeri" I __effect __Initiati°n 

+* 3̀  

+* + 
+ ? 
+ 7 
+ ? 

+ -+-- 

+ --7 

+ + 
+ + 

+ +7 

+ +7 

+ + 

+ 7 
+ 7 

- -  ° - -  . 

+ 9 

V8 

>>l 

>>J 

3`, Mg~: ~ 1  

3̀  £ j  
3' 

3̀  >>1 

3' - -  

~, >>1 
3̀  >>1 

3̀  91 

3̀  >~1 

;, >~1 

3̀  • 

Esol.f Refer- 
:al/moh ences 

14, 35, 
2-2 36, 37 

? 

0~?) 36 

5'4~ 
? 38, 39 
? 39 
? 39 

- -7-- 40, ii 
0"08 40, 42 

6"3 40, 42 
--12"6 40,42 

0" 11 40, 43 

--2"4 40, 43 

3 40, 44 

"6 7, 45 
• 46 

? -_ 47 

9 48 

?G la s sy  deposi t  of a mixture  of  solvent and  monomer  followed by a r i se  in t empera tu re .  
**No opening of the ring. 

determined,  that  the po lymer  chain is a l ready  ordered  in the crystal .  This  is 
so for ac ry lamide  4, ace ta ldehyde  5~, t r ioxan '~: and  diketene~'L 

(b) Mechanism of polymerization 
We shall  see l a te r  that  the de te rmina t ion  of the po lymer iza t ion  

mechanism in the sol id  state presents  p roblems  which have not  so far  been 
comple te ly  resolved.  Rad ica l  and  cat ionic mechanisms would  seem to be  
the most  probable .  But  it  is r emarkab le  that  several  monomers  which 
polymerize  by  radica l  and  anionic mechanisms (vinyl chloride,  vinyl idene 
chloride,  methy lmethacry la te  and  methylacryla te)  cannot  be po lymer ized  
in the solid state. This  is not  a general  rule as several  except ions are  
known:  acryloni t r i le ,  methacryloni t r i le ,  acrylamide ,  me thac ry lamide  and 
acrylic and methacryl ic  acids. But for several  of  these monomers  there  are  
strong indicat ions that  solid state polymer iza t ions  occur by  a radica l  
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Table 4. Post-polymerization of salts of acrylic and methacrylic acids ~r, 28 

Monomer Toc Time for 10% Remarks 
conversion 

K+ acrylate 35 9800 - -  
Na+ 150 35000 - -  
Li+ 150 12000 - -  

% conversion after 
2-5X 10 e sec 

K + methacrylate 
Na+ 
Li+ 
Ca 2+ acrylate 

153 
153 
153 

50 
50 

100 

100 

3'5 
7"5 
0"0 

18 
0 

6'3 

46 

crystalline dihydrate 
crystalline mono- 

hydrate 
dehydrated mono- 

hydrate 
dehydrated dihydrate 

mechanism. The case of vinyl chloride is particularly interesting since it is 
known from other sources that the polar chlorides favour cationic rather than 
anionic polymerization; hence this monomer would be its own inhibitor. 

However, these conclusions are only provisional and it must be recognized 
that it is impossible actually to predict whether a monomer will poly- 
merize in the solid state or not. 

I V .  M E C H A N I S M  OF S O L I D  S T A T E  P O L Y M E R I Z A T I O N  
In the initiation of solid state polymerizations by ionizing radiation, the 
establishment of the mechanism poses a very difficult problem, since most of 
the methods used to elucidate the mechanism in the liquid phase are not 
usable or give ambiguous results. 

(a) Inhibition by radical scavengers 

If it is accepted that however much the scavenger may diffuse, the 
diffusion of the growing chain is suppressed in the solid, the scavenger can 
react only either with radicals formed on adjacent sites, or with chains 
which in the course of their growth come into contact with the scavenger. 
To be efficient, the scavenger must therefore; (i) be present in fairly high 
concentrations; (ii) 'syncrystallize' with the monomer. But here the apparent 
inhibiting effect may result from lattice distortion, i.e. an effect which is not 
specific. Thus while the addition of five per cent of benzoquinone reduces by 
half the rate of polymerization of solid acrylonitrile, the addition of the 
same quantity of toluene produces an effect at least as great 12. 

For methylmethacrylate mixed with liquid paraffin, Chapiro showed 
that the presence of oxygen inhibited the reaction, resulting in a fairly 
long induction period, indicating a radical polymerization in this case. 

(b) Copolymerization 
The study of copolymerization runs into the same difficulty ot 

"syncrystallization'. While Okamura  and Hayashi have succeeded in copoly- 
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merizing in the solid state fl-propiolactone with diketene and 3,-butyrolac- 
tone52. ~3 it has only been possible to prepare the copolymers of acrylamide 
with methacrylamide 2~ and acrylamide with acrylonitrile ~4 in the solid state. 

(c) Order of reaction 
The only order of reaction that can be determined experimentally is the 

order with respect to the intensity of the ionizing radiation. It  is known 
that if a quasi-stationary state is established for bimolecular chain termina- 
tion, which predominates in liquid phase polymerizations by radical 
mechanisms, this order ,~ is ½. If  the termination is monomolecular (as for 
ionic polymerizations) ~, = 1. 

In the solid state, because of the absence of diffusion the bimolecular 
termination coefficient cannot occur, or occurs only very slowly. The 
stationary state cannot be reached, and one cannot expect to find an order 
of ½ for polymerizations proceeding by a radical mechanism. In the absence 
of a quasi-stationary state, a value of 0"5 < ~ < I observed for vinylcar- 
bazole 1~ and for formaldehyde 3s is at the very most an indication of an 
important radical contribution. The value ~= 1 found as for acetaldehyde at 
131°C neither contradicts, nor demonstrates an ionic mechanism. 

(d) Photopolymerization 
The possibility of initiating polymerization by irradiating the monomer 

with ultra-violet (u.v.) light is undoubtedly an indication in favour of a 
radical mechanism, but it should not be forgotten that the ionization 
potential can be considerably lowered by transition from the gaseous to 
the condensed state. Thus Leach, Muller and VermeiP ~ have detected 
ionization of isopentane, methylpentane and isobutylene as liquids on 
irradiation with radiation whose energy was about 1 eV lower than their 
ionization potential in the gaseous state. For solid anthracene, the lowering 
of the ionization potential amounts ~ to ,~ 3 eV. 

Initiation by the photochemical decomposition of a chemical catalyst, 
which can in general be produced by wavdengths sufficiently long to avoid 
the danger of ionization, indicates a radical mechanism. On the other 
hand, a negative result does not necessarily mean an ionic mechanism 
because of the effect of 'syncrystallization'. 

(e) Electron paramagnetic resonance 
Numerous attempts have been made to define the mechanism from the 

results of electron paramagnetic resonance (e.p.r.). It is evident that by itself 
a signal resulting from radicals cannot be considered as an indication of 
a radical mechanism: radicals arc always formed ' on irradiation of 
molecular solids by "/-rays. However, if an initial signal is observed to 
change in the course of time into the signal characteristic of a growing 
chain s, which is recognized as a result of other work, i t  is only possible to 
conclude that a 'primary' radical can add a molecule of monomer. Such 
additions, giving chains of greater or lesser length, could very well constitute 
a secondary mechanism responsible for a small fraction of the total 
conversion. 

454 



POLYMERIZATION IN THE SOLID STATE 

Only if the behaviour of the radicals observed by e.p.r, is strictly parallel 
to that of the polymerization can it be supposed that the latter proceeds by 
a radical mechanism. 

Thus, in quenched crystals of acrylonitrile, Bensasson, Dworkin and 
Marz 19 observed the appearance, after irradiation, of a 'primary' radical 

(CH3--CH), which remained unchanged during reheating to - 135°C. Below 
I 

CN 
this temperature a post-polymerization s, 1~ is not observed. Above this tem- 
perature, which corresponds to the start of a pre-transition (this occurs at 
- 1 14°C  and is first order), the signal changes into that of a growing chain 

H 
CH_,~C. and the post-polymerization becomes observable. 

I 
CH 

With formaldehyde 5r, the change of the primary signal into the signal 
of a growing chain was observed over a period of time above -196°C, 
while differential thermometry indicated a heating of the sample, i.e. the 
existence of a polymerization. The explosive polymerization which cannot 
occur if there is radical recombination does not occur above this tempera- 
ture. Thus it seems that these two monomers polymerize in the solid state 
by means of a radical mechanism. 

The situation is not always so simple. Thus the post-polymerization of 
acrylamide continues over a period of months, and throughout this period 
radicals can be observed by e.p.r.; but while the number of these radicals 
remains constant, the rate of the post-polymerization decreases with time 
according to the relation 27 

% conversion=A log (1 + Bt) 
One cannot conclude from this discrepancy that the mechanism is ionic, 
since an absolutely analogous situation was observed by Bamford and 
Jenkins '~8 for the radical polymerization of liquid acrylonitrile, which leads 
to the hypothesis of 'trapping' or occlusion of radicals. 

(f) Comparison with the polymerization mechanism in the liquid state 
Where polymerization in the liquid state can only proceed by a single 

mechanism, it could be considered that this mechanism is valid also in the 
solid state. Thus it is known from other sources that isobutylene, 
n-hexadecene, hexamethylcyclotrisiloxane, /3-propiolactone, diketene, bis- 
chloro-3,3-oxetane and trioxan polymerize in the liquid state only in the 
presence of cationic catalysts. It is therefore not unreasonable to think that 
the polymerization in the solid state proceeds by the same mechanism. 

It is most important to distinguish between the cationic polymerizations 
induced by ionizing radiation in the liquid and in the solid states. Ionic 
polymerization in the liquid state leads usually to polymers of very low 
molecular weight, probably because of the short lifetime of the ions. In the 
solid state, on the other hand, at least for cyclic monomers, high molecular 
weights are obtained and a post-polymerization period may last several 
hours. It must be assumed, therefore, that in solids the electrons are 
trapped in deep traps and may on being released from the trap give thermo- 
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luminescence. Russian workers ~9 have found that this untrapping occurs in 
the region of a phase change. In order that an important post-effect can 
exist near the melting point, thermoluminescence must occur over a very 
narrow temperature interval. Such a thermoluminescence could not be 
observed by Kieffer and Deroulede ~° for trioxan. Other monomers are 
being studied. 

It must be concluded that both radical and ionic mechanisms of poly- 
merization can occur for polymerization in the solid state and that the 
mechanism must be determined for each case. Only a profound study by 
various methods can achieve a discrimination, which is not always 
too sure. 

V .  A C T I V A T I O N  E N E R G Y  A N D  P O L Y M E R I Z A T I O N  

A T  V E R Y  L O W  T E M P E R A T U R E S  

On examining the large amount of data concerning the variation of rate of 
polymerization as a function of temperature, it is possible in general to 
distinguish two types of polymerizaton, which sometimes occur with the 
same monomer. 

(1) The polymerization proceeds rapidly in the region of the melting point 
or in a region existing between transition and melting points. The overall 
energy of activation calculated by the conventional method is fairly high : 
6.3 kcal for/3-propiolactone, 9'6 kcal for hexamethylcyclotrisiloxane, 9 kcal 
for styrene, ,--, 12 for vinylcarbazole, 18"4 for trioxan and ~-~23 kcal for 
acrylamide. This leads to the conclusion that (a) the Arrhenius factor of 
the propagation reaction must be very high; in other words the pre- 
orientation of the molecules in the crystal reduces the steric factor very 
considerably; (b) a certain mobility of the molecules is indispensable since 
only a fraction of this activation energy is necessary for the chemical act 
itself. A study by nuclear magnetic resonance (n.m.r.) would undoubtedly 
help to clarify this point. 

(2) The polymerization sometimes proceeds slowly (acyrlonitrile, vinyl 
acetate,/3-propiolactone, diketene, acetaldehyde) at very low temperatures 
and its rate is independent of temperature. The case of formaldehyde, for 
which the reaction proceeds rapidly at a very low temperature and has an 
appreciable activation energy (2"8 kcal), constitutes an exception. 

The experimental technique for this polymerization is in general rather 
delicate. The sample after irradiation at say -196°C must be heated and 
melted before the degree of conversion can be determined. During this period 
of heating, rapid as it may be, the sample remains at higher temperatures 
and, during this period, a post-polymerization can occur. Nevertheless Amagi 
and Chapiro TM with styrene, Chachaty with acetaldehyde 3e, Bensasson ~r 
and Amagi and Chapiro ~2 with acrylonitrile, have determined the rate of 
post-polymerization as a function of temperature and so have been able to 
calculate the fraction of polymer formed during the period of heating. As 
an example, according to Bensasson 17, of the 4"6 per cent of the monomer 
converted during irradiation at -196°C followed by heating and melting, 
only 0-18 per cent was fqrmed during the heating period if the rate of post- 
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polymerization observed between - 196°C and - 9 0 ° C  is extrapolated to the 
range - 9 0 ° C  to - 8 3 ° C  (m.pt). Two hypotheses can be suggested. 

(i) 4"4 per cent of monomer has been converted into polymer between 
- 9 0  ° and - 8 3 ° C  (the extrapolation used not being applicable) and during 
melting, this hypothesis would explain the absence of an activation energy 
b e t w e e n -  196 .0 and - 1 3 0 ° C  as well as the non-appearance of a signal 
characteristic of the growing chain on e.p.r. It can be objected that this 
hypothesis postulates an abnormally high rate of conversion at the melting 
point, for which there is no indication from other work on acrylonitrile. 
Further it does not explain the rapid polymerization of diketene and 
propiolactone for which the rate of polymerization starts to decrease with 
temperature some 30 ° to 40 ° below the melting point. 

(ii) The conversion takes place efficiently at very low temperatures 
between - 1 3 0  ° and -196°C.  How then can the absence of an activation 
energy be explained? Semenov "1 has put forward the following interesting 
suggestion based on the theory of energy chains due to Christiansen. This 
gives the following scheme: 

A -->- B; (I) 

B~+ A--> Bt + B" (2) 

where B" is an excited molecule which has absorbed all or an important part 
of the heat of reaction. I t  is known that these energy chains have never been 
observed in the gaseous or liquid phases. The reason for this is that because 
of the steric factor reaction (2) does not occur at the first collision. B* suffers 
1 000 to 10 000 collisions before it is able to react and becomes deactivated. 
This is not so in the solid phase if the molecules of A are ordered in such 
a way that the steric factor is unity. Certain of the active centres C (ions or 
radicals) formed by the radiation may possess sufficient energy to carry out, 
immediately after their formation, the reaction 

C*+M > RM* (3) 

RM ° contains all the heat of reaction (3) which makes possible the reaction 

R M * + M  > RM~ 

and so on. The growth of chains will be very rapid and will not require 
any activation energy. 

There are also active centres created by the radiation, but not possessing 
sufficient energy, which will be responsible for the post-effect. 

With acrylonitrile, for example, the radicals observed on e.p.r. (responsible 

for the post-polymerization) correspond to CH3---CH--CN and result from 
the sequence of reactions: 

CH2-----CHCN ~'~ > CH2--C---CN + H 

H + C H 2 = C H - - C N  ~'~----~ C H s - - C H - - C N  

It might be thought that the primary radicals CH2--~---CN are formed 
with sufficient energy to initiate an energy chain and disappear. It must, 
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however, be assumed that the polymer chains formed by this rapid process 
possess a termination reaction which might be, for example, 

"~a"~CH2---~H--CN + CH2~----CH----CN ---->- 

~'x~a"~H~------CH--CN + CH3----CH----CN 

since, as has been noted above, the radicals of growing chains do not 
appear on e.p.r, between -196°C and -135°C. These transfer reactions 
have actually been observed at low temperatures '~7. 

It should be noted that, in order to explain certain peculiarities of the 
polymerization of formaldehyde, Chachaty 3e has been led to formulate 
a similar hypothesis to that of Semenov, that is to say that the local 
temperature in the immediate vicinity of the growing chain is considerably 
higher than, and almost independent of, the average temperature of the 
medium. 

V I .  I N F L U E N C E  O F  T H E  ' T E X T U R E '  O F  

T H E  S O L I D  

The quantititative results concerning polymerization in the solid state 
obtained in different laboratories sometimes show considerable dis- 
crepancies even for apparently identical experimental conditions. The reason 
for this is very often the difference of 'texture' of the solid--dimensions of 
crystals, their defects, etc. If the solid monomer possesses a transition point, 
there is in addition the further difference of 'annealing'. In such crystals 
which are rapidly cooled below the transition point the high temperature 
phase is sometimes 'frozen' at the low temperature. During heating this 
'frozen' phase first changes to the 'low temperature' phase and then the 
whole crystal undergoes transition to the 'high temperature' phase at the 
transition point. In the absence of sufficient annealing, the rate and even 
the course of the reaction depend on the rates of cooling and crystallization 
which are difficult to control. 

Let us now consider these questions in greater detail. 

(a) Influence of size and 'quality' of crystals 
The role of defects is a double one: (0 It is known from other evidence ~2 

that the number of 'frozen' radicals depends on the 'quality' of the crystal. 
The slower the crystallization, i.e. the smaller the number of defects, the 
smaller is the number of radicals which escape immediate recombination (in 
the 'cage') and hence the smaller the number of centres capable of initia- 
ting polymerization. 

(ii) It is reasonable to assume that in certain cases at least, the defects 
and the edges of the crystals stop polymerization. In other cases, by 
contrast, the defects (dislocations) favour the mobility of monomer 
molecules and hence accelerate the polymerization. 

An increase of the rate of polymerization in large crystals has been 
observed, for example, by Chachaty s~ for acetaldehyde, by Okamura and 
Hayashi ~3 for trioxan, by the same authors and by Chapiro and Penczek es 
for bis-chloromethyl-3,3-oxetane. It does not result from the increase in the 
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number of initiating centres since it corresponds exactly to the increase in 
average molecular weight. 

By contrast, the rate of post-polymerization is smaller in large mono- 
crystals of acrylamide than in small crystals ~, although this result is not 
confirmed 29. 

(b) Effects of impurities 
Crystal defects can also be introduced by the addition of impurities if 

these form a mixed crystal with the monomer. In other cases, the impurities 
are occluded in the crystal and produce a plasticization, that is to say that 
they act in the same way as an increase in temperature. The effect of 
impurities is therefore very complex and may depend on their concentration: 
thus, the addition of increasing quantities of benzene to vinylcarbazole 
produces first a diminution and then an increase in the rate of polymeriza- 
tionlL The addition of propionamide to acrylamide (the only case where 
the formation of mixed crystals with an impurity has been well established) 
increases the rate of polymerization, which corresponds to the accelerating 
role of defects for this particular polymerization; but it decreases the 
molecular weight probably by a transfer reaction ~. It is similar for the addi- 
tion of ferric chloride to hexadecene~L As previously mentioned, methyl- 
methacrylate only polymerizes in the presence of liquid paraffin with 
which it forms a glass. 

If, on the other hand, a very regular structure is necessary in order that 
the reaction should proceed rapidly, the introduction of 'syncrystallizable' 
impurities results in a decrease in the rate of polymerization. This is so for 
mixed crystals of fl-propiolactone with ketene and 3,-butyrolactone~L 

In other cases, the effect of the additive depends on its nature, but since 
it is known neither if there is effective formation of mixed crystals, nor if 
the dimensions of the crystal are altered, any discussion would appear 
to be" premature. 

(c) Effect o[ polymer already tormed. Conversion limit 
We are sure of one 'impurity' which is present in the interior of the 

crystal: this is the polymer already formed. The presence of polymer can 
therefore influence the rate of polymerization. Actually, except for 
acrylamide where a conversion of 10~) per cent has been achieved e~, 
conversion in the solid state is never complete. While for certain monomers 
(vinyl carbazole 15, formaldehyde 3~, acetaldehyde "~, trioxan 5~, 2,4-dimethyl- 
styrene 1~) the conversion limit is of the order of 50 per cent, for others it 
is appreciably lower: 15 per cent for /3-propiolactone ~" and bis-chloro- 
methyl-3,3-oxetane, 5 per cent for styrene and 11 per cent for acrylonitrile 
irradiated ~7 at -196°C.  Even so for the last monomer, a very brutal 
quenching (microcrystals?) enables this limit to be exceeded three or four 
times 15 and an increase in the temperature of irradiation to - 9 0 ° C  enables 
it to reach 22 per cent. 

What causes this limitation on conversion? Several factors would appear 
to play a part. In certain eases (trioxan ~ and acetaldehyde ~) the existence 
of the conversion limit would appear to result from radiolytic degradation 
of the polymer formed. 
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Table 5. Maximum degree of conversion 

Monomer  T°C % 

Acrylamide 
Vinyl carbazole 
2-4-Dimethylstyrene 
Formaldehyde 

Acetaldehyde 

Trioxan 
fl-Propiolactone 
Diketene 
3,3-Bis-(chloromethyl)- 

oxetanet 

Acrylonitrile 

Styrene 

27 
20 

--78 
196 

--131 
--196 
--131 

+55 

--78 
--78 
+11"2 

- -  1 9 6  

--196 
--90 
--78 

100 
50 
60 
45 
23 
604 
20t 
35* 
50t 
15.5 
11 
155 
711 
4'4 

1 1 " 0 4  
22'0 
5(?~ 

*During irradiation. 
?During post-polymerization. 
SLarge crystals. 
[[Small crystals. 
l[lncluding post-effect. 

In other cases, the influence of the polymer already formed on the rate 
of polymerization appears to result from the perturbation of the crystal of 
monomer by the included polymer. The mechanism of these perturbations 
and their consequences can be very diverse. 

With acrylamide, where it is known that polymerization takes place at 
the boundary between the crystalline phase and the amorphous polym- 
erized phase ~, the presence of polymer can only accelerate the 
polymerization which can reach 100 per cent. Such an acceleration has 
been actually observed ~5. It is probable that the situation may be the same 
for vinyl carbazole 15 and for 2,4-dimethylstyreneaL The influence of the 
polymer formed is thus analogous to that of additives forming mixed 
crystals with these monomers. 

The situation is the reverse if the polymerization propagates along 
certain preferred planes, i.e. if the polymer is stereoscopic. In this case, the 
presence of increasing quantities of polymer must lead first to a decrease 
in the molecular weight and then to a stopping of the polymerization. It is 
probably this which occurs for polyacrylonitrile formed at a low 
temperature. Although for this polymer the proof of syndiotacticity can only 
be indirect: in fact Tabata and Sobue ~7 showed that the number of 
C ~ N - - C  linkages formed on heating the polymer, all other conditions 
being equal, was greater for the polymer formed in the solid state than for 
that polymerized in the liquid phase (however, see below). 

It should be pointed out that always, with acrylonitrile, when once a 
conversion limit has been reached, if the mixture of polymer and monomer 
is melted, refrozen and then irradiated, once again a certain amount of 
polymer is formed t2, 17. The reason for this appears to be, according to a 
suggestion of Chachaty ~ the insolubulity of polymer in the monomer. In 
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the molten state, the polymer separates and in reality a pure crystal of 
monomer is irradiated. By contrast, if the same experiment is carried out 
with formaldehyde or acetaldehyde, for the former the explosive reaction 
is suppressed and for the latter the polymerization is stopped. In these two 
cases no separation of polymer and monomer is observed on melting3L 

Finally for 3-propiolactone and bis-chloromethyl-3,3-0xetane, the 
polymer chains have a tendency to aggregate and squeeze out the remaining 
monomer whose crystal structure becomes less  perfect ~2. Very pertinent 
steric reasons have been put forward by Letort and Richard" .  

V I I .  S T E R E O S P E C I F I C I T Y  OF P O L Y M E R S  
One of the reasons which spurred on the study of polymerizations in the 
solid state was the hope that the crystalline structure would impose a stereo- 
specific structure on the polymers so formed. For a long time this hope 
turned out to be false. Polyacrylamide, polyacetaldehyde and several other 
acrylic polymers formed under these conditions were amorphous, and 
Adler ..... ~ and other workers 51 concluded that it was impossible to impose 
stereospecificity on a polymer using the crystalline lattice of the monomer. 
This opinion has proved to be too pessimistic. Morawetz 28 has reported that 
polymethacrylic acid produced in the solid state at 0°C and then methy- 
lated had a fourfold greater probability of having two successive centres of  
asymmetry than methylmethacrylate polymerized in the liquid phase. 

We have referred earlier to the results of Tabata and Sobue 67 concerning 
the syndiotacticity of polyacrylonitrile formed in the solid state. It should 
be added that these results are contested by other authorslL 

(a) (b) 

Figure/--X-ray diffraction diagrams of polydiketene : (a) from large crystalline 
state monomer at --78°C, (b) from sudden-cooled crystalline state 

monomer at --78°C 

The most spectacular results have been obtained by Okamura, Hayashi 
and Kitanishi 5~ on the polymers resulting from the solid state polymeriza- 
tion of certain cyclic monomers. For  3-propiolactone, diketene, bis- 
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Figure 2 

chloromethyl-3,3-oxetane and above all for trioxan, the melting points of 
the polymer obtained from large crystals of monomer were higher than 
those of polymers formed from microcrystals. An X-ray study showed that 
the crystalline structure was much better developed in the former. Figure 1, 
taken from the work of these authors, enables a comparison to be made 
between the X-ray diagrams of polydiketene prepared at - 78°C from large 
and small crystals of monomer. Poly-fl-propiolactone forms fibrils 
parallel to the longer axis of the crystal. 

(a) (b) 

Figure 3--X-ray diffraction diagrams of: (a) polytrioxan from large crystal- 
line state monomer at 30°C, (b) polyoxymethylene fibre stretched 

With polytrioxan, the fibres obtained are the same length as the single 
crystal of monomer (Figure 2) ~2. The crystallinity of these fibres is appreci- 
ably greater than that of fibres drawn from normal polyoxymethylene as 
can be seen from Figure 3, and the melting point is about 10 ° higher. 

V I I I .  C O N C L U S I O N  

We think we have shown that the study of polymerization in the solid state 
is only at the beginning. While the amount of experimental data is fairly 
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large, much information about, in particular, the crystal structure of 
monomers, the existence and significance of transition points, the formation 
of mixed crystals, the influence of different additives on the 'texture' of solid 
monomers, etc. is lacking. The absence of this information makes it 
impossible to coordinate the data logically or even to classify it simply. 
All that one can say is that probably two modes of polymerization are 
involved, the one requiring an appreciable activation energy, and the 
other little or none, but a perfect pre-arrangement of molecules. 

Meanwhile one can say, especially after the spectacular success reported 
by the Japanese workers, that this field of research opens new and exciting 
possibilities, in particular in the subject which interests us at this 
Congress--since, for the first time the hope appears of being able to produce 
textile fibres in a single operation. 

Laboratoire de Chimie Physique, 
I1 Rue Pierre Curie, 

Paris V', France 

DISCUSSION 

Dr C. H. Bamlord (U.K.): I should like to make some remarks about the 
polymerization of acrylic and methacrylic acids initiated by ultra-violet 
light. Professor Magat has referred to this briefly. The work is essentially 
a study of the polymerization of single crystals of these substances and it 
has been done by Dr Ward, Dr Eastmond and myself i,n our laboratories. 
The most interesting and striking phenomenon is the effect of pressure on 
these reactions. If one applies to the crystals quite a small stress such as 
may be obtained by squeezing them between quartz plates, the pressure 
being of the order of five atmospheres (which is very small) the photo- 
chemical polymerization may be slowed down very considerably. This is so 
at al~out 10 ° below the melting point of the acid; on removing the pressure, 
reaction may start again, either after an induction period, or directly. This is 
not only true of the direct photochemical reaction but also of the after-effect 
which occurs with methacrylic acid. Pressure is applied and the light 
turned off at the same moment; there is then no development of the normal 
after-effect, but on removing the pressure the after-effect starts. Obviously 
pressure has a large effect and the reaction is very structure-sensitive- 

We believe that the results can be interpreted in terms of dislocations in 
the crystal and the movement of dislocations under the influence of stress. 
I t  is known that in some types of crystal, dislocations can be quite mobile 
under comparatively low stresses. We have to make some assumptions about 
the interactions of polymer molecules and dislocations. Dislocations 
appear to present particularly favourable sites for polymerization; they move 
away from the growing chains on the application of stress, so the reaction 
is retarded. 

The second point about this kind of technique is that it provides a useful 
tool for investigating solid ,state polymerizations. As Professor Magat 
implied, one has the feeling that there are not many experimental variables 
to play with in this kind of work, and it is useful to have an additional one. 
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In the absence of pressure, the conversion/time curves are of the type 
often encountered in solid state reactions. There is a short induction period 
at the beginning followed b y  a gradually accelerating reaction. Finally the 
reaction slows down as 100 per cent conversion is reached. In this type of 
system one can hardly talk about orders of reaction or energies of activation 
in the absence of a complete kinetic analysis, which we have not been able 
to obtain. It seems likely that these polymerizations fall into Professor 
Magat's first group, and we believe that they can be explained in terms of 
comparatively well-understood solid state phenomena together with the idea 
of occlusion taken over from the liquid state, without having to invoke any 
special concepts about solid state polymerization. 

Dr J. Corbiere (France): You have just said that polymerization 
processes other than radical processes are not known in some cases in the 
liquid state and that therefore in these systems polymerization in the solid 
state must also be a radical process. But I think that this reasoning is open 
to criticism since you have indicated certain instances of substances which 
are not known to polymerize in the liquid state by any process but which 
polymerize in the solid state. 

You have not spoken of the degree of polymerization which is extremely 
important, especially for us in the textile industry. Have you some informa- 
tion on this subject, particularly for acrylonitrile which you seem to have 
studied particularly? 

Professor M. Magat (France): I did not mean to imply that all poly- 
merizations in the solid state take place by a radical process. I said that in 
the case where there is a single known mechanism in the liquid state it is 
probably the same mechanism as that in the solid state. Now, there are 
monomers which we have not been able to polymerize in the liquid state. 
This applies to acetone, chloracetone, bromoacetone, etc. The reason is very 
simple : they form unstable polymers which decompose at ambient or even 
lower temperatures. If they are polymerized in the solid state, this is done at 
a very low temperature and a polymer is obtained which cannot be 
obtained from a liquid if an appreciably higher temperature is used. This is 
one of the reasons why certain polymerizations have been observed only 
in the solid state. Another explanation, by Kargin, is based on thermo- 
dynamics but I do notwish to dwell on this point here. 

The second question concerns acrylonitrile, trioxan, formaldehyde and 
acetaldehyde. The molecular weights obtained from polymerizations in the 
solid state are fairly high, at least as high as if the polymerization were done 
in the liquid state. With styrene, on the contrary, molecular weights are 
appreciably lower and are in the neighbourhood of those observed in the 
ionic polymerization o f  styrene. 

As far as Dr Bamford's results are concerned, this is a very interesting 
contribution; evidently all the variables which one can introduce can help 
in understanding these things. 

Now, I would emphasize a general difficulty which we meet in this field. 
With rare exceptions the crystal structures of the monomers are not known. 
Those of acetaldehyde, diketene and acrylamide have been worked out 
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and acrylonitrile is being studied. In many cases we do not know whether 
the solid monomers havo transition points; we do not know what kind of 
defects and diffusion mechanisms are involved. To enable us to proceed 
further and to predict to some extent the cases in which one can polymerize 
in the solid state, it will be necessary to have all this information. 

ProJessor M. Baccaredda (Italy): Do you believe that there is a close 
relation between the conditions for polymerization in the solid state and 
between the crystalline structures of the monomer and of the polymer? 

Prolessor M. Magat (France): Are we concerned with the possibility of 
polymerization or with the product obtained? 

ProJessor M. Baccaredda (Italy): With the possibility of polymerization. 

Professor M. Magat (France): There is probably a correlation in cases 
where a stereoscopic polymer is obtained, but not in cases like acrylamide 
or vinyl carbazole where, obviously, a large activation energy is needed and 
where any molecule in the neighbourhood of the reacting centre of the end 
of the growing chain can add on. I think that the exact structure is of 
secondary importance, the distance between the double bonds being the 
only important factor. 

Professor D. C. Pepper (Eire): I have two questions I should like to ask 
the lecturer. One is a qualitative one. All the examples referred to quoted 
initiation within the crystal through the influence of radiation; are there any 
examples of initiation of a reaction within the crystal but from the surface, 
say from a dissolved initiator outside the crystal? 

The other queston is: a number of activation energies were quoted for 
the propagation reaction. Could we know how these are derived? One can 
presumably get an overall activation energy but how does one separate out 
the propagation reaction? 

Professor M. Magat (France) : I will take the last question first. The only 
propagation activation energy I have given is the one for formaldehyde, 
which was deduced assuming that the explosion which occurs in formalde- 
hyde on irradiation at low temperatures can be explained by Semenoff's 
theory of thermal explosions, which seems to be so. In this case, it is possible 
to calculate the activation energy of propagation. 

In other cases, I have given only the overall activation energy, but since 
the activation energy for the initiation is nil, this overall energy is the 
difference between the activation energy of propagation and of termination. 

Professor D. C. Pepper (Eire) : Is it not possible to get what might be called 
a pseudo-activation energy for initiation in that the efficiency of the 
absorption processes is temperature dependent? 

Professor M. Magat (France): No, the absorption processes are at least 
in first approximation temperature independent. 
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Concerning the utilization of other means of initiation than radiation, I 
could not quote all the results, of course, but you will find some in the 
printed paper. 

Polymerization in the solid state was initiated photochemically by 
Bamford and co-workers, by ionic catalysts by Professor Kern, by 
mechanical means in Russia; also in Russia, Kargin and co-workers 
deposited on a glass wall a film of some metals (or salts) which they covered 
by a film of monomer, presumably in a glassy state. On warming, but still 
far below the molting point of the monomer, polymerization occurs. 

Dr G. C. Eastmond (U.K.): With regard to the temperature dependence 
of initiation we have found that the production of radicals from crystalline 
methacrylic acid by ultraviolet light is very temperature dependent. This 
might suggest that there is some temperature dependence on photo- 
initiation in this case. 

Pro[essor M. Magat (France) : If I had another hour I coud tell you that 
the situation is even more complicated even for our gamma radiations. Tile 
presence of defects plays a very important role in the concentration of 
trapped radicals. If one irradiates, for instance, cyclohexane rapidly cooled 
to -196°C one obtains very irreproducible radical concentrations between 
two and four per 100eV. If the crystal is annealed below its transition tem- 
per/ature one obtains a fairly reproducible radical concentration of 1 "2 to 1"4 
radicals per 100eV. Defects thus play a double role; on the one hand 
they increase the number of possible reactive species, but on the other hand 
they may favour or disfavour the propagation. Close to the melting point the 
number of defects increases very rapidly with temperature. What the 
contribution of this is to the overall activation energy, I do not know. 

Protessor M. Letort (France): I wish to call attention to a point which 
appears to us very important in reactions in the solid state. I refer specific- 
ally to the formation of polyacetaldehyde by fusion of the crystal. We have 
shown that it is really on fusion of the crystal that this polymer is formed. 
We have examined the crystallography, the crystalline structure of the 
monomer in order to explain, independently of thermodynamic reasons, the 
great ease of reaction during melting of the crystal. We have found the pre- 
formed macromolecule, so to speak, in the crystal; that is to say the 
monomer molecules need only small displacements with respect to each 
other to form polymer-like chains in the crystal. 

This suggests that the polarity of the molecule may be greater in the 
crystal than in the liquid or gaseous state, but we cannot be certain of this, 
for we are at the limit of experimental accuracy. 

I present these suggestions for discussion. 

Dr R. Mahommed (U.K.): One of the most striking things about trioxan 
is that the crystals are extremely flexible and you can almost bend them 
double without their snapping. We have heard Dr Bamford's remarks 
about the effects of pressure on acrylic acid. I wonder whether anything 
has been done on the effect of the sort of yields that you had in the final 
slide of polymerizing trioxan under extreme degree of strain. 
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Prolessor M. Magat (France) : Not so far as I know. 

Dr A. Parisot (France): Has the solid state polymerization of glucose 
crystals been tried? 

Protessor M. Magat (France): I believe not. Glucose would probably 
be destroyed under polymerization conditions. 

ProJessor R. Hosemann (Germany): In this account of Dr Bamford's, 
the great influence of pressure on the things which happen is in very nice 
agreement with our observations on high polymers. With polyethylene, 
pressing it only with a very small force, we were able to prove that wide 
dislocations totally disappear in atomic dimensions. I would propose, 
following what Professor Magat said, that there must be possibilities for 
more precise electron density distribution measurements and for finding 
the texture and the crystallinity of such mono-crystals. We have nice new 
methods and many things could be done. 

Professor W. Kern (Germany): May I add a few words at the end of 
the discussion about the polymerization of trioxan. One of the differences 
between the polymerization of trioxan at normal temperatures with 
cationic initiators and polymerization at very low temperatures in the 
solid state is the great discrepancy in molecular weight. One obtains 
relatively low molecular weights on polymerizing trioxan at normal 
temperatures, if no special care is taken, while Professor Magat has stated 
that very high molecular weights are obtained by radiation polymeriza- 
tion at very low temperatures. 

This question has greatly interested us, and we have undertaken 
research in recent years to find out how it might be explained. 

Cationic polymerization of trioxan at normal temperatures is extra- 
ordinarily sensitive to traces of water. When traces of water are excluded, 
one obtains molecular woights of 200 000 to 300 000 from dissolved 
trioxan at normal temperatures, that is to say very high molecular 
weights. 

I suspect--and would like Professor Magat's opinion on this--that 
low temperature polymerization of trioxan, in the crystalline state, gives 
such a high molecular weight because water does not crystallize out with 
the trioxan, i.e. that it is a particularly highly purified trioxan which 
Professor Magat has polymerized. I grant, of course, that it has not yet 
been shown that this polymerization is cationic at low temperatures. 

Professor M. Magat (France): I am very sorry, I cannot answer the 
questions completely. In the first place I have never personally worked on 
trioxan. Secondly, the polymerization of trioxan takes place rather rapidly 
in a temperature range of only 35 ° to 50°C. At lower temperatures it does 
not occur. 

I know that the influence of water on radiation polymerization has been 
examined in different places, with results which are apparently rather 
contradictory, but very little has been pubished. 
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The Molecular Properties of Polymers 
S. CLmSSON 

The molecular properties of polymer molecules in solution are discussed 
briefly. The dimensions of chain molecules and the importance of chain 
stiffness and internal viscosity are mentioned and different ways o/ measuring 
these properties are reviewed. Because of the importance of sharp fractions 
for measurement some recently developed fractionation procedures are also 
included in the discussion. The effect of charge on the molecular dimensions 
of polyelectrolytes and the use of that property for transforming chemical 
into mechanical energy by means oJ Kuhn's synthetic muscle are mentioned 
finally as a typical ma'cromolecular property not to be found among small 

molecules. 

THE study of the properties of individual polymer molecules in solution 
has always been a challenge to the physical chemist because of its funda- 
mental importance for the understanding of molecular behaviour in general 
and because of its application to the thermodynamics of solutions. It has 
of course also been extremely important for the understanding of the 
properties of polymers in general and the volume of work in this field 
has therefore increased rapidly with the enormous development of polymer 
technology. Even now, the work on molecular properties is small in com- 
parison with the fantastic amount of work being done on the synthesis 
of new polymers and on the study of their properties as solids and fibres. 
The general interest in molecular properties down to the smallest details 
is, however, increasing very rapidly--an obvious fact, if one looks in any 
modern journal of polymer chemistry. 

Iri fact I think that we are now in a state of rapid transition, when the 
more classical description of chain molecules based on the fundamental 
work of Staudinger, Meyer, Kuhn, Huggins, Flory, Debye, Mark, and 
many, many others will still remain the solid ground but when new and 
extremely detailed information of quite new types is being added at an 
increasing rate. 

The reason for this is twofold. First the now classical treatment of chain 
molecules has reached such a degree of completion and perfection that new 
approaches are necessary for further progress. Secondly and perhaps even 
more relevant the polymers of today are so highly sophisticated that an 
extremely detailed knowledge is necessary in order to understand their 
behaviour completely. Of particular importance in this connection has been 
the studies of tacticity by Natta, Ziegler and many others. That has required 
completely new approaches to the old problem of polymer conformation 
or shape. 

It is also interesting to note how rapidly the methods developed in other 
branches of chemistry for a study of conformation are now being assimilated 

This pal~..x was presemed at a Polymer Science Conference, held in conitanction with the S~eond World 
Comlreas of Man-made Fibres, at the Connaught Rooms, Holborn, London W.C.2,  2rid and 3rd 
May 1962. 
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by the polymer chemists. This is particularly evident for methods which 
have earlier been used in protein chemistry. 

The classical model for a polymer is the statistical chain molecule 
(Figure 1). One of the first and basic problems here was the calculation of 

Figure 1--A statistical chain molecule 

the chain dimensions, for instance the end-to-end distance for different 
types of chain behaviour. A typical example of our knowledge in such 
classical areas can be mentioned. The end-to-end distance of a freely 
jointed chain consisting of beads of (excluded) volume, v, has been calcu- 
lated long ago for two and three dimensions which have physical reality 
corresponding to the shape when the chain is lying flat on a surface or 
moving around in a solution. Let I be the r.m.s, link length and t the nurober 
of links. But it has also been calculated exactly for four and five dimensk,ns 
and approximate expressions are known for higher numbers of dimensions. 
[equations (1) to (5), after yon Frankenberg and HughesX]. 

q-dimensional excluded volume in random flight chains 

(r~> =t/2 [1 + (v/2~) ( t i P ) ]  

<r~> = t l  2 [1 + (2/~) (3/2~)i (v#//3)] 

( r ] )  = tl  2 [1 + (3/2~)t (2/~) 2 (v In t / P ) ]  

<r~> =t/= [1 + (5/2~) ~/z (4/~) (v/tO] 
<r~> = tl 2 [1 + 0 (t-0] 

t~ >> 1 (1) 

t~ >> 1 (2) 

In t >), 1 (3) 

# >), 1 (4) 

a > O , q ~ 6 ,  #>~1 (5) 

That does not mean, however, that all is finalized in these classical areas. 
In particular, the experimental accuracy still leaves much to be desired and 
is frequently much lower than expected by most people. A typical example 
is the following. 

One of the most useful parameters in polymer chemistry is the intrinsic 
viscosity introduced by Staudinger long ago (Figure 2). It is closely related 
to the dimensions of the polymer chain. It is easily measured and the 
Staudinger relation ([~] =K.M') is used both as a convenient measure of 
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molecular weights and as an estimate of chain dimensions as the exponent 
:~ increases with increasing chain extensions. Last year two very extensive 
and thorough investigations on the viscosity of cellulose in the new and 
useful solvent cadoxen (cadmium ethylenediamine hydroxide) were pub- 
lished. The values of ~ reported were very different indeed, one gave the 
value 1-00 the other the value 0-77. This discrepancy is certainly not due to 
errors in the viscosity measurements but due to uncertainties in the molecular 
weights of the samples used. 

This brings up one of the main difficulties in much polymer research, 
the difficulty of getting sharp fractions for the measurements. As is well 
known most polymer samples have a fairly broad distribution in molecular 
weights (Figure 3). Therefore, only average molecular weights can be 
determined and different averages will be obtained with different methods. 

r( -rio 

[~].--K.M ~ 

Figure 2--Intrinsic viscosity 

c 

It is customary to determine the weight average and the number average 
for a sample and use their ratio as a measure of heterogeneity. This ratio 
should be unity for a perfectly sharp fraction; it is two for the distribution 
obtained by random degradation of an infinitely long chain. The possibility 
of obtaining sharp fractions has improved tremendously in recent years. 
It can be shown that by the use of anionic polymerization and 'living' 
polymers, a Poisson distribution of molecular weights can be obtained 2'3. 
Such distributions are for all practical purposes completely monodispersed 
and values for M~/M, as low as 1'02 have been reported. It must be 
remembered, however, that a low value of Mw/M, does not guarantee that 

dc MW:l 
Mn 

/ ~  Mw =2 

Mn M. M 

Figure 3--Broad distribution of 
molecular weights 
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the sample is particularly sharp (Figure 4). For instance a sample consisting 
of equal parts by weight of three fractions of molecular weights of 400 000, 
500000 and 600 000 will have a value for Mw/M,= 1"03. Furthermore, the 
present limitations in experimental accuracy for molecular weight deter- 
minations make it rather difficult to determine Mw/Mn with precision when 
their difference is only a few per cent. 

There is no doubt, however, that the possibility of synthesizing sharp 
polymer fractions gives us quite new means for studying small changes in 
configuration between different types of polymers, e.g, between linear and 
branched polymers. Such work is now in progress in many places. The 
preparation of such samples is, however, far from being easy, rigorous 
purity of all reagents must be maintained during the polymerization process. 
Even trace impurities will destroy the distribution completely, especially at 
higher molecular weights. 

Mw = 1.03 
Mn 

4 6 M~IO "s 

Figure 4--Mw/Mn for mixture 
of fractions 

Frequently, however, the possibility of using that kind of preparation 
does not exist and then there is an urgent need for effective fractionation 
procedures. Here effort has been great but progress rather limited during 
recent years and only a few cases deserve mentioning. 

Polymers which can be handled above their crystallization temperature 
like polyethylenes have been fractionated quite successfully by modifications 
of the original Desreux technique'. The sample is precipitated on to a 
powdered support and extracted successively with a solvent while raising 
the temperature. Some typical curves ~ are shown in Figure 5. For materials 
which crystallize the method is much less successful. 

100 ~......1 ;~ 3 

~ p l e  A, low polydisperslty 
[ / /  Curve 2= sample B. intermediate polydispersity 

20 r / /  Curve3= sample C. high polydlspersity 

I I  
rl I I I I I 

0 1.0 2,0 3'0 4.0 50 
(RSV)f (RSV) o 

Figure 5--Normalized distribution curves for linear poly- 
ethylenes of varying degrees of polydispersity 
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Another column method of promise, particularly for smaller molecules 
(obtained for instance in degradation studies) is gel filtration. If a solution 
is passed through a column packed with small swollen gel particles, big 
molecules are excluded from the gel and emerge without retardation while 
smaller molecules which can diffuse into the gel particles move more slowly 
through the column. With increasing molecular weight the procedure 
becomes progressively more difficult but for moderate molecular weights 
it is still quite usefuP. 

,~ 16"0 
m 
E 14-0 

12"0 

10"0 

8.0 

6"0 

4'0 

20 
,_F 

2O0 

L 
F 

, 

' ~  tJ  
i i 
I r 

" I B  

400 600 800 1000 
ml 

Figure 6--Gel filtration of a 
mixture of two dextran 
samples. The dotted lines are 

for the individual samples 

The more widespread use of the well-known density gradient column 
will also certainly lead to much new information. It is very simple but also 
extremely sensitive. It can be used both for particles and for molecules 
(in the latter case the gradient is used in an ultracentrifuge) (Figure 7). They 
will come to rest at a level where the density of the column is the same 
as their own density. In this way it is for instance quite simple to distinguish 
between copolymers of different composition, or between linear and 
branched polymers and even between sodium chloride crystals with and 

)O00C 

K X X X  

I Figure 7--Particles of different density 
sedimenting in a density gradient will come 

to rest at different levels 

= e  
without F centres (Figure 8). Meselson, Stahl and Vinograd have separated 
deoxyribonucleic acid containing 14N and I~N in this wayL 

However, there is no doubt that there is still room for new and better 
separation methods in polymer chemistry which can be used preparatively 
or for determinations of molecular weight distributions. 

Most physical methods developed for such purposes have been only 
moderately successful (ultracentrifugation, electrophoresis, adsorption 
chromatography, etc.). The reason is that they all depend on a variation 
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in mobility or frictional factor with molecular weight. However; the mobility 
also varies strongly with concentration and that leads in turn to very large 
changes in relative concentration during the separation process (Figure 9). 

Heat- ~ ~ Heat- 
denatured / ~ / I I ~k ldNnDIN7 

Density 
Figure 8--Separation of DNA containing 14N and 
15N by ultracentrifugation in a density gradient 

These effects are usually called Johnston-Ogston effects in sedimentation, 
adsorption displacement in frontal analysis chromatography and boundary 
anomalies in electrophoresis. They are often quite large and difficult to 
correct for theoretically except when the experiments can be performed at 
such low concentrations that the effects become negligible. The same diffi- 

Figure 9---Concentration dependent 
sedimentation will lead to concentra- 
tion jumps of all components occur- 

ring at a boundary 

culties prevail also in equilibrium methods due to the large deviations from 
ideal thermodynamic behaviour for polymer solutions. However, some 
preliminary experiments in our laboratory and also in Mainz 8 seem to 
indicate that the free boundary thermal diffusion may sometimes be used 
with advantage (Figure 10). 

30oC 

I0oc 

30oC 

- - r r ~  

lo*c 

Figure lO--In a solution in 
a temperature gradient mole- 
cules of different weights 
will move with different 
rates towards the cold 

bottom of the cell 

The use of physical methods for measuring frictional factors is, however, 
of very great importance for the determination of molecular dimensions. 
One can then use either the translational or the rotational friction factor 
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(Figure 11). Almost all our knowledge of molecular dimensions in solution 
is in fact based on deductions from these two frictional factors plus infor- 
mation from light scattering data, In general one may say that the agree- 
ment between data obtained by these three methods is fairly good as long 
as one is primarily interested in the main dimensions of the molecules. 

If we now look at a chain molecule more in detail it is obvious that a 
chain of limited flexibility or whose links have restricted mobility will have 
larger extensions than a freely jointed chain of the same linear dimension. 
It is customary to describe this situation in a way originally developed by 
Kuhn (Figure 12). The real molecule is approximated by a chain of the 
same length but consisting of longer chain elements which are freely jointed. 
The length of these Kuhn chain elements will obviously increase with 
increasing stiffness of the real molecule. It can also be seen from Table 1. 

In a more detailed discussion of these phenomena it is obviously necessary 
to distinguish between the extension of a molecule and its rigidity. A mole- 
cule can be extended due to valence angle restrictions and still be quite 

f 

Figure / / - - R o t a t i o n  and translation of a molecule 

flexible. We are thus directly led to a concept which has been called the 
internal viscosity of the molecule by Kuhn. It is a measure of the way a 
molecule will respond to forces which tend to deform it. Studies of such 
moleoular properties have become ~nereasingly important during recent years. 
Much pioneering work in this field has been done by Sadron and his co- 
workers Cerf, Benoit and others in Strasbourg. 

The internal viscosity will influence many different kinds of measure- 

r \ 

J • \ 

Figure 12--I l lus t ra t ion of  
the K u h n  statistical chain 

element 
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merits but it is particularly predominant when the molecule is brought to  
rotate and deform in a solution subject to shearing forces. This happens 
when one measures the viscosity of a polymer solution for instance in a 

Table 1. Length of the Kuhn chain element (in AngstrOm units) for various 
molecules of different stiffness 

Polymer Solvent A m 

Polystyrene Benzene 33 
Cellulose Cadoxen 70 
Cellulose acetate Acetone 114 
Cellulose trinitrate Acetone 193 
Hydroxyethyl cellulose. Water 182 

capillary viscometer (Figure 13). If  the rate of flow through the capillary 
is increased the deforming forces on the molecule will increase and at the 
same time the relative importance of the interaction between the molecules 
will decrease. This will show up in two ways, the viscosity will decrease and 

Figure 13--A flexible molecule in a velocity gradient 

the concentration dependence of the viscosity will also decrease. In fact, 
as seen from Figure 14, the concentration dependence disappears even 
before the viscosity reaches its minimum valuC. This type of behaviour 
has also been predicted by Simha in his theoretical studies of such effects. 
It should here be observed that a molecule will be more easily deformed 
if the viscosity of the solvent is high. At the present time, however, no 
adequate theory covers this effect satisfactorily which is seen from Figure 15. 

This so-called non-Newtonian behaviour of the viscosity of polymer 
molecules in solution will certainly continue to be of very great interest for 
a long time as it is strongly dependent both on the extension of the polymer 
chains and their internal viscosity. Moreover, the striking difference in 
behaviour between rigid particles and flexible chains offers new means for 
studying conformational changes of macromolecules in solution. At present 
the theories for non-Newtonian behaviour are in a stage of rapid develop- 
ment. 

To get more insight into these phenomena it is highly desirable to study 
the rotation of the molecules directly. That has led to renewed and increased 
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sqc-1 
20000 / o /  0 

°/° 

o /  ° . . . . . . / - - z o o  
e / = ......~Q .....,Q / -- 600 

1000(: ~ ® .......- ® .-.--'-" ® -- ® ""~ 1000 
- _~ ,® ®--0 1600 

.1500 
20000 ///40000 

_ _ _ _ _ _ -  o -- o ~ o .  o__?- ~ ao oo0 
" ---------- ~ 120000 

I I 

0 5 10 

c g /mr  x 105 

Figure /4--Reduced viscosity measured at various velocity 
gradients for a high molecular cellulose nitrate (DP~,10) 4 

interest in the rotational properties of macromolecules. There are several 
ways in which they can be studied directly. 

One of these goes back to Perrin. If the molecule contains chemical 
groups which can fluoresce, that is re-emit absorbed light after a very short 
(and known! ) time interval, the depolarization of the fluorescence gives 
information about the rotation. This method has been used extensively by 

1 0 ~  

0 -  

0.8 Polymer so l ven t  MxlO 5 
• CTN DEA 3"6 

o CTN EtAc 3'6 

oCTN DEA 0"36 

QCTN EtAc 0'36 

• PSn Tot 8'2 
• NaCMC 0"20M n.9 

N a C  t - - 
• N a C M C  H20 0"2 

o 2 4 .6 

Figure 15--The relative intrinsic viscosity versus velocity gradient 
relationship for molecules of different internal viscosity (cellulose 
trinitrate, polystyrene and sodium carboxymethyl cellulose in diethyl 
adipate, ethyl acetate, toluene and water plus salt): P is theoretical 

curve according to Peterlin : the values are plotted against 
fl = ~/o[~/] " M "  q / R T  
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Figure 16--The depolariza- 
tion of fluorescence for 
polyethylene-imine combined 
with 1 - dimethylamino- 
naphthalene-5-sulphonic acid 
chloride as a function of 

temperature/viscosity 

Weber in Sheffield for proteins and by the Strasbourg school for polymers. 
It is now getting widespread use 1°'11 (Figures 16 and 17). 

Another method is based upon orientation of the macromolecules in an 
electric field. The disappearance of the orientation due to the rotary motion 
of the molecules is followed by measuring the birefringence of the system. 
The theory for this kind of dynamic double refraction was developed by 
Peterlin and Stuart for the case of a sinusoidally varying field and later 

6"5 

6"0 

5'5 

5"0 

4'5 

Figure 17--Depolarization of 
fluorescence for fumarase com- 
bined with s~abstrate showing 

transition point 
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50 150 250 350 450 550 

Benoit, Tinoco and O'Konski have considered the birefringence produced 
by rectangular pulses on dilute solutions of rigid macromolecules. From 
such measurements the dipole moment as well as the rotary diffusion 
coefficient can be determined. Unlike values obtained from hydrodynamic 
experiments the rotary diffusion coefficients do not depend upon explicit 
assumptions about the  shape of an asymmetric molecule. Tab le  2 gives 
some typical values for the rotary diffusion coefficient of poly-~-benzyl-r~- 

Table 2. Rotary diffusion coefficient of poly--/-benzyl-L-glutamate, mol. wt 350000, 
as a function of concentration 

c (g/l.) 3"75 . 1 "35 0"50 0" 15 (0) 
0 sec -x 280 700 820 1010 (980) 
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glutamate of molecular weight 350 000. This molecule is rodlike and the 
rotary diffusion coefficient is highly concentration dependent indicating 
large interaction among the long dipolar rods. For a stiff rod the length 
can be calculated from the value at infinite dilution. It becomes 2 700 A. 
From light scattering a corresponding value of 2 000 A has been obtained. 
This might indicate a slight flexibility of the molecule as that would lower 
the rotary diffusion coefficient. 

There is no doubt that the increasing use of methods for the study of 
molecular rotation will lead to much deeper understanding of the properties 
of polymer molecules, both their shape and their internal viscosity. 

Another method for a similar purpose is the study of light scattering of 
solutions under shear. As light scattering is a very powerful method for 
the study of molecular configurations such a procedure is highly attractive. 
Pioneering work has been done by Heller. Unfortunately the method is 
subject to great experimental difficulties but when they have been over- 
come it will certainly be extremely useful. 

A completely different way of studying small changes in molecular 
conformation is the use of optical rotatory dispersion or the variation in 
optical activity with wavelength. It has proved very useful for proteins and 
polypeptides and an excellent review article has recently been published by 
Urnes and Doty a~. It has also been used with advantage for the study of 
tacticity by Pino in Italy and others. 

Figure 18 illustrates the large differences in optical rotation for polypeptide 
chains when they have a helical structure or when they are in the shape of 
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Figure 18--Optical rotatory dis- 
persion for polypeptide chains 
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random coils 1~. The rotations for the helieal forms are more positive than 
for the disordered forms. From theories developed by Moffit and others 
very valuable information can be obtained about the structure of the mole- 
cules from such data. It is also interesting to note that extremely small 
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changes in conformation can be observed by the use of optical rotation. 
Figure 19 is a typical example of this where one can follow the transition 
from random coil to helical configuration for polypeptide chains of different 
degrees of polymerization as the temperature of the solution is varied 
(Figure 19, after Z imm and Braggl"). In this particular case the helical 
structure is the stable one at higher temperatures. 
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Figure 19--Optical rotation 
as a function of temperature 

for polypeptide chains 

Lately Szent-Gyorgui, Kascha and P l a t P  started some interesting 
discussions as to how the properties of a molecule change with its size. 
For instance molecules which contain between 5 and 50 atoms have a 
number of properties which could not have been anticipated from a 
knowledge of diatomics and triatomics alone. Such properties are for 
instance optical rotation, internal conversion of excitation energy, and 
strong electronic absorption in the visible region. If one moves one step 
farther and asks similar questions about macromolecules the most obvious 
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) 

Figures 20 and 21--Polyelectrolyte molecules in solutions 
of different concentrations 
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new property is the large variation in size and shape with changes in the 
composition of the surrounding medium. This is well known in good and 
had solvents where there are large differences in chain dimensions. The 
effect is, however, most pronotmced in polyelectrolytes where a change 
in degree of ionization will cause very great changes in molecular dimen- 
sions. For a large polyeleetrolyte molecule at infinite dilution this effect is 
due to the electrostatic repulsion between'the charges (Figure 20). However, 
when the solution becomes more concentrated the swelling equilibrium 
which will be established is primarily due to the Donnan osmotic force, 
owing to the rather high ion concentration inside the molecule (Figure 21). 

In this connection it is therefore of great importance that Kuhn and 
co-workers 1~ have used this phenomenon to construct an artificial muscle, 
that is a means of producing mechanical energy from different forms of 
chemical energy with high polymer systems. One of the models they 
studied was a cross-laminated system of alternate layers of polyvinylalcohol 
(non-contractile) and polyacrylic acid (contractile) (Figure 22). For such a 
one-dimensional pH-sensitive system they have been able to prove thermo- 
dynamically and experimentally that the free chemical energy expended 

& 

Acidic 
Figure 22--Artificial muscle according to 

Kuhn 

Alkaline 

for a chemically induced stretching of the system is exactly equal to the 
mechanical energy associated with the contraction. The situation is 
analogous when the dimensions are changed by addition of ions such as 
Ca ~+ or Cu ~+ and also for redox systems such as polyvinylalcohol and 
polyallylalloxan where a redox change without change in ionization will 
cause a contraction. 

Finally, one could ask why make so many intricate measurements? 
Would it not be better to look at the molecules in an electron microscope? 
The answer is obvious; in the electron microscope we have to look at the 
molecules in a dry state. Ftmdamental information about molecular 
dimensions can be obtained but finer details in conformation and internal 
viscosity cannot be observed. It is not easy to make good electron micro- 
graphs of chain molecules as the thickness of the chain is not much greater 
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than the resolving power of the microscope. Recently, however, it has 
become possible to photograph individual chain molecules successfully if 
particular care is taken in the preparation of the specimen. Hall and Doty 
have obtained beautiful pictures of some polypeptides in this way and I 
will end by showing a photograph (Figure 23) of a cellulose molecule 

Figure 23--Electron micro- 
graph of a hydroxyethyl 
cellulose molecule. The big 
shadow to the left is from 
a polystyrene sphere outside 
the picture used for cali- 

bration 

(substituted with about one hydroxyethyl group per glucose unit) which has 
been obtained in my laboratory by Mr GellerstedtlL From such photo- 
graphs the length of the molecules can be measured with good accuracy 
and it is comforting to know that these values agree well (normally to 
better than ten per cent) with values obtained by the methods discussed 
earlier. 

Fysikalisk-Kemiska lnstitutionen, 
Uppsala Universitet, Sweden 

DISCUSSION 
Professor G. Gee (U.K.), Chairman: One of the problems which concerns 
us all a great deal, a preliminary one in a way, is that of fractionation, and 
I was interested in the comments which Professor Claesson made about the 
technique of filtration through a gel. I wonder if he has anything he would 
like to add to that. How far is the actual choice of the gel important? 
Have you any practical advice you can give us? 

Pro[essor S. Claesson (Sweden): I have not been working much in this 
area myself, but a lot of work is going on in Uppsala in this field, because 
the most common gel which you can get today for this purpose is a cross- 
linked dextran manufactured by Pharmacia. The trouble is that when you 
are going up in molecular weight, you must have fairly large meshes in 
your gel, and then your gel becomes very soft, and it may become a little 
difficult to work with, so I doubt if you can go up to very high molecular 
weight in this way. However, we have had very great success with this 
method in separating degradation products from big molecules. It is ideally 

484 



THE MOLECULAR PROPERTIES OF POLYMERS 

suited for that particular kind of work. Also, I think that this technique is 
better developed for water solutions at present than for organic samples. 
It has given excellent service in protein chemistry. 

Professor G. Gee (U.K.), Chairman: You presented it essentially as 
mainly a filtration technique, rather implying that there would be no 
interaction between the nature of the gel and the nature of the polymer. 
Is that borne out essentially? 

Professor S. Claesson (Sweden): It is to a reasonable extent. It has been 
found at least for smaller molecules, that you get approximately the result 
that can be calculated from the ratio between the volume of the full vessel 
and the interstitial volume. However, in some cases weak absorption forces 
are mixed in with gel filtration. 

Dr H. L. Vosters (Netherlands): You were asking for new methods. 
I wonder if you could get information from measuring the dielectric constant 
as a function of wavelength, for example, or temperature. Could Professor 
Claesson say something about that? 

Professor S, Claesson (Sweden): I think that that is a very useful tech- 
nique which has often been tried quite successfully, for example, by 
O'Konski and co-workers, when they have been looking for molecular 
motion. However, for a study of, say, molecular weight distribution, I think 
it would be much less successful. 

ProJessor F. Danusso (Italy): I think it would be interesting to mention 
here the concept of micro-molecular transitions. We have determined the 
density/temperature dependence for polystyrene solutions. The curve has 
a singular point. The precise form is not yet known on account of the 
high accuracy required in the density measurements. Benoit and his 
colleagues in Strasbourg have found a peak in the molecular dimensions 
of polystyrene in a similar temperature region (about 50°C). The same 
seen~s to be true for the second virial coefficient. I think it would be 
interesting in connection with these phenomena, to speak about a transition 
of the polymer in a molecularly dispersed phase. I think that these tran- 
sitions are different from helix coil transitions, being on a finer scale. 

ProJessor S. Claesson (Sweden): Yes, I agree with you that these effects 
are very important, and ! also agree that there are certainly transitions 
which are much less dramatic, for instance, than between a helical and a 
statistical coil. We have such a transition of course as a continuous one 
when we mix a good and a bad solvent or vice versa, but then it is 
happening slowly over an extended region. Here you have given some facts 
which tend to prove that you can also sometimes get such changes over a 
fairly narrow temperature region. But these were, I suppose, moderately 
concentrated solutions, were they not? How high were the concentrations? 

ProJessor F. Danusso (Italy): 0-2, 0.3 per cent. 
ProJessor J. Furukawa (lapan): You mentioned the free-boundary thermal 

diffusion method. What was the significance of the free boundary in this 
method? 

Professor S. Claesson (Sweden): Thermal diffusion can be performed in 
two ways which are analogous to sedimentation equilibrium and sedimenta- 
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tion velocity experiments. You have a cell which is hot at the top and 
cold at the bottom, and you fill it at the start with your solution all the 
way up without a boundary. Then, as time goes on, you will get a concen- 
tration redistribution until you reach equilibrium with a higher concentration 
at the bottom of the cell than at the top. That  would correspond exactly to 
equilibrium centrifugation when you are spinning a centrifuge at such a 
rate that at equilibrium you have a higher concentration at the bottom 
than the top. From this you can calculate the molecular weight, in the case 
of sedimentation, but you know very well that if you have several com- 
ponents present, equilibrium sedimentation is not particularly selective. The 
same is true for this ordinary type of thermal diffusion. However, if thermal 
diffusion is started with a free boundary in the middle of the cell and a 
f a i ry  strong thermal gradient is used, the downward motion of the mole- 
cules will cause the boundary to move down and if several components are 
present the original boundary will be resolved into several boundaries 
moving with different rates. This can be observed by optical means as 
several peaks in exactly the same way as for velocity sedimentation when 
you are running a centrifuge at high speed (Claesson and Norberg, unpub- 
lished). Therefore free-boundary thermal diffusion has a much higher 
analytical resolving power than ordinary thermal diffusion for mixtures of 
several components. 

Professor I.  Furukawa (lapan): Is there any indication that this method 
could be scaled up for preparative purposes? 

Pro[essor S. Claesson (Sweden): I t  is a difficult question to answer, and 
you know people working on new separation methods are always much 
more hopeful than they ought to be really. But I think that the possibilities 
are about the same as in electrophoresis. 
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Ionic Polymerization of Polar Monomers 
J O N J I  F U R U K A W A  

The polymerization of two classes of polar monomers (vinyl compounds which 
yield polymers having polar groups in side chains; oxygen-containing com- 
pounds having heteroatoms in the main chain) is considered, with special 
reJerence to the mechanism of their stereoregular chain propagations and to the 
role of polymerization catalysts. Principal aspects are: anionic polymerization 
of acrylic compounds, polymerization of aldehydes and ketones, polymerization 
of alkylene oxides, cyclic ethers of more than three ring members, 

stereoregulation in cationic polymerizations. 

POLYMERIZATIONS of the so-called polar monomers have long been studied 
by a great number of researchers, and a large technical literature exists 
concerning the polymerization processes as well as the physical properties 
of the resulting high polymers. The most familiar polar monomers are such 
vinyl compounds as vinyl acetate, vinyl ethers, vinyl halides and acrylic 
esters, which afford high polymers having polar groups in side chains. There 
is another class of polar monomers, which give the polymers containing 
heteroatoms in the main chain. Included in this latter class of polar 
monomers are those oxygen-containing compounds like aldehydes, ketones 
and cyclic ethers such as alkylene oxide, oxacyclobutane and tetrahydro- 
furan. The present paper concerns the polymerizations of these two classes 
of polar monomers, with special reference to the mechanism of their stereo- 
regular chain propagations and to the role of polymerization catalysts. 

The polar monomers of our concern are listed in Tables 1 and 2, where 
the structures of the resulting high polymers are also represented in com- 
parison with those of the corresponding non-polar polymers (or rather the 
reference olefine polymers). 

High polymerizations of aldehydes and cyclic ethers have been accom- 
plished only lately by using ionic catalysts. Vinyl and acrylic compounds 
have received attention again from the viewpoint of stereoregular polymeri- 
zation, the results being fine success in obtaining stereospecific polymers by 
use of ionic initiators. Ionic polymerization is thus attractive in high 
polymerization and stereoregular polymerization of polar monomers. 

Clearly, ionic polymerizations are classified into two types according to 
the nature of the carrier ions of growing polymer chains. One is the cationic 
polymerization in which the growing chains carry a positively charged 
ionic centre while the other which is called anionic polymerization is just 
the ionic counterpart of cationic polymerization. A few typical catalysts for 
ionic polymerizations are given in Table  3. 

In anionic polymerizations alkali and alkali-earth metals and their alkyl 
or alkoxyI derivatives are used principally as polymerization catalysts. 

This paper was presented at a Polymer Science Conference, held in conJtmction witB the Second W o r l d  
Congress of Man-made Fibres, at the Connau2ht Rooms,  Holborn, London W.C.2, 2rid and 3rd 
May 1962. 
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Table 1 

Polar monomers Polymer Reference olefine polymer 

CH2~H 

X 

AcryLic compds. 
Vinyl ethers 

CH~O 
I 
R 

ALdehydes 

R I 

\C~ / 
R 
Ketones 

RCH--CH2 \ /  
O 

.CH2 CH2 \ J  
I I 
× X 

Amorph. and cryst, 

Oxyrane 

R 

\C--CH~ 
R,/l I 

CH2 --O 
Oxetane 

CH2--cH 2 
I I 
C~2 ,CH2 

0 / 

Tetra-hydrofurar 

O O 

\c .  / \ c . / \  
I I 
R R 

Rubbery and cryst. 

\ c / ° \ c / ° \  
/ ',,R,/",R, 

Rubbery 

0 /CH2 

/ )CH "o / 
R 

Rubbery and cryst. 

CH2 CHz 

\o / \c~" ~o / / \  
R R' 
Cryst. 

CH2 /CH2 O 

\o  / ~c., ~c~ \ 
Rubbery 

\cdC c/ 
I I 
R R 

Amorph.and cryst. 

__CH2 __CH2 

c. / ~c, / ~, 
I I 
R R 

Rubbery and cryst. 

~__CH2 .CH 2 

c / ~,c / / ',, / ' ,, 
CH 3 CH3CH3 CH3 

Rubbery 

\ / c ~  / 
CH 2 CH2 

Cryst. 

/C H2 and .CH2 

~,c,=c./~, I 
R 
Rubbery 

These catalysts are all believed to form active carbanions or alkoxyl anions 
on reacting with vinyl monomers, aldehydes and cyclic ethers. In the 
polymerization of alkylene oxides, we have found that the catalytic activity 
of metal alkyls is much enhanced when they are treated with an equimolar 
amount of water, whereby alkyl metal oxides are formed and are more 
efficient catalysts. Here, it is also noteworthy that in all these cases counter 
cations exert significant stereoregulating action on the propagation steps by 
pairing with the growing chain ends or by coordinating to the monomers to 
he attacked. The counter cations are not necessarily simple metallic cations 
but can exist also in associated or complex form of M+--Z--MIz, e.g. 
Li+. . .  RM and Zn+---O--ZnR. The significance of the counter-ion com- 
plexes in stereoregular polymerizations will be emphasized later. 

In cationic polymerizations selection of catalysts seems to be of great 
importance for obtaining high polymers, inasmuch as cationic polymeri- 
Zations are liable to be accompanied by undesirable side reactions such as 
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termination and isomerization. Many Lewis acids are used as effective 
cationic catalysts. Among others, a partly-hydrolysed alkylaluminium has 
been found to be an excellent catalyst for cationic homopolymerization of 
four- and five-membered cyclic ethers, e.g. oxetane and tetrahydrofuran. The 

Table 2 

Cyclic ether 

cH~H'/-CH~o Tetrahydropyran 
(copotymer with oxetane) "CH2-CH2 

/CH2"-CH2~ 1,4 - D ioxar> 
O~.CH2_.CH2~U (copotymer with oxetane) 

Cyclic acetal 

c H ( O - ' ~  Hz I, 3-Dioxotane 
"~'O--CH 2 

/O--CH~ 
CH2.~. /'CI'I 2 1,3-Dioxan. 

O--CH2 
/ O ~ H z  

CH%__CH~"O Trioxan 

Cyclic ester 

3- Propio|actone 
CH2-C~-O 

CH2=C--O 
I I Diketene 
CH2-C=O 

problems of co-catalysts and counter-ion effects in cationic polymerization 
will be dealt with in the forthcoming sections. 

In connection with the problem of stereoregulation in ionic polymer- 
izations, we would like to point out that four different modes are conceivable 
for ionic chain growth, as shown in Table 4. 

Table 3. Ionic catalysts 

Anionic polymerization 
Metal alkyl RM > R-  + M + 
or Metal M +CH 2-CHCOOR > M+-CH2CH=COM 

I 
OR 

Partly hydrolysed dialkylzinc R~Zn + H20 > RZnOZnR 
Counter cation effect Li+ • • • RM, +ZnOZnR 

Cationic polymerization 
Lewis acid and co-catalyst BF 3 +H~O--->- H+[BF3(OI-I) l -  
Partly hydrolysed alkyl aluminium and co-catalyst 

R3AI+H20 > R~AI--O--A1R., 
Co-catalyst small ring cyclic ether effective 
Counter anion effect R3A1 + BF 3 ~ [R2AI+ ] + [-BF3R ] 

[BFaR]- + R3A1 ---+ [RsAI • • • BFsR ]-  (effective) 
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Apparently, stereoregulation is possible in all of these four cases. In 
the free-ion and paired-ion polymerizations the reaction must be 
performed at extremely low temperatures, whereas in coordinated and 
multi-centre-coordinated polymerizations stereoregulation is possible even 
at elevated temperatures. Here, multi-centre-coordinated polymerization 
means a polymerization such that in the transition state of the propagation 

Table 4 

Free ion polymerization 
. . . . . . . .  ? , ,%  

X X X X 

~ C H -  + CI"Iz ~ C  H ~ ~CHCH2CH-  

Paired ion polymerization 

- - C H ' t " B "  + C ~ C H  - -  - - -CHCH2CH +- 'B- 

I I | / 
X X X X 

I I 
Y Y 

Coordinated ionic polymerization 

CHz 

-'--''C.H- " ~ C H - - Y  . . . .  P" ~(~HCH2CH~. 

i 

Multi-centre-coordinated polymerization 

_ ~.CHz ~CH2 
~ CR""C H~"CH C H Z ~ c H - -  Y m,- ~ C H  "~'CI'~" "CH- 

• i 
Y ,  . • . . .  " .  

" ' ,  -'" " " "'Mil" __Mx + 
M H ~ z / M ~ "  ~ Z  / 

~CH'2~ + / C H 2  / C H ~  

"": X X X. . X ". 
'" e,i" BI B~ B" 

step, the polar groups of monomer as well as those neighbouring to the 
ionic centre of growing polymer are coordinated to more than one active 
centre of complex or associated catalyst. Such a multi-centred coordination 
will suffice to restrict the free rotation of chain ends and monomers in 
the chain propagation step. 
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A N I O N I C  P O L Y M E R I Z A T I O N  O F  A C R Y L I C  C O M P O U N D S  

Acrylic esters are typical monomers which undergo anionic polymerization 
to give stereoregular polymers. Extensive work has already been accom- 
plished for methyl methacrylate 1-5 and butyl acrylate 6, 7 and their crystalline 
polymers have been obtained by using alkyllithium and Grignard reagent 
as catalyst. Our efforts have been directed to obtaining further information 
on the catalysts to be used for acrylic and related monomers. 

We found that some 'ate-complex' type compounds such as lithium 
aluminium hydride and calcium zinc tetraethyl exhibit an excellent catalytic 
and stereoregulating activity toward acrylic g and methacrylic 9 esters. These 
catalysts contain two metallic ccntres thus enabling multi-centred coordina- 
tion. Other combinations of lithium, calcium, barium or strontium with 
metal alkyls have been known to possess a similar ability, as shown in 
Table  5. Some of these combinations afford stereoregular polymer even at 
room temperature, 

Table 5. Examples of excellent catalysts of ate-complex type 

Ate-complex Solvent Polymer 

LiAIH4 ether, toluene isotactic 
LiBH4 ether isotactic 
LiA1H4--ZnEt~, ----CdEt2, ~AIEt3 ether, toluene isotactic 
Ca--, Sr--, Ba--ZnEt~ ether, toluene isotactic 
LiR--AIEta ether, toluene syndiotactic 

Radical type initiators are known to give crystalline (syndiotactic but 
not isotactic) polymers at extremely low temperatures only 1. Lithium or 
alkyllithium is a stereoregulating catalyst only when it is used in a non- 
polar solvent at low temperatures ~. On the contrary, ate-complex type 
catalysts do not necessitate any special condition to obtain isotactic 
polymers. 

Alkyllithium and alkylmagnesium halide are known to be associated to 
some extent and such an association seems to contribute to the stereo- 

Table 6. Properties of polyalkyl acrylates'[" 

Polyalkyl acrylate 
Catalyst 

C H 3  n - C 4 H 9  i - C 4 H 9  s - C 4 H 9  t-C4I-[9 

AIBN 
n-BuaB--BPO 
n-BuLi 
PhMgBr 
n-BuLi. EtaAI 
n-BuLi. Et2Cd 
Ca-ZnEt4 
Sr-ZnEt4 

A A A A A 
- -  A A A A 
A A A A C 
- -  A - -  C C 
. . . .  C 
- -  A *  C C C 
A A* C C C 
A A* C C C 

tA. amorphous; C. crystalline- A*, its i.r. Sl~etrurn differed from that o f  
polymer. 
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regulation. But, generally speaking, the regulating ability is higher in com- 
plex catalysts than in associated catalysts. Table 6 shows this trend. 

The stereorcgular polymerizations of a wide variety of acrylic compounds 
have been investigated by us from a viewpoint of steric hindrance of sub- 
stituents in monomer. All the acrylic esters studied are represented in 
Figure 1, where the group ~, which is attached to the key carbon, denotes 
hydrogen, methyl or chlorine and the group 7 is methyl, ethyl, n-propyl, 
isopropyl, n-butyl, isobutyl, sec-butyl or t-butyl; silyl and benzyl esters 
being used as special examples. For the sake of comparison, the oxygen 
atom at the fl position of acrylates has been replaced by sulphur and carbon 
atoms. These replacements led to the use of thlolacrylates 1° and vinyl 
ketones 11, respectively, as special cases of acrylates. 

X 
C "--~- C 

0 
; CH3,C2H 5, 
n -  and iso-C3H 7 
n ~, iso- .  s e c - ,  

t -C4H9, Si(CH3) 3 

Figure 1 

In the acrylic esters of ordinary alcohols the presence of bulky alkyl 
groups in the I: position seems to favour the polymer crystallinity, as is 
evidenced by the variation of solubility of the polymers obtained (Table 7). 

The effective bulkiness of the 3' position can be supposed to be larger 
in the cases of branched alkyl groups such as isopropyl, secondary butyl, 

Table 7. Solubility and melting point of polyacrylic esters* 
(Catalyst: SrZnEt4) 

Solvent CHa n-C4H9 i -C4Ho s-C4H9 t-C4Ha 

Acetone (cold) sol. sol. swell insol. 
Dimethylformamide sol. sol. sol. insol. 
Dioxan sol. sol. sol. insol, insol. 
Acetone (hot) swell insol. 
3-Heptanone sol. sol. sol. swell swell 
Toluene sol. sol. sol. sol. insol. 
Carbon tetrachloride sol. sol. sol. sol. sweU 
Chloroform sol. sol. sol. sol. sol. 

M.pt (°C) -- 43--47 72-81 125-130 198-200 
Density (obs.) 1-05 I "05 1 "03 
Density (calc.) 1.24 1-06 1.04 
Helix--type --  - -  31 isotact 31 isotact 31 isotact 
*Sol., soluble; insol., insoluble. 

492 



IONIC POLYMERIZATION OF POLAR MONOMERS 

and especially tertiary butyl than in normal butyl and isobutyl groups and, 
indeed, even benzyl and silyl groups. 

It is also to be noticed that crystallinity depends not only upon regularity 
in polymer structure but also upon steric hindrance of groups in the crystal- 
lization process. In a detailed study the structural regularity was examined s 
by means of the crystallinity of hydrolysed polymer as shown in Table 8. 

Table 8. Polyacrylic acids obtained by hydrolysis of polyacrylic esters 

Alkyl group 

n-C4H9 
t-C4H9 
CHa 
n-C4H9 
i-C4H9 
toC4H9 

Acrylate polymer 

Catalyst Crystallinity* 

AIBN A 
AIBN A 
SrZnEt4 A 
SrZnEt4 A 
SrZnEt4 C 
Li C 

Hydrolysed polymer 
crystallinity* 

A 
A 
C 
C 
C 
C 

*A, amorphous; C, crystalline. 

Here polyacrylates of methyl and n-butyl alcohols were found to be 
essentially stereoregular despite the lack of crystallinity. Bulky groups in 
alcohol seem to be favourable for crystallization, perhaps because intra- 
molecular interaction of neighbouring bulky groups restricts their free 
rotation around the carbon-carbon bonds in a polymer main chain. In other 
words, the polymer chain bearing bulkier side groups may be the more 
rigid during the crystallization process. Possible structures of the crystallized 
polyacrylates are proposed in Figures 2 and 3. Figure 2 corresponds to the 
planar zig-zag structure while Figure 3 represents the spiral form. 

Figure 2 

H \ /  .,/ 
j C . .  \ /  

o/C%o °/c% 

These planar zig-zag and spiral structures of the crystallized state may 
also be possible at the stage of polymerization, if the geometry of the polar 
groups located in the vicinity of the growing chain end is fixed by their 
coordination on to a bi-centred catalyst. Illustrated in Figure 4 is a possible 
conformation of the growing polymer chain end coordinated to a metallic 
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centre of catalyst through the end and penultimate groups. For the spiral 
polymer structure, one may also conceive a coordination of polymer chain 
to catalyst through the end group and its nearest polar group of the same 
phase (see Figure 3). 

Figure 3 

Substituents in the ~ position also exert serious influence upon crystal- 
linity. Methacrylates afforded no crystalline polymer except for the case 
of the methyl ester, that is, the case of the smallest bulkiness of the -/ 
position. Ionic polymerization of ~-chloroacrylates was also practicable, 
but stereoregulation was unsuccessful in contrast to the case of ~-ehlorothiol 
acrylates. 

Thiolacrylate 1° and thiolmethaerylate 1~ were studied to examine the effect 
of group in fl position and similar effect of bulky alkyl group of thioaleohol. 
The influence seems to be rather more profound than in acrylic esters of 

Figure 4 

ordinary alcohol. Besides isopropyl, see-butyl and t-butyl esters, both 
n-propyl and n-butyl esters were found to give crystalline polymers as well. 
Even the ~-chloroacrylie ester of sec-butyl thiol can undergo stereoregular 
polymerization. However, the reason for enhancement in stereoregulation 
of this case is not known yet. It is dittieult to decide at the present stage 
whether it has resulted from the larger radius of sulphur atom and accord- 
ingly the larger interaction of mereapto groups or from the weaker electro- 
negativity of sulphur and accordingly the stronger coordinating property of 
carbonyl group. 

Vinyl ketone 11 can be regarded as the extreme case where the /3 atom 
is carbon. Recently, isopropyl vinyl ketone has been reported to give 
crystalline polymer, and even methyl vinyl ketone has been converted to 
stereoregular polymer in our laboratory. 
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P O L Y M E R I Z A T I O N  OF A L D E H Y D E S  AND K E T O N E S  

High polymers of acetaldehyde and higher aliphatic aldehydes are attainable 
by either cationic or anionic polymerization, where the stereoregularity 
of the polymers is much affected by the ionic character of the catalysts used. 
Table 9 is a list of excellent catalysts discovered for the acetaldehyde 
polymerization in our laboratoryla-lL 

Table 9. Metal compound catalysts for polymerization of acetaldehyde 

Metal compound Assumed active species Polymer Ref 

RM CHB(R)CHOM Crystalline 14 
ROM ROM Crystalline 14 
(RO),,,M + H20 (RO)m_., M--O--M(OR)m_ l Stereoblock is 
v-AlzO a --AI--O--AI-- Atactic la 

I t 
O O 
I I 

Since metal alkyls are amenable to react with aldehydes to give rise to 
metal alkoxides, it is very likely that the alkoxides are real active species. 
Indeed, several alkoxides were shown to have initiating ability. 7-Alumina 
itself also has catalytic activity, but it affords atactic polymer alone. Partly 
hydrolysed alkoxide is found to be another type of catalyst which affords 
stereoblock polymer consisting of isotactic and atactic blocks. Acetone was 
reported to be polymerized by the molecular ray method ~ at low tempera- 
tures or by -/-irradiation It. 

Polyacetaldehyde and polyacetone are interesting materials but are far 
from being put to practical use on account of very poor stability even 
when improved by the addition of stabilizer or by end-group modification. 

Table 10. Crystalline acetone block polymer 

Polymerization 
by AI(C2H~)a-TiCIa-Salt, Salt: CaClz, CHBCOONa, (CHBCOO)zMg at -78°C 
under propylene atmosphere 

Polymer 
m.pt: 58 ° to 60°C 
analysis: 83"7~0 acetone ((2 65-0, H 10.5, O 24.4 per cent) 
hydrolysis: acetone (m.pt of 2,4-dinitrohydrazone 127°C) 
infra-red: veoo=l 148, 1 113, 1 062 cm -l 
X-ray analysis: a=b=14"65 A, c----10"22 A, N=28 

space group /~ 

We succeeded in the preparation of crystalline polymer of acetone or 
acetaldehyde blocked by poly-~-olefine aS. Crystalline polyacetone of com- 
parative stability was prepared under the atmosphere of ~-olefine (propylene) 
by using a modified Ziegler catalyst consisting of triethylaluminium, 
titanium tri- or tetra-chloride and a metal salt such as calcium chloride, 
sodium acetate or magnesium acetate. The last component is essential for 
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the acetone polymerization. Without these salts there occurred the poly- 
merization of propylene only. Elemental and infra-red analyses indicated 
the polymer to be polyacetone having 14 per cent of polypropylene blocks: 
It is highly crystalline and melts at 58 ° to 60°C. It is quite stable 

Figure 5--X-ray fibre diagram of 
crystalline polymer of acetone 

and no appreciable decomposition is observed even at 200°C. The analytical 
data are given in Table 10. Figure 5 shows the X-ray fibre diagram. Block 
copolymer of acetaldehyde and propylene was also prepared by a similar 
procedure. 

P O L Y M E R I Z A T I O N  OF ALKYLENE OXIDES 
Propylene oxide is an interesting material; its low molecular weight block 
copolymer with ethylene oxide is now commercially available as the 
prepolymer for urethane rubber and its high polymer promises the appear- 
ance of a new rubber. The high polymerization has been possible with the 
use of suitable catalysts, one of which is diethylzinc activated by a controlled 
amount of water or alcohol. When diethylzinc is treated with water or 
alcohol, the compounds of Table 11 are assumed to be produced. 

Probably, ethylzinc hydroxide and ethylzinc alkoxide exist in the associated 
form. These compounds have zinc-oxygen-zinc linkage as a common 
structure which is suggested to play an important role in the propagation. 
The alkoxyl or alkyl anion attached to a metallic centre of the catalyst is 
assumed to initiate the polymerization by acting on the monomer co- 
ordinated at another zinc atom of the catalyst (Figure 6). This assumption 
is partly supported by the results of our recent investigation adopting a 
special alcohol like 9,10-dimethylolanthracene as co-catalyst. That is, poly- 
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Et--ZnOZn-Et (Water activated) 
Et--(ZnO)n Zn--Et 

RO~Zn" _Zff "OR 
RO ~ " "0  " /  (Alcohol activated) 

I 
R 

Figure 6--Modified alkylzinc catalyst 

CH 2 -  HwCH 3 

"Zd" "\Zn 
~o / \o / ~o~ 

R 

propylene oxide and poly-fl-propiolactone prepared by use of dialkylzinc 
and the alcohol has been proved by u.v. analysis to contain the same 
alkoxyl fragment as does the co-catalyst alcohol (Table 12). 

It was also found that an alkoxyl group in the catalyst plays an influential 
role on stereoregulation in propylene oxide polymerization, as is shown 
in Table 13. Apart from isobutanol, the use of lower alcohols seems to 
favour the stereoregulation. 

Table 11 

EtzZn--HzO system H 

EtZnOH 0 , ,  lEt - -  Zn "'Zn ----Et/ 

"--,o/ ) 
H 

EtZnOZnEt 
Et (ZnO)n ZnEt 

Et2Zn--ROH system F, 

--Zn "'Zn--Etl 
"'-o j ] 

R 

ROZnOR 

R 

o-Z~.o~)Zo__o~ ) 
R 
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Table 12 

Catalyst system 

+ ZnBu 2 

CH2OH 

Potyrner 

Po[y(propytene oxide):  Ftuorescent polymers having 
258 rnp absorption 

Po!.y(~-propiol.actone): Greenish ftuorescent potyrner 
having 262 mp absorption 

We have succeeded in the preparation of optically active polymer from 
•L-propylene oxide by asymmetric induction, using optically active alcohols 
as co-catalyst (see Table 14). 

It is interesting to note that the [~]~, of the obtained polymer changes in 
sign in different solvents, in agreement with Price's experimental findings 
concerning optically active poly(propylene oxide) prepared from the optically 
active monomer. 

How then would asymmetric induction take place,'? It may be brought 
about either through direct stereoregulation by an alkoxyl group in the 
catalyst or through indirect regulation due to the successive interaction 

Table 13. Crystalline fraction in polypropylene oxide prepared by the system of dibutyl- 
zinc and alcohols ( 00o ) 

Solvent, 3" 5 mi toluene 
Catalyst, 0.0023 mole Bu~Zn 
Co-catalyst, 0.0046 mole alcohol 
Polymerization, room temperature 

Crystalline 
Alcohol Polymer yield fraction 

(%) (%) 

CHsOH 68 9-2 
C2HsOH 51 5-3 
n-CaHTOH 85 2-8 
i-CaHTOH trace --  
n-C4HoOH 93 1-6 
i-C4HgOH 33 15-1 
s-C4HoOH trace --  
t-C4H~OH nil - -  

between the monomer and the penultimate unit in a growing polymer chain. 
In the latter case the first induction should be effeeted, of course, by the 
alkoxyl group of the catalyst. This problem imposed on asymmetric 
induction is very important to establish the mechanism of stereoregulation. 
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Figure 7 illustrates possible arrangements of monomer units in poly- 
merizations of propylene oxide and aldehydes. Both cases are similar in 
that the key atom for stereoregularity exists in monomer but not in chain 
end. Here direct asymmetric induction caused by catalyst alcohol seems 

Table 14. A s y m m e t r i c  induct ion  in po lymer iza t ion  of  propylene  oxide 

[~]D o/polymer 
Activator Solvent for 

polymer ,l.p/C in benzene in chloroform 

( + )  Borneol  Toluene  5-63 - 5 - 9  ° +7. .4  ° 
( + )  Borneol  Hexane  3- 30 - 4 . 9  ° + 6-1 ° 
( + )  Borneol  Benzene 3- 65 - 3 . 7  ° + 2 .5  ° 
( - )  Menthol  Benzene, 0- 59 -3" 6 ° + 4 . 2  ° 

Polymerization: Propylene oxide. 0"5 mole; solvent, 30 to 35 ml; at 80"C; at conversion. 17 to 30%. 
Catalyst:  Diethylzinc, 0.025 mole; Alcohol, 0'05 mole.  
Polymer : Crystalline fraction, ca. 10 lw.r cent except for (--) menethol (2.7 per cent). 
Optical rotation: Measured in 1 to 3 per cent solutions at 10" to 15"C. 

more probable, because the adjacent asymmetric centre in the growing 
chain is too far apart from the key atom to regulate the polymer structure 
by selecting one of the two enantiomeric monomer molecules. 

/ H \ G  ' / 

/ "'" ~ / H  
/ o- - -  ° 

I I ) 

Propytene oxide Acetatdehyde 

Figure 7 - - S t e r e o r e g u l a r  p o l y m e r i z a t i o n  of p ropy lene  oxide and 
a c e t a lde hyde  

C A T I O N I C  P O L Y M E R I Z A T I O N  O F  C Y C L I C  E T H E R S  O F  

M O R E  T H A N  T H R E E  R I N G  M E M B E R S  

The polymerizability of cyclic ethers decreases as the ring size becomes 
larger. The polymerizations of oxacyclobutane and its derivatives are 
possible only with cationic catalyst. The cationic polymerization of tetra- 
hydrofuran (THF), a five-membered cyclic ether, was enabled by finding 
suitable catalytic systems consisting of Lewis acid and co-catalyst. Six- 
membered cyclic ethers, for instance, tetrahydropyran and 1,4-dioxan, are 
rather stable and reluctant to polymerize. In  our laboratory, a lot of work 
has been done on the polymerizations of four-, five- and six-membered 
cyclic ethers. Some new catalytic systems were discovered, and new co- 
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Table 15. Polymerization of 3,3-bis(chloromethyl)oxacyclobutane by Lewis 
acid-co-catalyst systems 

(Monomer, 0-025 mole; CH~Ch, 20 mi) 

Co-catalyst* Temp. Time Conversion 
(mole) (°C) (h) (%) 

Lewis acid: BF3'(CaHs)20, 0.00125 mole 
None 0 -78 96 0 
PO 0 .00250  -78 48 95" 6 
ECH 0-00250 -78 24 95" 8 

Lewis acid: SnC14, 0.00250 mole 
None 0 0 96 0f 
ECH 0.00250 0 24 91-7 

Lewis acid: AICIs, 0.00250 mole 
None 0 0 48 0 
ECH 0.00250 0 48 91.9 

*P()-liroo~,lene oxide; ECH Epichlorohydrin. 
?No polymer but an addition product of the monomer and SnCl t was produced. 

polymers of  two cyclic ethers of  different ring size, including six-membered 
cyclic ethers, were prepared. 

In  cationic polymerization, the effects of co-catalysts such as water and 
hydrogen halides have been widely known. Meerwein 19 succeeded in the  

Table 16. Polymerization of tetrahydrofuran by Lewis acid--co-catalyst systems 1° 

Bulk polymerization, at 0°C ) 
Lewis acid, 1 mole % for monomer 

Polymeri- 
Co-catalyst Mole % for zation time Conversion 

monomer (days) (%) ~,P / C t 

Lewis acid: BFa-(CzHs)20 
No co-catalyst 7 3.8 0- 51 
3,3-Bis(chloromethyl)- 

oxacyclobutane 1 1 17- 9 0.51 
[3-Propiolactone 1 7 13.6 0.48 
Diketene f l  1 24-9 0.28 

\1 2 84-5 
Trioxan 1 7 6.7 
~-Methylstyrene-ethyl bromide 1 7 5.7 
Isoprene 1 7 6.9 
Phenyl isocyanate ~ 1 77 9.75" 9 

Acetonitrile 1 7 6-1 
Propylene oxide~ I 7 78-1 
Acetic anhydride:~ 1 7 8-6 

Lewis acid: FeCla 
No co-catalyst 
3,3-Bis(chioromethyl)- 

oxacyclobutane 

7 0 

1 7 5"9 

*All the products were resinous solids. 
$Measured on a solution of 0"2 g polymer in I t0  ml benzene at 30°C. 
:tMeerwein's co-catalyst. 
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THF polymerization by using suitable co-catalysts like ~-haloethers, benzo- 
trichloride, orthoesters, acid chlorides, acid anhydrides, alkylene oxides 
and hydrogen halides together with Lewis acid as the catalyst. These co- 
catalysts are rather basic toward Lewis acid, and transform the Lewis acid 
into the active species of Br6nsted acid type which affords proton or 
carbonium ion and induces cationic polymerization. 

Table 17. Polymerization of 3,3-bis(chloromethyl)oxacyclobutane 
Activation of triethylaluminium catalyst; 

Monomer, 0.025 mole 
Hexane, 10 ml 
Polymerization, at 0°C 

A I ( C z H s ) s  Additions Polymerization Conversion 
(mole) (mole) time (h) (%) 

0- 00125 None 48 2" 5 
0" 000625 H20 0-000625 1 64.4 
0-00125 ECH* 0-00125 48 ca. 100 
0-00125 C1CH2OCHa 0-00125 48 24. I 

*Ep~chlorohydrin. 

The acceleration of the Lewis acid induced polymerization of 3,3-1)is- 
(chloromethyl)oxacyclobutane (BCMO) by alkylene oxide was also observed 
in our laboratory. The results are shown in Table 15. Moreover, in the 
THF polymerization, we found other new co-catalysts whose functions 
were assumed to be of the same character as those of some Meerwein 
co-catalysts. 

Table 18. Polymerization of tetrahydrofuran by Al(CzH~h-co-catalyst systems 19 
( Monomer, 0.25 mole ) 

AI(CgHs)s, co-catalyst, each 0.0025 mole 
Bulk polymerization, at 0°C for 1 day 

Co-catalyst Canversion 
(%) ~plC* 

None 0 --  
Epichlorohydrin 24- 7 3.49 
Propylene oxide 25.8 3-49 
Acetyl chloride 5" 3 0- 33 
Chloromethyl ether 4-1 --  

*Measured on a salution of 0"2 g of polymer in 100 ml of benzene at 30°C. 

Table 16 shows the effects of these co-catalysts in the THF polymerization 
with Lewis acid catalyst. It  is interesting to note that in the series of  three-, 
four- and five-membered cyclic ethers, the ring-opening polymerization by 
Lewis acid catalyst is accelerated by the addition of a homologue of smaller 
ring size, i.e. the BCMO polymerization is co-catalysed by alkylene oxide 
and the THF polymerization is accelerated by alkylene oxide and by BCMO. 

Trialkylaluminium can also be used for polymerization of higher cyclic 
ethers. However, it seems to act as a Lewis acid in contrast to the ease 
of the polymerization of alkylene oxide catalysed by diethylzinc. It was 
found that the activity of triethylaluminium was much enhanced by the 
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presence of co-catalyst such as epichlorohydrin, propylene oxide and 
chloromethyl ether. 

Table 17 shows the effect of the co-catalysts on the BCMO polymerization 
with triethylaluminium. 

According to the literature 2°-~2, BCMO is successfully polymerized by 
triethylaluminium without any co-catalyst only at an elevated temperature. 
Our triethylaluminium--co-catalyst systems are much more active than 
triethylaluminium alone and can even induce the low-temperature poly- 
merization of THF (see Table 18). 

Table 19. Charge density on aluminium 

EtsAI +0" 3882 
Et2A1--O---AIEt2 + 0- 5385 
Et2A1--O--AI--OA1Et2 i +0.5579 (for the AI in sides) 

I 
Et +0.6723 (t'or the central A1) 

EtOA1--O--AI--OEt  
[ [ +0-7838 

Et Et 
(EtO)2A1--O--AI(OEt)2 + 1.0186 
(EtO)sAI + 1-0517 

The catalytic activity of triethylaluminium was found to be predominantly 
enhanced by addition of water. Here, water does not seem to have acted 
as a simple co-catalyst, because it reacts immediately with triethylaluminium 
evolving ethane gas as follows: 

AI(C2H~)s + H 2 0  ~ ( C 2 H s ) 2 A I O H  + C.,H6 
(C2Hs)2A1OH + AI(C2H~)3 ~ (C2Hs)2AIOAI(CzHs)2 + C2He 

(C2Hs)2A1OAI(C2H~)2 + H:O----~ (C2Hs)2A1OAI(C~H~)OH + C.oH6 
(C2H~)2AIOAI(C2Hs)OH + AI(C2Hs)a ~ (C2H~)2A1OA1OAI(C~Hs)2 + C~H6 

I 
C2H~ 

Table 20. Polymerization of tetrahydrofuran by Al(C~Hs)a-H~O-co-catalyst systems 
Monomer, 0.125 mole 
AI(C2Hs)s, HaO, each 0.00315 mole 
Bulk polymerization, at 0°C for 2 days 

Mole  ratio to Conversion 
Co-catalyst  AI(C~Hs)s---H20 (~o) ~/sp / C* 

None 0 - -  
Epichlorohydrin 0.5 96.6 1- 39 
Propylene oxide 2-0 32.9 0.56 
Diketene 2-0 44.5 1"06 
~-Propiolactone 2 .0  99.0 O. 19 
Acetyl chloride 2 .0  64.4 0" 61 
Chloromethyl ether 2.0 ca. 100 0.15 
*Measured on a solution of 0'2 g polymer in 100 ml benzene at 30°C. 
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In fact the optimum amount of water in this case is much larger than that 
in the usual cationic polymerizations. Thus, the reaction product may be 
regarded as a mixture of the species involving carbon-aluminium and 
oxygen-aluminium bonds. Hereafter, the mixture will be referred to as 

Table 21. Polymerization of 3,3-bis(ehloromethyl)oxacyclobutane by AI(C2Hs)a-H~O- 
co-catalyst systems 

( Monomer, 0-025mole 1 
AI(C2Hs)a, H20, each 0.00125 mole (5 mole %) 
Co-catalyst, 0.00125 mole 
CH2Ch, 20 ml 
Polymerization, at -78°C for 2 days 

Co-catalyst Conversion (%) 

None* 0 
Epichlorohydrin ca. 100 
Propylene oxide 60.7 
f~-Propiolactone 42.7 
Acetyl chloride 4" 6 
Chloromethyl ether small 

*At 0*C. the reaction product of AI (C~H~) 3 and 
water without co-catalyst l~olymerized BCMO at 
a quantitative conversion. 

ethylaluminium oxide. By replacement of the carbon-aluminium bond by an 
oxygen-aluminium bond, the electronegativity of aluminium is increased, 
and hence the catalytic activity is enhanced (Table 19). 

Since water is consumed as above, the newly produced ethylaluminium 
oxide may well be activated by another co-catalyst. In fact, ethylaluminium 
oxide itself was inactive for the THF polymerization at 0*C, whereas it 
turned very active when a co-catalyst was added (Table 20). For the BCMO 
polymerization, several systems of ethylaluminium oxide and co-catalysts 
were active enough even at - 78 °C (Table 21). 

The copolymerization of BCMO with THF was studied, using stannic 
tetrachloride or the complex compounds of boron fluoride. The formation 
of copolymer was fully substantiated from the solubility characteristics and 
infra-red spectra. The copolymers obtained from the monomer mixtures 

Table 22. Copolymers of THP and 1,4-dioxan with BCMO 

BCMO-THP copolymer 
Monomer 
Catalyst 
Polymerization 
Polymer 

BCMO-1,4-Dioxan copolymer 
Monomer 
Catalyst 
Polymerization 
Polymer 

1:1 
5 mole % BFa'(CaHs)20 
0°C. 7 days in CHzCh, 81.7 % conversion 
chloroform-soluble waxy, 33" 5 mole % THP units 

1:1 
5 mole % BFa'(CzHs)20 
20°C. 3 days, 68" 1% conversion 
chloroform-insoluble resinous, 

1,4-dioxan units 
19.5 mole % 
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containing more than 80 mole % BCMO were resinous solids while those 
from the mixtures less than 80 mole % BCMO wre rubbery materials. 
From a set of copolymerization data obtained by using various monomer 
compositions, the monomer reactivity ratios were determined. The results 
were as follows: 

rl (BCMO) =0"82 + 0-05 
r~ (THF) = 1"00 +0"05 

t 
RZ 2 

= r I = 0 . 8 2  

r z = 1 . 0 0  

Both of these ratios take values near unity, which means that the propa- 
gation rate of the copolymorization depends mostly upon the nature of 
oxonium ring structures at growing chain ends but not on that of the 
monomers. 

The copolymerizations of BCMO with tetrahydropyran (THP) as well as 
1,4-dioxan were conducted under similar conditions. The product of the 
former copolymerization was waxy whereas that of the latter was resinous. 
Elemental analysis indicated that either copolymer resulting from an 
equimolar mixture of THP or 1,4-dioxan with BCMO contained more 
than 50 mole % BCMO units (see T a b l e  22). 

S T E R E O R E G O L A T I O N  I N  C A T I O N I C  P O L Y M E R I Z A T I O N  

Although a considerable literature exists on anionic stereoregular poly- 
merization, we have as yet very few examples of the stereoregular polymeri- 
zation which proceeds by a cationic mechanism. The situation might be 
attributable to the difficulty of coordination of monomers on to the anionic 
counter ions of cationic catalysts. 

Vinyl ethers are a unique class of monomers which give isotactic polymers 
by the action of boron fluoride etherate at low temperatures~'L Recently, 
it has been reported that vinyl ethers can be polymerized to crystalline 
polymers even at elevated temperatures if suitable catalysts such as alkyl- 
aluminium sesquihalides =4, the aluminium sulphate--sulphuric add system 25 
and the Ziegler type catalysts 2~ are used. Nakano et  al. =r found several 
excellent catalysts of the type of Lewis acid-Lewis base combination. 
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Furthermore, they made systematic analysis of the stereoregulating activity 
of various known catalysts and gave a hypothetical explanation of the 
stereoregulating action of those catalysts in the vinyl ether polymerizations. 

Here we will also attempt to give an interpretation to the mechanism 
of stereoregular polymerization of vinyl ethers in terms of the multi-centred 
coordination. It is our feeling that also in cationic polymerizations the 
coordination of polymer chains and monomers on to the catalyst would be 
possible if the complex counter anions have electrically positive centres. 
Let us take tlae boron fluoride etherate anion for example. There the boron 
atom would still have a positive formal charge on account of the large 
difference in electronegativity between fluorine and boron. Coordination of 
alkylaluminium, for instance, to the boron atom would then be probable, 
giving eventually cation and coordinated counter anion. 

R~A1 + BF3 ~ IRMA1] + + [BF~R]- 

The central metal in the counter anions of this type still carries a positive 
charge. Therefore, further coordination of alkylaluminium on to the anions 
is conceivable so far as the coordination number of the central atom is 
sufficiently large. 

[ B F z R ] -  + A I R  3 > [R3A1 > B F 3 R ] -  

The result is the tormation of a complex counter anion enabling our multi- 
centre-coordinated polymerization (see Table 3). The whole process of 
the complex anion formation bears some resemblance to the complex iodide 
ion formation: 

I2 "> I + + I  - 
I - + I ~  > I~ 

The formal charges localized on the central metals in anions and molecules 
may-be estimated by properly accumulating Pauling's percentage ionic 

Table 23. Charge density and stereoregulating property 

Catalyst 
No. system R.A. Anion eA Molecule eM eA - - e M  

1 RaAI+BF3 + +  RBF:~- +0-629 RaA1 +0"388 +0"241 
2 RaAI+VC14 + +  RVCI4- +0-454 RaA1 +0-388 +0-066 
3 R~AI+TiC14 + +  RTiCI4- +0-521 RzA1 +0"388 +0-133 
4 RaAI+SnC14 + RSnC14- +0 .273 R3AI +0-388 - 0 " 1 1 5  
5 RaAI+SbCI5 + RSbCI~- +0-265 R3A1 +0"388 - 0 " 1 2 3  
6 Et2A1CI+HaO + Et2C1AIOH- +0-384 EtaAIC1 +0-506 - 0 " 1 2 2  
7 EtAICI2+HaO + E t C I ~ d O H -  +0-474 EtA1CI~ +0-624 - 0 " 1 4 6  
8 BF3"ORa+H20  + FaBOH- +0-746 BFaOR2 +0"870 - 0 " 1 3 6  
9 CHaTiC13+H20 - CI-I3CIaTiOH- +0 .579  CHaTiC13 +0-722 - 0 - 1 4 3  

10 T i C h + H ~ O  - C14TiOH- +0 .660  T iCh  +0-820 - 0 . 1 6 0  
11 A1Cla+HaO - ClzA1OH- +0 .572  A1C13 +0"741 - 0 - 1 6 9  
12 VCI4+HzO - CI4VOH- +0.587 VCI4 +0-761 - 0 - 1 7 4  
13 SnCI4+H~O - C14SnOH- +0.219 SnC14 +0-402 - 0 - 1 8 3  
14 VOCla+H20  - HOVOCIa- +0-786 VOC13 +0-971 - 0 " 1 8 6  
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Table 24 

Catalyst 
No, system R.A. Most probable structure 

I I 

1 Ai2 (SOt,)3 " H2SO 4 ~+ - -  O AII--O ~ - - O  ----~1[ --O - ~ - - O  - 
II ~ 11 
o o o 

I 
0 ~ S ~ O  

I 
O 

2 Et3A[ - H2S04 ++ EbAI + H2SO4 P-AI2(SO~2 + C2Hs 
HzSO4 =. -The s a m e  c o m p l e x  as  in No.1. 

0 0 OH II I I /  
3 Cr03- H20 ++ - - O - - ~ r - - O  ( ~ / r / - - O - -  

II II 
o o 

OH ct 

4 CrzO:,Ctz- HzO "H- 0 ) 
I o I 

el C[ 

5 TiCI2(OR~- H20 ++ TiCt2(OR~ t 
H20 J 

Ct Ct 
I I HzO 

'~  - -  O - - T i  - -  O - - T i - -  O ~ -  = 

I I 
cl ct 

Cl CI 
I ~ r~OH 

characters of the relevant<r-bonds. We have calculated these charges for a 
number of catalyst systems. For the sake of convenience, let us take the 
difference in central charge between anions and molecules as a rough 
measure for the ease of the complex anion formation between them. Then, 
a good parallelism is observed between charge difference and stereo- 
regulating ability of the catalyst systems, as is shown in Table 23. 

It should be noted here that the negative sign attached to the values of 
the charge difference does  not imply a charge transfer in the reverse 
direction. Our argument is concisely as follows. Other things being equal, 

- CH 2 CH 2 

H--C H C . . . . . . . .  ,8 
,, i I ,, 

0 O. Z / - - - - / - - " . - . /  
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the relative ease of the complex anion formation due to charge migration 
from molecule to anion would be measured by the relative magnitudes of 
charge difference indicated with inclusion of positive or negative sign. 

There are several other catalytic systems found to be more efficient than 
those listed in Table 23. These efficient catalysts seem to form metallic 
centres for multi-centre coordination through the formation of oxygen 
linkages. Probable structures for these cases are given in Table 24. 

On the basis of the above consideration, we propose the following multi- 
centre mechanism for the cationic stereoregular polymerization of vinyl 
ethers: Two neighbouring ether oxygens which are linked to the polymer 
chain in the vicinity of the positively charged chain end are coordinated 
on to a metal centre of the complex anion. Monomer molecules approach 
the growing chain only from the opposite side of the chain, producing thus 
isotactic polymer exclusively (see Figure 8). 

Department of Synthetic Chemistry, 
University of Kyoto, Japan 

DISCUSSION 

Professor F. Danusso (Italy): We have seen that you have distinguished the 
polymers as crystalline, as stereoblock polymers and as atactic polymers. 
Which of the polymers you described as crystalline can be considered as 
highly stereoregular polymers? 

Professor J. Furukawa (Japan): We obtained a mixture of polymers; 
one is atactic while the other is crystalline and sometimes stereoblock. 
Only when we used special catalysts such as partly hydrolysed aluminium 
alkoxide or hydroxide, did we obtain a stereoblock polymer. In other cases, 
without the special catalyst, stereoblock polymers cannot be obtained, and 
we obtained the mixture of atactic and crystalline polymers which can be 
separated by extraction. However, the stereoblock polymerization is a special 
case, by using a special catalyst such as partly hydrolysed aluminium 
alkoxide. 

ProJessor F. Danusso (Italy): I should like to know which polymers from 
polar monomers can be considered fully stereoregular? 

Professor J. Furukawa (Japan): I think the polymers of acrylates are 
stereoregular. We have had very crystallizable polymers but in the polymeri- 
zation of alkylene oxides we have not obtained fully crystalline polymers; 
in general we can separate the atactic and crystalline polymers. 

Professor F. Danusso (Italy): Are the crystalline-polymers the stereo- 
block? 

ProJessor I. Furukawa (Japan): I am not sure, but I think that the 
polymers of alkylene oxides are not a mixture of stereoblock and crystalline 
polymers but a blend of crystalline and atactic polymers. We have no 
evidence, however. 

Professor H. A. Dieu (Belgium): I should like to know if you have ever 
published or studied the infra-red spectrum of your polytetrahydrofuran? 
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ProJessor J. Furukawa (Japan): It is not yet published but I am now 
studying the i.r. spectrum of polytetrahydrofuran. 

Professor H. A. Dieu (Belgium): Do you find some double bonds or 
carbonyl groups? 

ProJessor J. Furukawa (Japan): No, we have not found them. 

Dr O. E. Lohuizen (Netherlands): Can you explain the difference in 
properties between the polyacetone you described and the polyacetone 
described by Kargin in Russia? Of course, I understand that you described 
a copolymer of acetone and propylene. 

Professor J. Furukawa (Japan): It is not a random copolymer, but a 
block copolymer of acetone and propylene. 

Dr O. E. Lohuizen (Netherlands): But in that case there must be a 
sequence of acetone units. If so, I cannot understand your high thermal 
stability. You mentioned 'stable up to 200"C'. 

Professor J. Furukawa (Japan): Yes, that is right. 

Dr O. E. Lohuizen (Netherlands): Are you certain you have sequences 
of acetone units? 

Professor J. Furukawa (Japan): Yes, I am. Most of the polymer might 
be conventional polyacetone which is very unstable; we can obtain only 
the block copolymer, whose composition was calculated by analysis to be 
more than 70 or 80 per cent acetone units. The other part is polypropylene 
block. 

Dr O. E. Lohuizen (Netherlands): When you speak about thermal stability 
up to 200 ° do you mean a thermal stability under dry nitrogen? 

Professor 1. Furukawa (Japan): The thermal stability was measured 
between two sheets of plate glass. 

Dr K. Butler (U.K.): I would like to ask Professor Furukawa two 
questions about his hydrolysis experiments on the polyalkyl acrylates. I 
believe from your table that you were able to obtain crystalline polyacrylic 
acid from some samples of the acrylic esters which were atactic or not 
crystalline. Could you explain that please? Secondly, did you notice any 
differences in the rates of hydrolysis of the esters depending on the degrees 
of crystallinity? 

Professor J. Furukawa (Japan): The rate of hydrolysis is much higher 
in isotactic polymers, and the more regular the polymer, the greater is the 
rate of hydrolysis. 

Dr K. Butler (U.K.): But is this in solution? If you have the polymer 
in solution is the rate still higher? 

Professor J. Furukawa (Japan): Still higher, yes; the detailed data may 
be published in the near future. 

Dr K. Butler (U.K.): On the other question, perhaps I was misreading 
your table, but I thought that you did have atactic or non-crystalline 
polyacrylic acid as a result of hydrolysis. You had crystalline polyacrylie 
acid from atactic acrylic ester. Do you think that there is some change in 
the conformation of the chain? 
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Pro/essor J. Furukawa (lapan): I have mentioned in my lecture that 
apparently the amorphous polymer is essentially not atactic but stereo- 
regular, and when it is hydrolysed the polyacrylic acid formed exhibits very 
high crystallinity, and therefore the rubbery appearance and uncrystallizable 
nature of polyacrylate esters may be related with a certain cause other 
than tacticity. 
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The Sub-microscopic Morphology of 
Cellulose 
R. D. PRESTON 

The nature of the microfibrillar component  of  plant cell walls is discussed and 
its association with other paracrystalline components commented upon. 
Cellulose microfibrils are shown to consist o ] a  central crystalline core which 
is probably composed of chains of fl-J,4-1inked glucose residues only. This is 
surrounded by a "cortex' containing a mixture of  chains including non-glucose 
chains. The mutual arrangement of  the chains in the crystalline core is shown 
to be variable. It  is recalled that the microfibrils in elongated cells pass 
helically round the cell. Mos t  cells possess at least two such helically con- 
structed wall layers, differing in pitch and giving the "crossed fibrillar structure' 
shown most  beautifully in some marine algae. In these latter plants the 
microfibrils ]requently pass over ]rom one wall lamella to the next forming an 
inter~lamella linkage which may also occur in higher plant fibres. These 
seaweeds (and some ]ungi) also show the phenomenon of spiral growth as 
a consequence of  their helical structure. When the cells are prevented from 
twisting during growth--as  they probably are in higher plant fibres--distortions 

are produced in the wall structure. 

IT IS perhaps natural, when one and the same material is of importance 
in widely different fields of enquiry, that circumstances should arise in 
which even the name given to it should carry different connotations in the 
different contexts. So long as the implications involved are fully realized 
no harm is done; but when the material so named is taken in one field to 
have the structure and the properties implied in another field, then serious 
errors might follow. This seems to be a danger with cellulose. 

The word cellulose was coined by the botanist Payen in 1844 to define 
the basic component of plant cell walls generally. This was a substance 
with certain characteristic staining reactions and it was not until much 
later that its structure was examined, The word is still used by botanists 
in precisely this sense and to them it is immaterial whether the plant is a 
flowering plant, a fern or a seaweed. The fibre technologist, however, 
consciously or unconsciously applies a restriction to this broad definition; 
to him the word cellulose refers solely to a structural component which can 
be isolated by certain standard chemical processes from the relatively small 
number of plants--almost exclusively flowering plants--which are usable 
commercially. This latter use of the word tends to hide the fact that 
celluloses as defined in this way vary significantly both in chemical com- 
position and in structure. Structural determinations by physical methods 
have served, if anything, only further to confuse the issue. X-ray diffraction 
analysis, largely of ramie fibres but to a less extent also of other plant fibres 
and of wood and cotton and even of seaweeds, has been interpreted in terms 
of a crystal lattice containing long molecular chains of/3, D-glucose residues 

This paper was presented at a Polymer Science Conference. held in conjunction with the Second World  
Congress of Man-made Fibres, at tlae Connaught Rooms, Holborn, London W.C.2,  2rid and 3rd 
May 1962. 
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only, with the implication that the amorphous or paracrystalline cellulose 
associated with the crystallites is similarly constituted. This constituted a 
new, and more strictly selective definition. Examination of celluloses in the 
electron microscope has now revealed that, at this level, cellulosic bodies 
invariably contain long thin threads called microfibrils, ranging in diameter 
from less than 100 A to more than 200 A, which with some plant species 
(the seaweeds VaIonia, Cladophora and Chaetomorpha for instance) have 
been shown to give electron diagrams typical of cellulose. The microfibrils 
therefore came to be regarded as cellulosic and have been looked upon as 
the naturally produced morphological unit of this substance, constituting 
yet another definition. 

Only if the substance extractable from plants by standard methods 
consists solely of microfibrils, gives the X-ray diagram characteristic of the 
cellulose of crystallographers and on hydrolysis yields glucose only do all 
these definitions coincide. In fact, however, remarkably few so-called 
celluloses fall into this category and these--derived from a small group of 
seaweeds--are so different from all other celluloses that they can hardly 
be regarded as typical. It is the purpose of this article to survey the micro- 
fibrils derived from a wide variety of plants in order to assess the kind and 
the degree of the variability of this morphological unit. In order to avoid 
confusion in terms the definitions proposed by Myers, Preston and Ripley x 
will be employed; the term cellulose will be used for all those microfibrils 
which can be extracted from cell walls more or less intact, which then give 
X-ray diagrams with arcs, however broad, with spacings characteristic of 
cellulose and which hydrolyse to give glucose together with other sugars. 
Those few celluloses which hydrolyse to give no sugar other than glucose 
are then called eucellulose. 

T H E  C H E M I C A L  N A T U R E  O F  C E L L U L O S E  
M I C R O F I B R I L S  

In isolating microfibrils for chemical investigation the technique of choice 
is clearly the one yielding clean microfibrils with a minimum weight loss. 
A satisfactory method has been found in a slight modification of the method 
of Jermyn and Isherwood 2. In their method, non-cellulosic wall constituents 
are progressively removed by boiling in water, chlorination (giving so-called 
holocellulose) and treatment with 4N caustic potash, leaving a residue which 
is called ~-cdlulose. Cronshaw et al. 3 modified this treatment by postponing 
the chlorination until after the caustic potash treatment, a modification 
which still produces an ~-cellulose consisting of equally clean microfibrils 
while, as shown by DennisL involving a markedly lower weight loss. 

The sugars present in the resulting microfibrils and in the various extracts, 
as determined by paper partition chromatography of the hydrolysates, are 
presented in Table 1 for a variety of celluloses. Of the plants so far 
examined only a small clearly defined group of seaweeds yields a cellulose 
which hydrolyses to give no detectable sign of sugars other than glucose 
and is therefore to be classed as eucellulose. These are Valonia on the one 
hand and Cladophora and Chaetomorpha on the other, members of two 
rather closely related families. They have other distinguishing features, to 
be discussed later, which give them a unique place among the celluloses. 
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All other celluloses so far examined contain sugars other than glucose in 
greater or lesser degree, reaching 50 per cent by weight of the cellulose 
in species like the red alga Rhodymenia palmata. The difficulty in obtaining 
chemically pure cellulose has long been recognized, but only with the 
advent of electron microscopy could it be shown that this is because the 
non-glucose sugars form an integral part of the cellulose complex. It remains 
to determine the spatial distribution of these sugars within the microfibrils. 

Table 1. Compos i t ion  of  ce l luloses  from various  sources 

Source Composition Source Composition 

Valonia ventricosa 
Cladophora rupestris 
Chaetomorpha 

melagonium 
Enteromorpha sp. 

Ulva lactuca 

Halidrys siliquosa and 
all Fucales  

S* Glucose  
S Glucose  
S Glucose  

W Arabinose  
S Glucose  

M X y l o s e  
M R h a m n o s e  
S Glucose  
S X y l o s e  
S Glucose  

W X y l o s e  
W Fucose  

*S, M, W refer to the intensity of the 

Laminaria digitata and S Gl ucose  
L. saccharina M Uronic  

acid 
Ptilota plumosa S G l ucose  

W Galactose  
W X y l o s e  

Griffithsia flosculosa S G l ucose  
W Galactose  

i X y l o s e  Rhodymenia palmata Glucose  
Xy l ose  

Porphyra sp. Mannose  

spot on the chromatogram. S=strong; M=medium; W=weak. 

Provided that amorphous incrusting substances and non-cellulosic 
crystalline materials (xylan, alginic acid, etc.) have been remow;d, all 
celluloses so far examined give an X-ray diffraction diagram either identical 
with that of the Valonia group or rather closely resembling it and, though 
some of the deviations are significant, there is undoubtedly a common 
pattern of structure. All members of the Red Algae, for instance, even 
when the cellulose contains 50 per cent xylose, are indistinguishable in this 
respect from higher plants. This has been interpreted as implying that the 
glucose polymer---eucellulose--is crystalline and that the xylose-containing 
chains lie outside the crystallite; in terms of the microfibrillar structure this 
means that the crystalline region should form a central core of eucellulose 
surrounded by a paracrystalline cortex containing xylose residues (PrestonS; 
Preston and" Cronshaw 6) (Figure 1). This has been verified by a method 
which takes advantage of an earlier observation by R~inby 7. When cellulose 
is refluxed with 2.5N sulphuric acid at 100°C for 24 hours and washed on 
a filter then, as the washings approach pH3, the cellulose suddenly becomes 
colloidal and washes through the filter. The dispersed phase consists of 
short rods (Figure 2) (RgmbyT; Mukherjee and Woods 8) which still yield 
an X-ray diagram of the original cellulose (Mukherjee and WoodsS). It 
could be that these rods consist of short lengths of the crystalline core of 
the microfibrils and, if they do, then they should yield glucose only on 
hydrolysis. It has now been shown that this is so, even with microfibrils 
containing 50 per cent xylose (Table 2) (Dennis and Preston 9) and that, 
moreover, the non-glucose sugars present in the microfibrils can be 
recovered from the acid extract. This seems to verify the structure presented 
diagrammatically in Figure 1. 
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The picture is not, however, always quite so clear in a quantitative sense. 
If the crystalline core of a microfibril is bA wide and b/nA thick then it 
contains b~/33n chains. In order completely to cover this with a single 
layer, of, say, xylan chains, the number required would be approximately 
2b(5.4n+ 6"1)/33n. The ratio surface chains/body chains, would then be 

Figure / - -Diagrammatic  re- 
• - / /  / / . .~,  / , presentation of the trans- 

/ /  , " /  ; ~ /  / / / . ;  / . / I  verse section of a cellulose 
/ / ,  • / .o microfibril about 100A wide 
" ! l " and about 50A thick. The 

" ' "  / , " 1" / solid strokes represent the 
/ / " 1, / / planes of the glucose resi- 
/ /  , , " , " " ~ ,  , "[' / " ~  dues in the cellulose chain 

• molecule and the broken 
" / /  • ", ~ "  ,'1 1 , / strokes the planes of other 
"~/ / , / , /  sugars or sugar derivatives 

• t / "~ ' "1 / I : / / / I / / I  in non-cellulosic molecular 
: . " ,  i /  / - "  chains. The area joined 

into a lattice represents the 
solid central core 

2(5'4n+ 6-1)/b. Taking for wood cellulose b=60A,  n = 2  see p 515) then 
in such a microfibril 37 per cent of the chains would be xylan chains; for 
the broader microfibrils of Valonia, etc., b=200A, n = 2  leads to a value 
of 14 per cent. There is therefore seldom the quantity of xylose residues 
associated with the microfibrils to allow a complete surface of xylan chains; 
the paracrystalline cortex must therefore contain glucose chains in addition 
to xylose chains, or mixed gluco-xylan chains. 

It is not clear, indeed, that the surface will be uniform. Celluloses vary 
considerably in resistance to chemical attack and this may be associated 
with the nature of the microfibril surface. Most higher plant celluloses, 

Table 2. Analysis of celluloses 

Source o[ Alter Acid [rom 'Colloidal 
cellulose Holocellulose 4% KOH colloidal cellulose 

Elm wood Glucose S* 

Pine wood 

Rhodymenia 

Ulva 

Laminaria 

Glucose S* 
Xylose M 

Glucose S 
Mannose M 
Xylose M 

Glucose S 
Xylose S 

Glucose S 
Xylose W 
Rhamnose T 
Uronic A W 

Glucose S 
Uronic A M 

Glucose S* 
Xylose W 

Glucose S 
Mannose M 
Xylose W 

Glucose S* 
Xylose S 

Glucose S 
~ Mannose S 
Xylose  S 
Galactose W 

Glucose S Glucose W 
Xylose S Xylose S 

! Xylose 
Glucose S !Glucose S 
Xylose W M 
Rharnnose T Rhamnose W 
Uronic A W Uronic A W 

Glucose S ] Glucose S 
i 

Uronie A W I 

Glucose S 
Mannose T 

Glucose S 
Xylose T 

Glucose S 

Glucose S 

* R e f e r s  t o  t h e  s t r e n g t h  o f  s p o  t o n  the chromatogram. S=stron8; M=moderate; W = w e a k ,  T = t r a c e .  

514 



THE SUB-MICROSCOPIC MORPHOLOGY OF CELLULOSE 

including delignified wood cellulose, will dissolve in 72 per cent sulphuric 
acid. Untreated Valonia cell walls (which contain about 80 per cent cellulose-) 
are known not to be soluble in sulphuric acid less than about 110 per cent, 
not to swell in cuprammonium solution and not to stain with iodine and 
sulphuric acid. After boiling in water and chlorinating, however, this cellu- 
lose behaves normally. Even when extracted in this way other celluloses 

Figure 2--Electron micrograph of colloidal cellulose from elm wood. 
Magnification : 21000 ×, reproduced without reduction; shadowed Pd-Au. 

(Photo by Dr D. T. Dennis) 

are still difficult to digest in sulphuric acid--the celluloses extracted from 
Ulva lactuca and from Enteromorpha are cases in point. These effects may 
clearly be due to the protective action of a non-cellulosic coating over the 
microfibriI. 

On the other hand some algal celluloses, though not markedly less crystal- 
line than the cellulose of fibre plants, are very much more sensitive to 
alkali. Fibre celluloses commonly mercerize completely in around 20 per 
cent caustic soda. The cellulose of some brown seaweeds, on the other hand, 
become mercerized in 14 per cent caustic soda and red algal celluloses in 
solutions as weak as 10 per cent (Frei and Preston'°). This seems to suggest 
some sophisticated differences in structure of these various celluloses. 
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T H E  P H Y S I C A L  O R G A N I Z A T I O N  O F  C E L L U L O S E  
M I C R O F I B R I L S  

Cellulose microfibrils range in size over rather narrow limits. They are so 
long that ends are observed only under special circumstances (e.g. in the 
extra cellular cellulose of ,4cetobacter xylinum 1~ and in cell wall layers in 
process of depositionl~). In width they range from about 80A (Nitella 
opacal3; some woods TM) through' 100A (some seaweeds 3, some woods 1', 
cotton and other fibres) to between 200 and 300A (Vdonia etc.~2,~',xs). 
They are commonly about half as thick (Preston ~5) and are possibly elliptical 
in section. 

The range of width of the crystalline region--the crystallites or micelles-- 
is somewhat greater, whether judged by the width of high-angle arcs on 
the X-ray diagram or by the low angle scattering. In the primary walls of, 

Figure 3--Electron micrograph of softwood cellulose microfibrils stained with Ag +, 
unshadowed. Magnification: ca. 25000 ×,  reproduced without reduction 

for instance, conifer cambium these cannot be much more than 20 to 30 A 
wide 1~ although the microfibrils are about 100A wide. In the similar micro- 
fibrils of plant fibres the micelles are 50 to 60 A wide (Hengstenberg and 
Mark17). In these two cases more than 50 per cent of the material in the 
microfibrils is non-crystalline in the sense that it will not give coherent 
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diffraction of X-rays; the constituent chains, that is to say, are no t regularly 
spaced. This material is made in large part of glucose residues (p 514). 
In the microfibrils of Valonia, Cladophora and Chaetomorpha the width 
of the crystallites is not noticeably less than that of the microfibrils (Preston 
and Ripley18). Moreover the cellulose content of the wall (Preston and 
Cronshaw ~) is closely similar to the content of crystalline material present 
(Preston et al.19). The non-crystalline content of these microfibrils, which 
contains no detectable sugar residues other than glucose residues, must 
therefore be small and these microfibrils may well be, to a close approxi- 
mation, single crystals. 

Two types of observation suggest that the organization of a microfibril 
is not uniform along its length. In microfibrils of wood cellulose which 
have been immersed for a short time in silver nitrate and well washed, the 
silver is not taken up uniformly, Figure 35 demonstrates that the micro- 
fibrils become opaque over short lengths, separated by lengths which have 
taken up little or no silver. This may well mean that over the opaque regions 
the crystallite core is interrupted or at least reduced in thickness. Chaeto- 
morpha microfibrils do not show this phenomenon 5 but they, like other 
microfibrils, when subjected to even such a mild treatment as boiling in 
water show the appearance illustrated in Figure 4. Short lengths of the 
microfibril are missing, though the shadow is continuous. These deletions 
must presumably represent regions of weakness. 

Figure 4--Electron micrograph of cellulose microfibrils in the 
green seaweed Chaetomorpha melagonium. Magnification : 

20400 x ,  reproduced without reduction; shadowed Pd-Au 
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Although the crystalline core has been shown to be eucellulose in some 
cases--and is probably so in all--its structure is not precisely the same 
in all plants. Four crystalline modifications of cellulose are recognized: 
cellulose I, formerly called native cellulose and typical of vegetable fibres, 
with a unit cell a=8-35A,  b=10 '3A,  c=7"9A,  /3=84°; cellulose II, 
mercerized cellulose, produced when cellulose I is dispersed and reprecipi- 
tated, with a unit cell a = 8" 14 A, b = 10" 3 A, c = 9"14 A,/3 = 62 °; cellulose 
m which will not be discussed here; and cellulose IV, produced by heating 
cellulose u at 290°C in glycerine, with an almost tetragonal unit cell. It was 
suggested some years ago that cellulose II occurs naturally in many seaweeds 
(Nicolai and Preston ~°) but this has been shown to be due to coincidence 
between the arcs on the X-ray diagram of cellulose II and those of clay 
minerals only recently known to be present (Frei and Preston'1). There still 
remains, however, the seaweed, Halicystis described originally by Sisson 2~ 
as containing cellulose II, in which the presence of this substance has more 
recently been confirmed 23. The microfibrils of this plant contain equal 
quantities of glucose and xylose residues, the latter forming a/3-1,3-1inked 
xylan, and both the cellulose and the xylan are crystalline. In all other 
cellulose-containing seaweeds so far examined the structural polysaccharide 
is either cellulose 1 or a modification approaching cellulose iv (Frei and 
Preston, unpublished). 

Figure 5---X-ray diagram of a 
pellet of the cellulose in the 
green seaweed Acrosiphonia 
centralis. Note the single inner- 
most ring, replacing the two 
clearly soaced rings of cellu- 
lose I. (Photo by Dr Eva Frei) 

The discovery by Kubo 24 of a naturally occurring cellulose with an almost 
tetragonal unit cell (a=8-05A, b=10-3A,  c=7 .98A,  /3=89 °) resembling 
that of cellulose iv, in Coltsfoot (Tussilago [arfara) [mistranslated in the 
English edition of Meyer (1942) as hoof cellulose], has been commonly 
overlooked. This odd structure has now been confirmed (Frei and Preston, 
unpublished). In the X-ray diagram of this modification the (101) planes 
(6.1 A in cellulose i) and the (101) planes (5"4 in cellulose I) reflect together. 
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Many seaweeds, green, brown and red contain normal cellulose I but in 
others the 101 spacing is low and the 10i- high so that the reflections 
approach each other. In still others the two reflections are fused (Figure 5). 
This is often observed in higher plants, where the fusion is due to a 
broadening of each arc consequent upon low crystallinity. This is not the 
case in the seaweeds. It is quite clear that in these plants the structure of 
the so-called cellulose I is within limits variable, Differences between the 
cellulose I of higher plants and that of Valonia have already been recorded 
and a wide survey of cellulose structure in higher plants is clearly desirable. 
There are reasons to think that the unit cell of Meyer and Misch :~ is in 
error in some respects; the true unit cell is probably twice as big as they 
suggested, and as illustrated in Figure 6, which would mean that the 
disposition of the cellulose chains cannot be precisely as shown. The fact 
that in Valonia cellulose, at least, the seventh layer line on the electron 
diffraction diagram is weak or absent (Balashov and Preston ~) suggests that 
the central chain in the Meyer and Misch unit cell is displaced along the b 
axis by an amount less than b/4 and, in any case, there is no clear reason 
why this chain should be antiparallel. There are indeed reasons to think 
it is not s . 

s. " - - - , . .  i, 

10.3 

Figure 6--Two unit cells of cellu- 
lose I, side by side, after Meyer 
and Misch. The hexagons repre- 
sent B-o-glucose residues (the solid 
circle is oxygen); distances in A 

The microfibrils in many cell walls are organized in specific orientations 
with respect to a cell axis, and their common orientation can therefore be 
determined by X-ray diffraction analysis and by electron microscopy. 
This will be discussed later. The point is to be made here, however, that, 
in some cases at least, the non-cellulosic wall polysaccharides are also 
crystalline and the constituent molecular chains are then oriented along 
the same direction as are the microfibrils. When samples of the red algae 
Rhodymenia palmata (flat, membranous fronds) after treatment with four 
per cent alkali are dried down on glass, the cells become flattened on the 
glass surface and therefore the microfibrils lie flat. An X-ray diagram taken 
with the beam parallel to the flattened faces shows reflections from the xylan 
and cellulose as distinct arcs (Figure 7). Under these circumstances the 
xylan is oriented with the cellulose and the difficulty encountered in 
producing the same effect by similar treatment of extracted xylan alone 
shows that this cannot be an artefact induced by drying down (Dennis4). 
It seems probable that xylan and cellulose may be similarly oriented in 
wood and fibre cellulose though here, since the cellulose content (ca. 50 
per cent) is so much higher than in Rhodymenia (7 per cent), the cellulose 
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diagram is so intense as to swamp any xylan diagram which may be present. 
The long spacings of ten  recorded in X-ray diagrams of celluloses may well 
come from this source. 

An even more striking example is presented by alginic acid (Frei and 
Preston21), and the seaweed Chorda filurn is particularly informative. In 
some cells of the cortex (the bulk of this filiform plant) the cellulose micro- 
fibrils are arranged helically and correspondingly the diagram is a four- 
point diagram. In addition to the arcs corresponding to typical cellulose I, 

Figure 7--X-ray diagram 
of Rhodymenia cellulose 
(after extraction by 4 per 
cent caustic potash). 
Specimen flattened, beam 
parallel to flattened face. 
Note that all the arcs, 
referring to xylan as well 
as cellulose, are accentu- 
ated either on the equator 
or the meridian. (Photo 

by Dr D. T. Dennis) 

this diagram contains arcs due to a crystalline alginate as can be verified 
by removing the latter. When the fresh plant is treated with dilute hydro- 
chloric acid the alginate is converted to alginic acid with a much higher 
degree of crystallinity and the X-ray diagram then demonstrates most 
beautifully the parallel arrangement of alginic acid and cellulose. It is 
quite certain that here--and in many other seaweeds--the alginic acid 
compounds are crystalline in the plant and that they occur in close 
association with the cellulose. It has been shown, moreover, that the 
alginates, like cellulose, are crystalline even in material which has never 
been allowed to dry and which is exposed to the X-ray beam at 98 per 
cent r.h. 

THE M U T U A L  O R G A N I Z A T I O N  OF C E L L U L O S E  
M I C R O F I B R I L S  

It is now well documented that in the elongated cells of higher plants the 
cellulose mierofibrils are specifically oriented, passing round the cell in a 
helix in such a way that the angle between the helical winding and cell 
length (O) is related both to the breadth and to the length of the cell; the 
regression line with the length, L, takes the form L = a + b cot ~ where a and 
b are constants 2'. Certainly in some fibres such as ramie the microfibrils lie 
almost longitudinally, and in the vessel dements of angiosperm wood almost 
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transversely, but these may be regarded as the limiting cases of helical 
organization. This particular arrangement of the microfibrils is known to 
be definitive for the mechanical properties of fibrous cells 23. Moreover, the 
'crossed fibrillar' structure, first discovered in seaweeds 3~, is now known 
to be ubiquitous in fibres. In these cells it takes a form in which alternate 
wall layers carry microfibrils lying alternately in a fiat and a steep helix. 
Conifer tracheids represent the prototype of this structure; the wall corres- 
ponds to three coaxial cylinders, the outer and inner both thin and the 
central one thick. The microfibrils of the outer and inner cylinders run in 
flattish helices (0 lying in the range, say, 50 ° to 90 °) and in the central 
cylinder in steep helices (0 between 0 ° and 40 °, say) 29. The range of 
structures found in conifer wood by Wardrop is illustrated in Figure 8 
and may be taken as typical of all fibrous cells though some fibres such as 

(a) (b) 

~ S2 

SI 

2(G) S2 ~" 

(c) (d) (e) 
Figure 8---Diagramniatic representation of the structure of the secondary 
walls of softwood tracheids, dissected to show individual layers. Oblique 
lines represent the general run of the cellulose microfibrils (by courtesy 
of Dr A. B. Wardrop). (a) Normal three-layered structure of secondary 
wall, (b) Two-layered structure of secondary wall in compression wood 
tracheid, (c) (d) (e) Two-, three- and four-layered structures as observed 

in tension wood fibres 

bamboo are still more complicated 3°. The close proximity of the microfibrils, 
possibly together with the close'association between the microfibril surface 
and the incrusting substances, sometimes gives the wall lamellae a smooth 
appearance in electron micrographs suggesting an aggregation into ribbons. 
This should not be allowed to obscure the fact that the microfibrils are 
nevertheless individual units which can be seen in the electron nficroscope 
even after the mildest treatment (Figure 9) 31. 
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Crossed microfibrillar structure has now been demonstrated in many 
higher plant cells other than fibres in some fungi and in many algae, 
though nowhere does it occur with more precise expression than in the 
group of algae in which it was originally found 12, ~. In this group, members 
of which range in size and form from the globules of Valonia, as large as 
a hen's egg, to the almost microscopically narrow filaments of Ctuzeto- 

Figure 9--Electron micrograph of a longitudinal section through 
the layer SI of a delignified tracheid of Pinus radiata. Magnifica- 
tion: 22500 ×, reproduced without reduction; shadowed Pd-Au 

morpha, wall lamellae with microfibrils in one orientation alternate 
repeatedly with microfibrils in another direction (Figure, 10). With all of 
them the microfibrils are exceptionally straight and well aligned. The wall 
of a Valonia vesicle was conceived by Astbury and Preston as possessing 
two sets of microfibrils, lying in two sets of lamellae, one of them running 
in a fiat, and the other in a steep left-hand helix round the vesicle. It  is now 
known that there is present a third type of lamella with microfibrils lying 
in a moderately flat right-hand helix (Cronshaw and PrestonS~). This third 
lamella is not regularly present so that the whole structure is an interrupted 
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Figure/0--Electron micrograph of inner wall lamellae of ceils 
of the green seaweed Cladophora rupestris, viewed from 
outside. Magnification: 24000 ×, reproduced without 

reduction; shadowed Pd-Au. Cell axis vertical 
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two-lamella repeat rather than a three-lamella repeat. The filamentous 
seaweeds Cladophora and Chaetomorpha are similarly organized, differing 
from each other and from Valonia both in the signs of the helices and in 
the abundance of the third type of lamella but with close geometrical 
relationships 1~ (Figure 11). 

The cells of these seaweeds though often small, are large enough that 
observations can readily be made upon them which are for technical reasons 
much more difficult with the much narrower fibrous cells of higher plants. 
This is important, since the wall structure of these plants is so similar 
to that of the fibrous cells that the observations made give pointers toward 
the kind of things which might be looked for in higher plants. It is known, 
for instance, that the individual lamellae in the walls of the seaweeds are 
not clearly separable over their whole a re#  2. Microfibrils can be seen to 
pass smoothly from one lamella to the next, with a consequent change in 
direction (Figure 12), or even to the next-but-one or next-but-many. If this 
were true in wood fibres, for instance, it might conceivably be of importance 
in paper-making. It is further known that, while the two (or three) helices 
do alternate almost exactly through the wall, the helical angle slowly 

(a) (b) (c) (d) 

l f"Tl l I I  1l'41 l 
hl l..l  i I l l I"I,I hl  l'l',l I" 

 111  LII I II NIl'kl ; 
j  111 1 "i4'li ,.Lt! I t  

(e) 

Figure //--Diagram representing the relationships 
between the structure of the wall in Chaetomorpha, 
Cladophora and Valonia. The two major orientations 
of microfibrils correspond to the two sets of double 
lines. The third orientation is represented by single 
lines. The longer edge of each rectangle is taken 
parallel to the axis of the corresponding cell. (a) 
Chaetomorpha melagonium. (b) Cladophora rupestris. 
(c) Chaetomorpha princeps. (d) Cladophora proli[era. 

(e) Valonia ventricosa 

changes on passing from the inside to the outside of the wall; the steep 
helix becomes flatter and the flat helix steeper (Frei and Preston33). There 
is some evidence that similar changes are to be found in some fibres (Preston 
and Singh3°). If this phenomenon were found to be universal then it might 
be important in detailed considerations of the effect of stress on fibres. 
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It is known, moreover, that the helical organization of the walls of the 
seaweeds Cladophora and Chaetomorpha carries with it the consequence 
that as each constituent cell elongates it, and therefore the whole filament, 
twists about its own axis in the so-called spiral growth (Frei and Preston33). 
If this twisting is artificially prevented then internal stresses are set up 

Figure 12--Electron micrograph of wall lamellae of cells of the green seaweed 
Chaetomorpha princeps. Magnification: 21000 ×, reproduced without reduction; 
shadowed Pd-Au. Note the rnicrofibrii curved through about 90 °, incorporated in 
wall at both ends. All the disoriented microfibrils shown are similarly incorporated 

which lead to marked aberrations in structure. There seems to be no reason 
why any cell with helically organized walls should not show similar growth 
phenomena and indeed such a process has already been invoked in a semi- 
quantitative explanation of spiral grain in timber 3'. In that case, one might 
expect internal stresses to be set up in any fibre which undergoes extension 
during development while being held firmly against twisting, and these 
stresses could have consequences which need to be taken into account. 

If there is a moral to this tale of cellulose it is therefore this. The fibre 
scientist must accept his cellulose in the form presented to him in the plant 
and his endeavours are limited by its morphology. It is, however, within 
his power to select from the wide variety available a form of cellulose which 
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will readily give him the solution to a problem he perhaps cannot even 
investigate with fibres. He must then ask himself if he can safely transfer 
his solution to the cellulose of commerce, and the answer may be far to seek. 
At the least, however, on the way he C/ill learn a great deal more about 
cellulose than fibres alone can teach him. 

The Astbury Department of Biophysics, 
The University of Leeds, Leeds 2 

DISCUSSION 
Professor H. Hopff (Switzerland), Chairman: May I thank you very much 
Professor Preston for this very interesting contribution to our knowledge 
of the morphology and the structure of 0ellulose. You have shown us that 
the term 'cellulose' can mean different things, and that there are in existence 
several kinds of cellulose which differ in their hydrolysis products. Do 
you mean that the xylose and the other sugars you find in cellulose are 
constituents of the long chain, or are the glucoses only in the core of the 
microfibrils? 

Professor R. D. Preston (U.K.): I am not sure myself where the xylan 
chains are, but I think they are in the cortex, not in the crystalline core, so 
that the eucellulose is always the same. 

Dr P. H. Hermans (Netherlands): Would you add something on the 
way in which one single microfibril grows; in particular, if it grows by lateral 
apposition or whether it grows from the end? 

Professor R. D. Preston (U.K.): I think it grows from the end. There 
are several lines of evidence which suggest this--some of which I am sure 
you already know. Ross Colvin, in Canada, working .with the extracellular 
cellulose of Acetobacter xylinum has very good electron micrographs show- 
ing that when you take a culture which has no cellulose in it, and take 
repeated strippings, in a few seconds you can see tiny little bits of things, 
and then a few seconds later these get longer and longer and longer, suggest- 
ing end synthesis. The diagrams which I have shown you, showing micro- 
fibrils interweaving, I think also mean that these microfibrils must be 
synthesized from the ends, just as starch is synthesized from the ends. 

Dr P. H. Hermans (Netherlands): Would that mean that there is an 
enzyme on the top of the fibril which has a kind of template of the three- 
dimensional structure of the cellulose cell which is pushed forward by the 
fibril? 

Professor R. D. Preston (U.K.): If microfibrils grow by end synthesis, 
then at first sight there must be an enzyme at the end and it must 
either push out the microfibrils or it itself must walk backwards. I think 
there is a way round this. In these plants Chaetomorpha and Cladophora, 
we can take off the innermost layer which is just being deposited and we 
can see what the cellulose was like at the precise moment we killed it. 
Here there is a series of granules in the form of cytoplasm with it too. 
The granules are arranged in cubic (?) symmetry and out of them 
apparently come the microfibrils, some going one way and some going the 
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other way. So it looks to us now as though the whole surface is an enzyme 
complex, and any part of it can be stimulated to make a microfibril by the 
presence of an end so that, when the end comes up against a particle, that 
particle continues the synthesis; the microfibril then meanders past to the 
next particle and so this microfibril travels through this complex of cubically 
arranged granules, being oriented, I presume, by their particular orienta- 
tion. This is a very loose picture, but this is what we actually see, in this 
static picture, of this newly laid-down cellulose and this is how we interpret 
it at the moment. 

Professor H. Hopff (Switzerland), Chairman: Undoubtedly you have 
examined the bacterial celluloses, for instance that from Bacterium xylinum. 
Are these eucellulose? Or are they composed of the glucose only? 

Professor R. D. Preston (U.K.): I have not examined these myself. They 
are said to be eucellulose. 
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Mechanical Relaxation in Some 
Polymers 

Oxide 

B. E. READ 

The shear modulus and damping have been measured at a frequency of about 
1 c /s  and at temperatures down to --190°C [or polyethylene oxide, polypro- 
pylene oxide and polyacetaldehyde. Five different samples of polyethylene 
oxide have been investigated, ranging in molecular weight from about 4× 103 
i~p to 5 × 10 ~. The sample of highest molecular weight exhibits a loss peak at 
about --57°C. As the molecular weight decreases the temperature of maximum 
loss initially increases, passes through a maximum in the molecular weight 
region of 104, and then decreases. After annealing the samples, the loss peaks 
move to higher temperatures and broaden slightly and the magnitudes o] the 
relaxations show a small reduction. The reverse effect is observed when water 
or dioxan is added to the polymer. The relaxations are attributed to the 
motions of chain segments in the disordered regions of the polymer, and it 
is suggested that these regions may be subjected to strains induced by the 
ordered regions of the polymer. Polypropylene oxide and polyacetaldehyde 
exhibit loss peaks at about --62°C and --19°C, respectively, both of which 
are attributed to relaxation processes related, to the respective glass transitions. 
The results are discussed and compared briefly with data on other related 

polymers. 

IN A recent publication we reported on a study of molecular motions in 
polymethylene oxide ([----CH2--O--].) by dielectric and dynamic mech- 
anical methods 1. The purpose of the present paper is to present and discuss 
some low frequency mechanical data on the related oxide polymers 
polyethylene oxide ([---CH2----CH~--O--].), polypropylene oxide ([--CH 
(CH-~)--CH2--O--].) and polyacetaldehyde ([---CH(CH3)--O--].). The 
relaxation behaviour of polyethylene oxide has been found to depend 
significantly on the molecular weight of the polymer, its state of annealing 
and the presence of absorbed liquids such as water and dioxan. Partially 
crystalline and amorphous samples of polypropylene oxide and an 
elastomeric sample of polyacetaldehyde have also been studied. 

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

The logarithmic decrement (&) and the real and imaginary shear moduli, 
G' and G" respectively, were determined from -190°C up to room 
temperature. For one sample of polyethylene oxide (Polyox FC 118) the 
measurements were extended up to the melting point of the polymer (66°C). 
The measurements were made with a torsion pendulum operating at a 
frequency of about 1 c/s 1. 

Five samples of polyethylene oxide have been studied. They were obtained 
from the Union Carbide Chemicals Co. (U.S.A.) and are designated, in order 
of decreasing molecular weight, Polyox FC 118, Polyox FC 2 075, Polyox 
2 464, Carbowax 20M and Carbowax 4000. Strips of each polymer 
were moulded under pressure. The moulding temperature for the three 
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highest molecular weight samples was 90°C. The two samples of lower 
molecular weight were moulded at temperatures a few degrees above 
their melting points. The densities and estimated molecular weights 2 of the 
specimens are listed in Table 1. Samples were annealed by heating to 55°C 

Table 1. Summary of data 

Polymer 

Polyethylene oxide 
Polyox FC 118 
Unannea'ed 
Annealed 
+ Wa:er (3%) 
Dried 
-~ Dioxan (7%1 
Polyax FC 2075 
Unat~nealed 
Ann=aled 
Polyox 2 464 
UnanneaJed 
Annealed 
Carbowax 20M 

Unann:aled 
Annealed 
Carbowax 4 ¢,00 
Unannealed 

Polypropylene oxide 
Amorphous 

(sulphur 
vulcanizate) 

Partially 
crystalline 

Polyaeetaldehyde 

I Estimated 
Density ] molecular 
(g l ml)  weight* 

. . . .  ( ~ t  av.)  _ 

f 5×10 ~ 
1"208 ] 5×10" 
1-214 5×10 ~ 

[ 5x10" 
1"278 5×10 ~ 

5x10 ~ 
[ 8x10 ~ 

1,216 [ 8x10 ~ 
1'222 8×10' 

2x10' 
1"223 2x  105 
1"228 2X I(P 

1.5X10 ~ 
[--.>2'0x 10' 
-.->2" 0 X 104 
-->2.0>¢ IO ~ 

4X103 

1"196 
1"216 

1"222 4XlO 3 

1,045 

1.057 

T , .  m~x. 
(*C) 

-56 
-50 
-59 
-55 
-66  

-54 
-39 

-41 
-38 

-32 

-62  

-62 

-19 

Tc, ' ". nl 
(°CI 

-59 
-52 
-61 
-56 
-71 

-57 
-50 

-2~ 

-37  

-65 

-65 

-29 

Fr,q.e 
tx. ( c / s  k e a l / m o l e  

0"34 34 
0'75 
0"44 
f'40 
0"50 32 

0"44 36 
0'96 

0"86 
l'O1 

0'68 33 
1"29 

t 1"7 

0'24 

0"32 28 

I o58 I 

0'27 

0"33 

0"35 

0"22 

0"50 

*The molecular weights quoted for the polyethylene oxide samples are to be regarded as approximate. 
They were suggested to us in a private communication with the Union Carbide Chemicals Company 
(U.S.A.)L 

"fCalc'flated from intrinsic viscosity measurements using the viscosity/molecular weight relationship of 
Bvvey and Wands~L 

i:a sealed tubes under nitrogen for periods of about one week and slowly 
cooling to room temperature. In order to study the effect of absorbed water, 
a moulded specimen of Polyox FC 118 was placed over a beaker of water 
in an evacuated desiccator for four days after which 3 per cent by weight of 
water had been absorbed. After completing measurements on this sample 
below room temperature it was pumped under high vacuum for three days 
until its weight remained constant and a further run was then carried out. 
Although this drying procedure was not generally adopted it indicated that 
the specimen before wetting had contained only about 0"25 per cent of 
moisture. In order to investigate the effect of absorbed dioxan, a sample of 
Polyox FC 118 was immersed in dioxan at room temperature for 15 h 
after which approximately 7 per cent by weight of dioxan had been 
absorbed. 

The partially crystalline sample was obtained from the polymerization 
of propylene oxide in dioxan solution using zinc diethyl and water as 
catalyst. For the mechanical measurements a strip was moulded at 90°C 
under pressure. The amorphous sample was prepared by a zinc diethyl 
-water catalysed polymerization of the monomer containing 10 per cent 

530 



MECHANICAL RELAXATION IN SOME OXIDE POLYMERS 

of butadiene monoxide which rendered the product vulcanizable. The 
polymer was subsequently vulcanized with 2 per cent sulphur. 

The polyacetaldehyde specimen was prepared in this laboratory by bulk 
polymerizing acetaldehyde using zinc diethyl as catalyst s. In order to 
stabilize the polymer the end groups were esterified by heating at 50°C in a 
pyridine-acetic anhydride solution. A small tough fraction of the polymer 
(thought to be the crystalline fraction s) was insoluble in the esterification 
mixture and was consequently separated. After esterification, the product was 
precipitated in water, and twice redissolved in acetone and precipitated 
with water. The polymer was then dried in a vacuum desiccator at room 
temperature and finally moulded into rubberlike strips at 60°C. 

R E S U L T S  
The variation of G', A and G" V~ith temperature for the five unannealed 
samples of polyethylene oxide is shown in Figure 1. For all samples G' is 
seen to decrease with increasing temperature over the entire temperature 
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& - .  
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• --q 10.0 
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Figure l~Variation of G', G" and the logarithmic decrement 
(A) with temperature for Polyox FC 118 (O), Polyox FC 2075 (rq), 

Polyox 2464 (&), Carbowax 20M (®) and Carbowax 4000 (A) 
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range investigated, but shows the largest changes in the relaxation regions 
where loss peaks are also observed. The A versus T curves are broad but 
exhibit well defined maxima at temperatures denoted by T a  . . . . .  in Table 1. 
The corresponding maxima in the G"  curves, shown as TG-. . . . .  in Table 1, 
occur at somewhat lower temperatures than T~ . . . . .  and coincide with the 
inflection points of the G" curves. Between Ta . . . . .  and room temperature the 
A values are fairly high on account of the low magnitude of G" in this region 
(A ~ xG"/G' ) .  The G"  peaks, which in all cases are more symmetrical than 
the corresponding A loss peaks, are slightly broadened in this high 
temperature region. As the molecular weight decreases, the G" peaks 

-10 

-20 

-30 

,~ -4o 
.~E 

-5o 

-60 

-70 

-80 
2 

s 
/ \ 

" % 

3 4 
Log/~w 

I I 
5 6 7 

Figure 2--Plot of TG,, ' max. versus log M w for unannealed (O) and 
annealed ([[]) polyethylene oxide. M~ is the estimated weight average 
molecular weight• Filled circle (0) derived from McCrum's data 4 
on Carbowax 20M. The triangle (A) represents T,,,, max. estimated 
from the dielectric data of Koizumi and Hanai '5. The solid line 
represents schematically the predicted dependence of TG,, ' ra~x. on 

molecular weight in the absence of crystaUinity 

broaden slightly and decrease in height, this effect being most marked with 
the three samples of lower molecular weight. 

The variation of the loss peak temperature with molecular weight is 
illustrated in Figure 2 where T G", . . . .  is plotted against log Mw. At  the highest 
molecular weight (Polyox FC 118) To-.~,z. has an apparently limiting low 
value of - 5 9 ° C .  As the molecular weight decreases To-~,x. increases, 
appears to reach a maximum value of about - 2 4 ° C  in the molecular weight 
region of 104 and subsequently decreases. The filled circle shown in 
Figure 2 is the value of To,  . . . .  calculated from the data of MeCrum 4 on 
Carbowax 20M. I t  is seen to lie some 9°C below our own value. 

After annealing, an increase in density was observed for all samples (see 
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Table 1). Plots of G' and G" versus temperature for the annealed specimens 
are compared with those for the unannealed samples in Figure 3. In all cases 
annealing is seen to shift the loss maxima to higher temperatures, as shown 
also in Table 1 and Figure 2. Generally the magnitude of the relaxation, 
determined by the incremental change in G' and the height of the loss peak, 
is decreased slightly. The loss peak for Polyox 2 464 is considerably 
broadened, whilst the G" curves for Polyox FC 118 and FC 2 075 exhibit 
shoulders between the main loss peak and room temperature. 

The effects due to absorbed water and dioxan are shown in Figure 4 and 
Table 1. Both liquids cause the loss peaks to move to lower temperatures 
and cause a slight increase in the magnitude of the relaxation. 

The data for both the partially crystalline and amorphous polypropylene 
oxide are shown in Figure 5 and Table 1. Both samples exhibit a single 
relaxation below room temperature and, within experimental error, the loss 
peak temperature is the same for both samples. The magnitude of the 
relaxation is much larger, however, for the amorphous polymer. 

The results for polyacetaldehyde are illustrated in Figure 6 and Table 1. 
This polymer also shows a single relaxation region below room 
temperature. 

Activation energies 
In a recent paper ~ it was shown that an average activation energy 

(<Q-1)~v.-1) for relaxation may be estimated from the area beneath a plot 
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of G" against 1 /T at constant frequency 

f:f  <Q- *>=,.-* = 1 / • (r o, Q) Q - '  dr o dQ 
o 

= ( G  L - G;) R II 

f '~ 0" 2 d O / T )  
o 

(1) 

where G'~, and G'0 are the infinite frequency and zero frequency moduli, 
respectively, determined from a frequency dispersion at constant tempera- 
ture. Both G ~  and G'0 are assumed to be independent of temperature. 

(r 0, Q) is a normalized distribution function giving the fraction of relaxa- 
tion processes have activation energies between Q and Q+dQ and, in 
addition, relaxation times between ro and ro + d% at infinite temperature. 
In the present application we may, to a good approximation, replace 
(G'~-G'o) by the total modulus drop from -190°C to 20°C (at constant 
frequency) and graphically integrate the loss curves between the same 
temperature limits. Activation energies deduced in this way for several of 
the unannealed samples are presented in Table 1. 

Distribution of relaxation times 
From the general shape of the loss curves it is clear that an extremely 

broad non-symmetrical distribution of relaxation times would be required to 
describe the behaviour over the entire temperature range. In the vicinity 

1'0 - -  

0"8 

o 

0"2 o o 
O~ 0 .)______ ~__ 

O~ 3'5 4.0 4-5 50 5"5 60 
I/T (xlO 3) 

Figure 7--Theoretical curves of G"/G"max. against 1/T for two 
values of the distribution parameter ~: /3= 1 (broken curve),/3=0"35 

(full line). Experimental point for Polyox FC 2075 (O) 

~0'6 

0'4 
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of the loss maxima, however, the loss peaks are relatively sharp and 
symmetrical and we may attempt to analyse them by the empirical Fuoss- 
Kirkwood equation ~ 

G"/G"m~. = sech/3 In tot (2) 

where/3 is a parameter which is equal to unity for a single relaxation time 
and for a distribution lies betwee~ zero and unity, to is the experimental 
frequency and the relaxation time r = r  0 exp (Q/RT). /3 may be obtained 
from the following equation relating the width of a G" versus 1/T curve 
to Q~ 

fl=2"63 / Q (T2 - 1 -  T -~ .... ) (3) 

where T2 is the temperature at which G"=½G"ma~. and Q is given in cal/ 
mole. Values of/3, calculated from equation (3) using Q values determined 
as above, are given in Table 1. Plots of equation (3) for fl-- 1 and/3 =0.35 
respectively are shown in Figure 7 together with the experimental points for 
Polyox FC 2 075. It is observed that the experimental curve is much broader 
than would be obtained for a single relaxation time. The curve for/3=0"35 
fits the data reasonably well in the vicinity of the maximum but does not 
provide a good overall fit. 

DISCUSSION 
Polyethylene oxide 

Polyethylene oxide is a highly crystalline polymer in which the 
fundamental unit cell is monoclinic and consists of two polymer chain 
segments probably present in the form of parallel helicesL The unit cells 
form crystalline aggregates which make up the radial arms of polymer 
spherulitesL The measured densities of the samples (Table 1) are con- 
siderably lowek than the value of 1"33 g/ml estimated from the unit cell 
dimensions for a completely crystalline material. Although the low densities 
may partly be due to the presence of voids 7, it is probable that the polymer 
contains 'disordered' regions which may be regarded either as a separate 
amorphous phase or as crystalline lattice defects 8. When considering high 
degrees of crystallinity, the lattice defect hypothesis seems more appropriate 
and, furthermore, it is unlikely that a normal amorphous phase could exist 
unaffected by the large amount of crystallinity. However, in the absence of a 
precise knowledge of the physical structure of the polymer we refer generally 
to the existence within the material of disordered regions, the fraction of 
which is indicated by the density. 

The loss peak temperatures of the four higher molecular weight 
unannealed polyethylene oxide samples (Table 1) correlate with the tem- 
peratures of dielectric loss maxima observed at higher frequencies in this 
laboratory 9. In addition, the activation energies of about 30 to 35 kcal/mole 
compare well with values obtained from the temperature dependence of the 
average dielectric relaxation time. Thus similar mechanisms probably give 
rise to both the mechanical and the dielectric relaxations. 

Since the proportion of disordered polymer generally decreases with 
annealing, the small decrease in the relaxation magnitudes after annealing 
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is consistent with a mechanism involving segmental motions in the dis- 
ordered regions of the polymer. The effects of both water and dioxan in 
increasing the relaxation magnitude and moving the relaxations to 
lower temperatures support this conclusion. Both liquids may preferentially 
enter and plasticize the less dense disordered regions as in the case of 
polyoxymethylene 1. Also since water and dioxan are each potential solvents 
for the polymer they would tend partially -to break down the crystallinity 
and plasticize the resulting disordered regions. The possibility that the loss 
mechanism arises entirely from small quantities of absorbed moisture has 
been considered, but this seems unlikely since the estimated 0.25 per cent of 
moisture normally present would probably have a negligible effect when 
compared with that produced by the 3 per cent of absorbed water. Unfortu- 
nately our present experimental set-up does not allow measurements to be 
made in a completely moisture-free atmosphere, and experiments under 
these conditions would be desirable. The suggestion that the relaxation 
process occurs in the disordered regions has received additional support from 
the dilatometric observation of a glass transition temperature at about 
-67°C for a quenched sample of Polyox FC 1181°. Glass transitions 
determined dilatometricaUy usually occur some 10 ° to 15°C below low 
frequency mechanical loss peaks. The fairly high activation energies are 
also consistent with relaxation processes related to the glass transitions. 

If the proposed mechanism is essentially correct, then the increase 
of Ta,, .. . .  after annealing shows that the heat treatment has in some way 
restricted molecular motions in the disordered regions. It is tentatively 
suggested that this restriction results from the existence within the disordered 
regions of strains induced by the ordered crystallites and therefore 
enhanced by annealing. In discussing the possible nature of the proposed 
strains it is convenient to distinguish between orientational strains in which 
the volume remains constant, and compressional (or dilatational) strains 
which involve volume changes. For example, when orientational strains 
are produced in natural rubber by simple extension, the loss peak associa- 
ted with the glass-rubber transition broadens but its position remains 
unchanged 11. On the other hand, by analogy with dielectric behaviour 12, 
the loss peaks would be expected to shift to higher temperatures if the 
volume is decreased by an increase in external pressure. Also the peaks have 
been seen to move to lower temperatures when the volume is increased by the 
addition of liquid plasticizers. In fact much evidence exists to suggest that 
mechanical relaxation times are largely determined by the free volume avail- 
able to the moving segments. We may thus suggest that the increase in 
To,,, .... (and TA. max.)upon annealing may be related to compressional strains 
induced in the disordered regions by expansion of the crystalline aggregates, 
and that the broadening observed in the case of Polyox 2 464 may be due to 
induced orientation. 

The shoulders which appear after annealing on the high temperature side 
of the loss peaks for Polyox FC 118 and Polyox 2 075 are perhaps 
suggestive of a crystalline mechanism similar to the so-called a-mechanism 
in polyethylene 1S. Unfortunately there is little evidence for such a hypo- 
thesis. However, since the loss peak for Carbowax 20M lies in the 
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temperature region where this crystalline mechanism might be operative, the 
possibility of overlapping mechanisms due to both disordered and crystalline 
regions in this polymer cannot be excluded. In this connection it should be 
noted that crystalline peaks also move to higher temperatures after anneal- 
ing owing to an increase in crystaUite size 13. 

The dependence of To,, max (and T ~ ..... ) on molecular weight appears at 
first sight surprising. In the absence of crystallinity To,,, . . . .  would be 
expected to increase with molecular weight toward an asymptotic limit in the 
molecular weight region of 5 000 > 10 000 (300 > 600 chain atoms). 
Such a trend has been observed for the glass transition temperature of 
polystyrene and has been attributed to the plasticizing effect of chain ends at 
low molecular weights 1". The packing around chain ends is inevitably looser 
than along the main chains which leads to an increase in free volume. The 
predicted molecular weight dependence of T~,, . . . .  in the absence of 
crystallinity is represented qualitatively by the full line in Figure 2. The point 
shown at a molecular weight of 194 was derived from the dielectric data of 
Koizumi and Hanai 1~ on supercooled (amorphous) tetraethylene glycol. The 
maxima of ~" (dielectric loss factor) versus T curves determined in the 
frequency range 10 a c/s to 5 × 10S c/s were extrapolated to a frequency of 
0-5 c/s. This comparison with dielectric data assumes a correlation with 
mechanical data at low molecular weights which is in fact found in the 
higher molecular weight range. The high values of TG,,, . . . .  in the intermediate 
molecular weight region are most likely due to crystallinity. As the mole- 
cular weight decreases from a value of 5 × l0 s the chains are able to pack 
more easily together, the proportion of disordered material decreases, and 
the strains induced in the disordered regions increase. Hence the magnitude 
of the loss decreases, the loss peaks broaden slightly and shift to higher 
temperatures. Below molecular weights of about 104 the additional chain 
end effect c a u s e s  TG,,, . . . .  to decrease with a further reduction in molecular 
weight. The fact that TG- . . . .  for Carbowax 20M (-33°C) derived from 
McCrum's data 4 is 9°C lower than our value could perhaps be due to 
differences in molecular weight between different batches of this material 
or to different moulding conditions (for example, a faster rate of cooling). 
Acording to the above discussion TG,,, . . . .  should depend on annealing and 
molecular weight largely through its dependence on density. Although a 
general trend with density is found, the density of Carbowax 20M appears 
low. Density measurements in this material are probably unreliable on 
account of small holes which were often visible in moulded samples, 
although care was taken to select an apparently homogeneous sample. It 
should be emphasized that the interpretation suggested for the effect of 
molecular weight is somewhat tentative, particularly in view of the possi- 
bility, mentioned above, of the existence of a crystalline mechanism in the 
samples of lower molecular weight. 

In comparing the loss peak temperature of polyethylene oxide with that 
of related polymers, it is preferable to consider the T~ ..... value for the 
very high molecular weight Polyox FC 118. At high molecular weights the 
effects of crystallinity and chain ends are probably at a minimum and 
possibly negligible. McCrum ~ has compared the T~ ..... value of -27°C 
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(I c/s) which he observed for Carbowax 20M with loss peaks exhibited by 
polytrimethylene oxide 1~ ([--CH~---CH~--CH2---O--]~) at -45°C (100 c/s), 
polytetramethylene oxide xB ([--CH~---CH2--CH2---CH~--O--]n) at -55°C 
(100 c/s), and a very small peak (labelled /3) in polymethylene oxide 
([--CH~--O--]~) at about -13°C (I c/s),. Though tentative, this compari- 
son would indicate that the loss peak temperature increases as the pro- 
portion of oxygen in the main chain increases. However, in view of the large 
variation of T~ ..... with molecular weight for polyethylene oxide this 
conclusion is not necessarily valid. For example, from the data on the high 
molecular weight Polyox FC 118 sample we estimate, in conjunction with 
the dielectric data, a T~ ...... value of -50°C at 100 c/s which is intermediate 
between the values for polytrimethylene oxide and polytetramethylene 
oxide*. Also we consider that the predominant peak shown by polymethy- 
lene oxide at - 60°C  (100 c/s), which McCrum labels the 3' P eak4, should 
be involved in the comparison rather than the small fl peak which we were 
unable to detect a. Both polytrimethylene oxide and polytetramethylene 
oxide exhibit additional peaks at - l l 0 ° C  (100 c/s) which have been 
attributed by Willbourn 1~ to [--CH2--]r, segments containing a minimum 
of three - -CH2--  units. The fact that polyethylene oxide and polymethy- 
lene oxide do not show peaks in this temperature region lends support to 
this view. 

Polypropylene oxide and polyacetaldehyde 
Stereoregular polypropylene oxide crystallizes with an orthorhombic 

unit cell lz. Two planar zig-zag molecules lie parallel to the c axis. From 
the unit cell dimensions we estimate a theoretical crystalline density of 
1-154 g/ml. From the densities of amorphous polypropylene oxide (1"002 
g/ml) TM and the partially crystalline sample used in this study the latter 
sample is estimated to contain 39 per cent by weight of crystalline material. 
Since the loss maximum temperatures for both the amorphous and crystalline 
samples coincide, the loss peaks for both samples are undoubtedl3/related 
to the glass transition in this polymer. Also the disordered regions of the 
partially crystalline sample, at this relatively low degree of crystallinity, 
probably resemble a normal amorphous phase. 

The close proximity of the loss peaks for the high molecular weight 
polyethylene oxide ( -57°C,  0-34 c/s) and polypropylene oxide ( -62°C,  
0"3 c/s) suggests that the methyl substituents in the latter polymer do not 
have much influence on molecular mobility. This may be partly due to the 
effect of oxygen atoms in spacing apart the methyl substituents. For example, 
in the planar chain configuration, successive CH3 groups occur on opposite 
sides of the chain axis. A similar conclusion results from a comparison of the 
position of the loss peak in polypropylene oxide with that shown by its 
isomer polytrimethylene oxide 1~ ( -45°C,  100 c/s). 

The large modulus change accompanying the relaxation in poly- 
acetaldehyde is also in,dicative of processes related to the glass transition 
in this material. The value of Tzx ..... ( -  19°C, 0-58 c/s) compares well with 
*Since TA, m~x. for polytrimcthylene oxide and polytetramethylene oxide could also depend or. molecular 
weight~ this comparison is tentative. 
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a value of approximately + 10°C (100 c/s)  very recently reported for this 
polymer by Weissermel and Schmieder 18. From the position of our low 
frequency loss peak we would estimate a glass-transition temperature of 
about - 3 0 ° C .  Comparison of T:~ ...... in this polymer with that shown by 
polymethylene oxide ( - 7 6 ° C ,  0-43 c/s)  and also with that of its isomer 
polyethylene oxide ( -  57 °C, 0"34 c/s)  indicates that the occurrence of methyl 
substituents on alternate carbon atoms sterically hinders molecular motions. 
I t  is interesting to note that the polyacetaldehyde loss maximum lies fairly 
close to that observed for polypropylene x9 ( -4"7°C ,  1 c/s)  which also has 
----CH~ substituents on alternate carbon atoms. 

The positions of the loss peaks in polypropylene oxide and poly- 
acetaldehyde could, of course, depend on molecular weight. However, 
amorphous samples of both polymers were studied, the polypropylene oxide 
being an infinitely crosslinked network, and the polyacetaldehyde having 
a molecular weight (Table 1) much higher than the usually critical value 
of about 10 4. 

The author wishes to thank Dr F. E. Bailey of Union Carbide Chemicals 
Co. [or supplying the polyethylene oxide samples and Dr G. Allen of 
Manchester University for the polypropylene oxide specimens. Thanks are 
also due to Mr G. O'Neill for preparing the polyacetaldehyde and to Mrs J. 
Hawkins for help with the experimental work. The work described above has 
been carried out as part of the research programme of the National Physical 
Laboratory and is published by permission of the Director of the Laboratory. 
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The Melt&g Point of Polyethylene 
Terephthalate 

G. W. TAYLOR 

The thermodynamic relation between heat, entropy of fusion and melting 
point is used to calculate the melting point o] polyethylene terephthalate from 
the melting points of several series of oligomers. The success of the method 
depends on the assumption that the heat and entropy o] fusion per repeat unit 
are constant, in a series of oligomers, and it is shown that, in the series of 
linear diol oligomers higher than dimer, this assumption is approximately 

justified. This finding is in accord with crystallographic data. 

THE problem of the melting points of members of homologous series, and 
the limiting melting point of the member of infinite chain length, has 
occupied considerable attention for many years. King and Garner 1, 
summarizing their work on the melting points of members of homologous 
series containing methylene as repeat unit, showed experimentally in the 
even-membered linear aliphatic saturated hydrocarbons, that if the number 
of methylene units was ten or more, there was a constant increment in each 
of the heat and entropy of fusion as methylene units were added to the 
chain. That is to say, the melting point of a high member of the series 
could be calculated from a relationship of the form 

Tm=(Ho + nH~) / (So + ha1) (1) 

where Tm denotes the melting point of the member with n methylene units, 
H0 is the heat of fusion of (hypothetical) zeromer, So is the entropy of 
fusion" of zeromer, H1 is the heat of fusion per methylene unit, Sx is the 
entropy of fusion per methylene unit and n is the number of methylene 
units in the molecule. 

Hx and $1 were determined from the known melting points and heats of 
fusion for a number of oligomers. 

The melting point, T~, of the member of infinite chain length is readily 
obtained from expression (1). Thus 

T~=H1/S1 

For the hydrocarbon containing an infinite number of methylene units 
(polymethylene), King and Garner ~ calculated a melting point of about 
135°C, very close to the actual melting point of polymethylene, 136"5°CL 

Garner and his co-workers showed experimentally that expression (1) 
could be used to calculate the melting point of a high polymer. In the 
present work, it is assumed that expression (1) holds for oligomeric series 
related to polyethylene terephthalate, and it is used to calculate the melting 
point of the polymer from the melting points of the members of several 
series of low oligomers. 
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The actual melting point of polyethylene terephthalate is still open to 
dispute. Let us define the melting point as that temperature at which a 
perfect crystal is in equilibrium with a liquid phase, It is well known that 
high polymers are not completely crystalline, and hence the individual 
crystallites are probably imperfect; but by a process of slow annealing, most 
of these can be obtained as nearly perfect crystals. The melting point of 
the nearest perfect crystals so obtained is thus closest to the 'true' melting 
point as defined above. By several cycles of slow annealing, Hartley ~ raised 
the melting point of polyethylene terephthalate from the 'usual' value of 
264°C 4 to 278°C. 

The melting point of polyethylene terephthalate is here calculated from 
the following series of oligomers: (0 the linear diols, (il) benzyl ester-ended 
oligomers, and (iii) phenyl ester-ended oligomers. The values so obtained 
are compared with the value obtained by Hartley, and possible reasons for 
the discrepancies among the values are briefly discussed. 

I .  L I N E A R  D I O L  O L I G O M E R S  

The melting points of a series of linear diol oligomers have been determined 
by Zahn and Krzikalla 5. 

Table 1. Melting points of linear diol oligomers 

HOCH2CHzOIOC-~~COOCH2CHzO]nH 

M. pt, °C 

109"5 
169 
201 
2185 

M. pt, °A 

383 
442 
474 
492 

The melting points in Table 1 allow the following equations to be set up: 

Ho + H1 =383 (So + $1) (2) 

Ho + 2Hx = 442 (So + 2Sx) (3) 

Ho + 3H1 =474 (So + 3S1) (4) 

Ho + 4H~ = 492 (So + 4S~) (5) 
We require H1/SI  = T,~. 

Equations (2) to (5) solved simultaneously give T~=571 ° (298°C). 
Solved in two groups of three, corresponding to extrapolating the melting 
points of monomer, dimer and trimer, and those of dimer, trimer and 
tetramer, the equations give the following values of T.~" 

(2) to (4), T~=581 ° 

(3) to (5), T,~=557 ° 
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These findings are summarized in Table 2. 

Table 2. Melting point of polyethylene terephthalate predicted from 
diol oligomers 

Oligomers used Predicted m. pt, (°C) 

All four 298 
Monomer, dimer, trimer 308 
Dimer, trimer, tetrarner 284 

It is seen that the series dimer, trimer, tetramer predicts a polymer 
melting point of 284°C, a value close to Hartley's experimental value of 
278°C. The discrepancy between any of the calculated values and the 
experimental value may be due to any of the following causes: (a) the 
experimental value is incorrect, (b) the oligomeric melting points are 
incorrect and (c) the assumptions made in setting up equations (2) to (5) do 
not hold. The latter two causes are now considered. 

I I .  B E N Z Y L  E S T E R - E N D E D  O L I G O M E R S  

The melting points of the benzyl ester-ended oligomers have been determined 
by Zahn and SeideP, and are given in Table 3. 

Table 3. Melting points of benzyl ester-ended oligomers 

~CH zOOC [ - ~  OOC H2CH2OOC ] n~OOCH2 ~ 

M. pt, °C 

202 
220 
235 

M. pt, °A 

475 
493 
508 

The melting points in Table 3 predict a polyethylene terephthalate 
melting point of 400°C. This deviates widely from Hartley's value of 278°C. 
The following exercise shows that small errors in the oligomeric melting 
points can give rise to a large discrepancy between the calculated polymeric 
melting point and the experimental value. 

The twenty seven possible melting points, obtainable by varying each 
of the oligomeric melting points by + 1 °, range between -52°A and 
infinity. This wide range arises because, as the oligomeric melting points 
are relatively close together, the variation of + 1 ° gives rise to dispro- 
portionately large changes in the differences between successive melting 
points within the oligomeric series; and this is reflected mathematically in 
the set of three equations from which T~o is derived. Indeed, certain com- 
binations of oligomeric melting points result in a constant increment in 
melting point per chain segment as the series is ascended, and in this case, 
the value of T~ is infinity. 

The above result shows that in using the melting points of the diol 
oligomers to calculate T~, part of the discrepancy between the two calcu- 
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lated values of T,~ o (308 ° and 2840C) and the experimental value (278°C) 
may well be due to small errors in the oligomeric melting points. However, 
part is probably due to physical differences between monomer and dimer, 
and higher oligomers. These differences are now considered. 

~ I I I .  C R Y S T A L  S T R U C T U R E S  O F  T H E  L I N E A R  D I O L  

O L I G O M E R S  

The crystal structures of the linear diol oligomers have been investigated 
by Zahn and Krzikalla 5 using X-ray photography. The authors concluded 
that, while the structures of all the oligomers and of polyethylene 
terephthalate itself showed similarities, the structures of the monomer and 
dimer could not be classed as the same as that of polyethylene terephthalate. 
On the other hand, the principal reflections for trimer and tetramer were 
much the same as those for polyethylene terephthalate. It is concluded that 
the crystal structures of oligomers higher than dimer are much like that of 
the high polymer, whereas those of monomer and dimer show some dis- 
similarity. It is not surprising, therefore, that the melting points of dimer, 
trimer and tetramer predict a more 'realistic' value for the melting point 
of polyethylene terephthalate than do those of monomer, dimer and trimer. 

I V .  N A T U R E  O F  T H E  L I N E A R  D I O L  Z E R O M E R  

If n = 0 in the formula for the linear diol oligomers, the formula of zeromer 
is obtained. 

HOCH2CH20--H 

Linear diol zeromer thus appears to be ethylene glycol itself. Though it 
is tempting, it is probably not profitable, to press the comparison between 
zeromer and glycol too far. Let it be observed that the predicted melting 
point is -36°C; this is close (on the absolute scale) to the actual value 
( -  13 °C). 

V .  T H E  P H E N Y L - E N D E D  O L I G O M E R S  

Yet a third o!igomeric series from which the melting point of polyethylene 
terephthalate can be calculated is that of the phenyl-ended oligomers. The 
melting point data are given in Table 4. 

Table 4. Melting-points of the phenyl-ended oligomers 

~[COOCH2CHzOOC~] nH 
111 

n M. pt, °C  M.  pt, °A 

0 5"5 278"7 
1 73'5 346-7 
2 114"5 387'7 
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The dimer has been prepared and characterized by Allan, Iengar and 
Ritchie 7. 

The data in Table 4 predict the melting point of (phenyl-ended) poly- 
ethylene terephthalate to be 279°C. This is remarkably close to the experi- 
mental value of 278°C obtained by Hartley 3. The coincidence may be due to 
mathematics--the differences between successive melting points in the 
oligomeric series are relatively high--but physical reasons may be partly 
responsible also. However, there is only a superficial resemblance between 
the crystal structure of benzene and that of polyethylene terephthalate! 

C O N C L U S I O N S  

If it is assumed that the heat and entropy of fusion per repeat unit are 
constant for polyethylene terephthalate diol oligomers corresponding to 
dimer and higher, then the melting point of polyethylene terephthalate itself 
can be calculated with a fair degree of accuracy from the melting points of 
dimer, trimer and tetramer. The series monomer, dimer, trimer gives a 
less satisfactory value probably because the crystal structure of monomer 
(and to some extent, dimer) differs from that of the higher oligomers, and 
polyethylene terephthalate itself. 

The author thanks Dr C. W. )3unn and various o[ his colleagues [or 
valuable discussions. He is particularly indebted to Mr P. L. Goldsmith 
for mathematical assistance. 
I.C.I. Ltd, Fibres Division, 

Hookstone Road, 
Harrogate, Yorkshire 
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X-ray Measurements of the Elastic 
Modulus of Cellulose Crystals 

J. MANN* and L. ROLDAN-GONZALEZ t 

Measurements have been made of the increase in length of molecular chains 
in crystalline regions which occurs when Fortisan H fibres are stressed. Results 
at different relative humidities suggest that the behaviour of the fibres towards 
stress can be approximately represented by a series model in which crystalline 
and amorphous regions alternate along the length of the fibre. The apparent 
moduli of crystalline material calculated on the basis of such a model lie in the 
range 7 to 9x  10 ~ dyne/cm 2. This is larger than the theoretical modulus cal- 
culated from force constant data but smaller than elastic rnoduli which have 

been reported for cellulose fibres. 

CALCULATIONS of the elastic moduli of polymer crystals have been made 
by Treloar 1 by treating an isolated molecule and considering the changes 
in bond lengths and in bond angles which would be caused by the applica- 
tion of stress. The changes in these quantities were calculated from the 
appropriate force constants derived from spectroscopic data. 

The modulus calculated for the cellulose crystal was 5"65 x 1011 dyne/cm 2 
which is lower than moduli which have been reported ~'3 for cellulose fibres. 
Treloar tentatively assigned this discrepancy to the neglect of secondary 
forces in the theoretical treatment. 

Measurements by an X-ray diffraction method of the deformation of 
chains in crystalline regions of Terylene have been made by Dulmage 
and Contois 4. The crystal modulus which they derived from their results 
using the assumption that the average stress on crystalline regions was 
equal to the average stress on the fibre, is in fair agreement with the value 
calculated by Treloar 1. 

In the present paper results of similar measurements on Fortisan H fibres 
are given. The position of the 040 reflection has been measured with and 
without load on the fibres. The crystallographic 040 planes are perpendicular 
to the chain axes of the molecules and the 040 spacing gives a measure of 
the length of the repeating unit of the chain. 

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

X - r a y  m e a s u r e m e n t s  
A conventional fibre-type X-ray camera with a specially designed sample 

holder was used. The collimator was of the slit type with dimensions 
0"25 mm x 5 mm and length 100 mm. Unfiltered Cu K radiation was used. 

A bundle of parallel fibres was fixed horizontally in the sample holder, 
the fibre axes being set at the Bragg angle for the 040 reflection with respect 
to the incident beam. The ends of the fibre bundle were secured in screw 
clips which contained rubber sheet to prevent damage to the fibres. One 

*Present address:  Carrington Research Laboratory, Shell Chemical Co. Ltd, Urmston, Manchester, 
England. 

tPresent address: Central Research Laboratory. Allied Chemical Corporation, Morristown, New Jerscv. 
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of these clips was fixed rigidly whereas the other clip could slide freely 
in the fibre direction in a groove cut into a metal support. The latter clip 
was fixed to a metal hook from which a length of cord passed over .a  
pulley to a hanging weight located beneath the camera platform. For  
measurements on the unstrained fibre a small weight was placed on the 
cord to ensure that the sample was taut. 

Photographic plates (Ilford Special Contrast) were used to record the 
reflections in order to avoid the changes in dimension which occur with 
changes in relative humidity with the more usual X-ray film. 

The 040 reflections from stressed and unstressed fibres were recorded 
side by side on the same photographic plate, a metal screen being used to 
cover one half of the plate. As a check on possible changes in specimen-film 
distance aluminium powder was distributed on the surfaces of the fibres 
in the bundle and all measurements were made relative to the 111 aluminium 
reflection using a recording microdensitometer. 

The X-ray camera and weights were placed in a polythene bag to allow 
the relative humidity of the atmosphere around the fibres to be controlled. 
This was achieved by placing trays of the appropriate agent inside the 
bag. Phosphorus pentoxide was used for measurements on dry fibres, a 
saturated solution of sodium nitrite for measurements at -~64 per cent r.h. 
and a saturated solution of potassium nitrate for measurements at -~93 per 
cent r.h. The temperature was constant to within _+2°C. 

Samples 
The Fortisan H was in the form of an 1 100 denier continuous filament 

yarn which contained a small amount of twist (1-06 turn/cm). No 
purification was carried out. 

Meaurement of yarn cross sections 
The cross section of the Fortisan yarn was determined by taking a 50 cm 

length of yarn adjacent to the length used in the X-ray measurements. 
This was weighed in equilibrium with an atmosphere of 65 per cent r.h. 
and the cross section determined from the density value given by HermansL 
The cross section of the dry yarn was obtained using the water-sorption 
values of Jeffries 6 and the density data of HermansL The cross section of  
the yarn at 93 per cent r.h. was obtained using the water-sorption values 
of Jeffries and the swelling curve for a highly oriented regenerated cellulose: 
given by HermansL 

Results 
The percentage extensions of cellulose chains under different conditions 

are shown in column 2 of Table 1. These extensions were calculated from 
the equation 

%Ext. = 100 × cot 0 x cos ~ 2Ox Aa/2r 

where Aa is the measured shift of the 040 reflection on the photographic 
plate, 0 is the Bragg angle for the 040 reflection and r is the specimen-film 
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distance. The extensions recorded were completely recoverable on removing 
the load and were found to be reproducible between successive loading 
cycles. 

The errors quoted in Table 1 for the measured extensions are about ten 
per cent and represent the experimental error in measuring Aa. The main 
reason for these rather large errors lies in the width of the X-ray reflections 
relative to the small displacement being measured, which were of the 
order of 0.5 mm. 

D I S C U S S I O N  

In attempting to calculate moduli from the observed extensions of chains 
in crystalline regions it is nccessary to know the strcss supported by these 
chains and hence the way in which the total stress in the fibre is distributed 
between crystalline and amorphous material. Two limiting models can be 
postulated to represent the behaviour of fibres towards stress and the real 
behaviour of a given fibre should lie somewhere between the two extremes. 

The first model is a series model in which crystalline and amorphous 
regions alternate along the length of the fibre. In this model the stresses 
on crystalline and amorphous regions would be the same and equal to the 
total strcss on the fibre. The stress on crystalline regions would be indepen- 
dent of the relative moduli of crystalline and amorphous material. 

The second model is a parallel model in which crystalline and amorphous 
material extend the full length of the fibre and are arranged in parallel 
with one another. In this model the stress falling on crystalline regions 
would depend on the relative moduli of crystalline and amorphous material 
and would be larger, the larger the ratio of the modulus of crystalline 
material to the modulus of amorphous material. It would only equal the 
stress on the fibre when the moduli of crystalline and amorphous material 
were equal. 

The effect of water on the fibres provides a possible method of testing 
whether their behaviour towards stress approximates to either of the limiting 
models. It is known that the absorption of water reduces the modulus of 
Fortisan H and this is presumably due to the lowering of the modulus of 
amorphous material produced by the swelling action of the water. With 
the series model such a lowering of the modulus of amorphous material 
would cause no change in the stress supported by crystalline regions and 
hence no change in the percentage extension of chains in crystalline regions. 
With the parallel model, however, absorption of water would lead to an 
increase in the stress failing on crystalline regions and hence to an increase 
in the percentage extension of chains in crystalline regions. 

The data in the second column of Table 1 show the percentage extensions 
of chains in crystalline regions for the same bundle of fibres under the 
same load at 0 per cent and 93 per cent r.h. It  can be seen that the extension 
does not increase when water is absorbed and it may be concluded that 
Fortisan H fibres do not behave in the way expected for a parallel model. 
Although there appears to be a decrease in extension for a given stress on 
the fibre with increasing relative humidity, the difference between the 
results at 0 per cent and 93 per cent r.h. is not much greater than the 
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experimental error, and it may be concluded that the series model provides 
a reasonable approximation to the behaviour of Fortisan H fibres. 

Table 1 

Voo 
r.h. 

0 

64 

93 

% Ext.  
Ad 

0"77 

0"67 

0"61 

Fibre 
cross Stress 

section on 
at r.h. fibres 
stated ~ dyne/cm z 

cm 2 × 10 -4 x 109 

7"40 

8"14 

8'90 

5"46 

4'86 

4"54 

I 
I Modulus 
~ (Assump- 
I tion 1) 

dyne/cm 2 
× IO n 

7"15_0'7 

7.24-0-7 
I 
17.44-0.7 

Cross 
section 
o f  dry 
fibre 

cm 2 × 10 -4 

7"40 

7"40 

7"40 

Stress 
on dry 
fibre 

dyne/cm 2 
×109 

5-46 

5-35 

5 "46 

Modulus 
(Assump- 

tion 2) 
dyne/cm 2 

× 1011 

7"14-0"7 

8-0=[=0.7 

8-9+0.7 

Two methods have been used to calculate the apparent moduli of crystal- 
line regions from the measured extensions on the basis of the series model. 
In the first it is assumed that the average stress on crystalline regions is 
equal to the stress on the fibre; the resulting apparent moduli are indepen- 
dent of relative humidity as shown in the fifth column of T a b l e  1. This 
assumption is the same as that used by Dulmage and Contois" in their 
work on Terylene. 

With cellulose, however, absorption of water leads to a significant increase 
in cross-sectional area of the fibres and hence for a given load to a lower 
stress on the fibres and a lower assumed stress on crystalline material. I t  
is difficult to see how the stress on crystalline material can be reduced when 
water is absorbed if we accept the argument that this results in a decreased 
modulus of amorphous material. For this reason the moduli shown in the 
last column of T a b l e  1 have been calculated using a different assumption. 
This is that the stress on crystalline regions is equal to the stress on the 
dry fibre, i.e. the cross-sectional area used in the calculations at all relative 
humidities is that of the dry fibre. In many ways this assumption seems 
more reasonable, since the important quantity determining stress is pre- 
sumably the total number of polymer chains available to bear stress and 
not the cross-sectional area of the fibres. The apparent moduli calculated 
on this assumption show a variation with relative humidity, though the 
difference between the value at 0 per cent and 93 per cent r.h. is not much 
greater than the experimental error. 

Despite the experimental error in the measurements and the different 
assumptions which can be made in calculating apparent moduli on the basis 
of a series model, it can be stated that the apparent modulus of crystalline 
regions of Fortisan H fibres lies in the range 7 to 9 x 1011 dyne /cm 2. This 
is greater than the value of 5.65 x 1011 dyne/cm 2 calculated by Treloar 1 
and supports the suggestion which he made that the calculated modulus is 
likely to be low because of the neglect of secondary forces between chains. 

The apparent modulus is Similar to the moduli for unstressed flax and 
hemp at 65 per cent r.h., reported by De VriesL i.e. 7"4 and 8"3 × 101~ 
dyne /cm 2 respectively, but lower than the values he found for strained 
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fibres of these materials (9"3 and 10-3 × 1011 dyne/cm 2) and lower than 
the value reported by Meyer and Lotmar ~ for bone dry flax, 11 x 10 ix 
dyne/cmL 

It is difficult to see how the real modulus of crystalline cellulose can 
be lower than the modulus of any cellulose fibre and it would seem desirablo 
therefore that further work on fibre moduli and on apparent crystal moduli 
of cellulose should be carried out. 

The authors would like to thank Dr L. R.  G. Treloar for suggesting the 
problem and for helpful advice and discussions. 
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The Gelation of Aqueous Solutions of 
Polymethacrylic Acid" 

J. E L I A S S A F ~  and A. SILBERBERG 

The dependence of rigidity and viscosity on concentration and temperature of 
aqueous solutions of polymethacrylic acid was measured in a specially designed 
viscoelastometer. The solutions show no rigidity up to a certain critical con- 
centration range (depending on the degree of polymerization) of about one per 
cent in which the rigidity rises sharply with concentration and so does the 
viscosity. This is considered to be due to a gel network formed by inter- 
molecular hydrogen bonding. While at low polymer concentrations intramole- 
cular bonding prevails, the likelihood of intermolecular bonding increases with 
concentration until (in the critical concentration range) a gel network is formed. 
Above 47°C the solution separates into two layers, a concentrated gel and a 
dilute sol. The critical concentration for phase separation coincides with that 
for gelation. This is attributed to a contribution to the chemical potential of the 

solute due to changes in rigidity with concentration. 

MUCH study has been devoted to the gelation of biocolloidal systems such 
as gelatin 1. The complicated structure of biocolloids does not enablo us 
to determine unequivocally the forces that are operative during gelation, 
and a quantitative approach is often hampered by the fact that gelation 
is not reversible. The study of synthetic water-soluble polymers, in particular 
of polyelectrolytes, may enable us to get a more clear-cut relationship 
between viscoelastic properties and chemical constitution. 

We have reported previously ~ that concentrated solutions of polymetha- 
crylic acid (PMA) in water form thermoreversible gels. The detailed study 
of the viscoelastic properties as well as the related phase separation (see 
below) is the object of the present investigation. 

The viscoelastic properties have been studied by viscometry in an Ostwald 
viscometer ~. With that method no meaningful results can be obtained in 
solutions that display negative thixotropy 2. However, it is just in these 
solutions that gelation occurs. In order to study the viscoelastic properties 
without subjecting the system to large shear forces which might change the 
magnitude of these properties we had to devise a special viscoelastometer 
to enable us to investigate the solutions at an extremely low rate of shear. 
We have only investigated the properties of the solutions 'at rest" and have 
not studied the phenomenon of negative thixotropy. The present study is 
confined to PMA solutions at their natural pH with no other material 
added. 

In discussing our results we shall use the knowledge gained from previous 
hydrodynamic and thermodynamic studies of PMA in dilute solutions'. 

*This paper represents part of a thesis submitted by J. ELIASSAF to the Hebrew University in partial fulfilment 
of  the requirements for the Ph.D. degree .  Par t s  o f  i t  w e r e  presented by A. SILBERnERG at the Symposium o n  
Macromolecular Chemistry, Prague, September 1957. 
1"Present address: The Negev Institute for Arid Zone Research, P.O.B. 79, Beer Sheva, Israel. 
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E X P E R I M E N T A L  
The preparation and characterization of the PMA fractions has already 
been described 4. Besides the sample of DP 3 500, used for dilute solution 
study, we have investigated samples of DP 2 250, 6 900 and 10 300. 

When designing the viscoelastometer we had to bear in mind the following 
points: (a) the instrument should be sensitive enough to determine small 
moduli of rigidity (about 10 dyne/cm); (b) it should determine viscosity as 
well as rigidity; (c) the measurements should be carried out at the lowest 
rates of shear possible--to avoid the effect of negative thixotropy and (d) 
emptying of the viscoelastometer due to the Weissenberg effect should be 
avoided. These requirements were met in a special viscoelastometer built 
by Silberberg and Frei which has already in part been described elsewherC. 
It consists of two concentric cylinders made of stainless steel. The outer 
one is stationary while the inner is suspended from a torsion wire and is 
caused to execute an oscillatory movement by means of an alternating 
magnetic fieldi of low frequency (0'2 to 5.0 c/s). The movement of the 
inner cylinder is converted into an electrical signal by an optical lever. 
Lissajous figures are produced on an oscilloscope, the X and Y directions 
being respectively the axis of torque and the inner cylinder displacement. 
At resonance the axes of the figure are parallel to the X and Y directions 
corresponding to a phase difference ~/2. Assuming that the behaviour of 
the system at the frequency under consideration is adequately described by 
a single modulus of rigidity G (which comprises tho rigidity of the torsion 
wire and that of the PMA solution) and a single coefficient of viscosity ~, 
one finds 

G=Ato02; ~=A tan ~ (too2- to~)/to 

A = ( IAr) / (2  r~le,,.) 

where too is the resonance frequency, I is the moment of inertia of the inner 
cylinder assembly, r is the radius of the inner cylinder, Ar is the gap 
between the cylinders, le~. is the effective length of the cylinder surface 
accordin~ to a design by Mooney and Ewart e and ~ is the phase angle 
between the two oscillations when the angular frequency of the oscillator 
is to. When it is desired to measure viscosity, a capacitance (C)--resistance 
(R) coupling circuit is introduced between the oscillator and the X deflec- 
tion plate of the oscilloscope. If the R C  product is so adjusted that the 
axes of the Lissajous figure are again parallel to the X and Y directions 

~ = A R C  (002 - 02) 

Since r=0-9 cm, Ar=0.1 cm, and the maximal amplitude of vibrations 
was 0.009 radian, the rate of shear of the solution in the gap was between 
0.005 and 0" 14 sec -1, according to the frequency used. By means of circulat- 
ing thermostat fluid through the outer cylinder a desired temperature could 
be maintained within +0"5°C. 

Although A can be computed theoretically from the geometry of the 
instrument, we considered a calibration by means of paraffin oils of known 
viscosity to be more reliable. 
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The PMA solution to be measured was carefully poured into the instru- 
ment and allowed to relax overnight from the effect of negative thixotropy. 
It was then measured, first at 30 °, then at 20 °, 10 ° and finally at 40 ° and 
47.5°C. (During preliminary investigation we found that at 47"5°C the 
rigidity decreases with time while at 30°C it is constant for at least 24 
hours after relaxation.) Two identical solutions were measured by this 
procedure and the values obtained were identical within experimental 
error. 

R E S U L T S  
Rigidity 

We found that up to a certain concentration (depending on the degree 
of polymerization) the solution had no detectable rigidity, but above it the 
rigidity increased sharply over a concentration range of about one per 
cent. This range will be referred to henceforth as the critical concentration 
range (CCR). We could not extend the measurements to higher concentra- 
tions because these involved rigid gels which could not be poured into the 
apparatus. Within the CCR the rigidity increases with temperature between 
30* and 47-5°C. Figure 1 shows the concentration dependence of the 
rigidity of DP 3 500 at 30 ° and 47"5°C. (The data for other temperatures 
have been omitted to avoid overcrowding.) Figure 2 shows the temperature 
dependence of the rigidity of an 8-15 per cent solution (DP 3 500). The 
simplest expression for the concentration dependence of the modulus of 
rigidity in the CCR (at given degree of polymerization and temperature) 
was found to be 

l o g G = a c + b  
where a and b are empirical constants and c is the concentration of the 
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Figure 2--Temperature dependence of modu- 
lus of rigidity (dyne/cm) of 8"15 per cent 
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polymer as a weight percentage. Figure 3 shows the plot of log G against 
c at different temperatures for DP 3 500. (The dashes below seven per 
cent indicate that the line must be even steeper in that region as at 6.25 
per cent G is zero.) All the values for a and b of the four samples at 
different temperatures are given in Table 1. It should be noticed that the 
more rigid the solution measured the higher is the resonance frequency at 
which the modulus of rigidity was determined. In the formula given above 

558 



THE GELATION OF AQUEOUS SOLUTIONS OF POLYMETHACRYLIC ACID 

Table 1. Values of a and b in equation, log G=ac+b at different temperatures and for 
different degrees of polymerization 

Temp. °C 10 20 30 40 47" 5 

DP 2 250 
a 1-16 1-44 1-65 1 "88 1.72 
b 8.2 10"4 12"8 14'9 13.2 

DP 3 500 
a 1.03 1"24 1-59 1.79 1" 87 
b 5.8 7"6 10-3 11.8 12"2 

DP 6 900 
a - -  2- 68 3" 07 3- 39 3" 36 
b - -  16"8 19"5 21-7 21.4 

DP 10 300 
a 2"95 2.90 2-87 2"80 2"88 
b 16-1 15"9 15"5 15.0 15"4 

we have assumed that G does not vary with frequency (between 0 2  and 
5"0 c/s). This assumption could not be tested in our viscoelastometer. 

We could determine the concentration dependence of the rigidity only 
in the CCR as we could not pour more rigid solutions into the instrument. 
However, we know from inspection that solutions of higher concentration 
(say 10 to 20 per cent for DP 3 500) are soft gels (like gelatin) which do 
not have the high rigidity predicted by our formula. At higher concentra- 
tions the increase of rigidity must be more moderate than in the CCR. As 
G is zero below the CCR it seems to be established that dG/dc (the 
increase of rigidity with concentration) is largest in the CCR. The import- 
ance of this fact will be pointed out in the discussion. 

Viscosity 
Below the CCR the viscosity is Newtonian within the range of shear 

rates rheasured and decreases with increase of temperature. In the CCR 
(i) there is a tremendous increase in viscosity, (it) the viscosity increases 
with temperature and (iiO the viscosity is non-Newtonian even at the low 
rates of shear at which our measurements were made. This is summarized 
for DP 3 500 in Figure 4 in which we have plotted log ,7 (poise) against c. 
The great changes in viscosity that take place in the CCR are also brought 
out in Table 2. Figure 5 shows the temperature dependence of the viscosity 
of the sample whose rigidity dependence is given in Figure 3. Since in the 
CCR the viscosity is non-Newtonian no exact meaning can be attached 

Table 2. Temperature dependence of (a) the intrinsic viscosity in 0-02N hydrochloric 
acid4; (b) the reduced specific viscosity of 6.25 per cent (below the CCR) and (c) the 
reduced specific viscosity of 8.00 per cent (in the CCR) of PMA DP 3 500. (All values in 

cmS/g) 

Temp. °C (a) (b) (c) 

10 50 735 7 440 
30 36 455 14 700 
47" 5 25 259 38 800 
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to the actual values of the viscosity measured. However, an increase in 
viscosity happened to coincide with an  increase in rigidity and therefore 
with an increase of frequency tOo at which it was measured. Hence our 
conclusions are true whatever the exact dependence of viscosity on rate 
of shear may be. 

It  should be noted here that by means of viscometry in an Ostwald 
viscometer ~ (i.e. at higher rates of shear) it was also found that PMA 
solutions are Newtonian up to a certain concentration and that the tempera- 
ture dependence of viscosity is inverted when the solution becomes non- 
Newtonian. 

~ 0"0 

T/ 
t I 

-l°x 6.5 7'0 7'5 s 0  
*/, PMA 

Figure 4---Concentration dependence of 
the logarithm of the coefficient of 
viscosity (poise) of PMA solutions (DP 
3 500) at 10 ° and 47"5°C. (The results 
at intermediate temperatures have been 

omitted for the sake of clarity) 
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Figure 5--Temperature dependence of 
coefficient of viscosity (poise) of 
8"15 per cent PMA solution (DP 

3 500) 

Phase separation 
In addition to viscoelastic properties we have investigated the phase 

diagram of PMA solutions. When a concentrated solution of PMA is 
warmed it coagulates like albumin and after sutficient time phase separation 
occurs--a  dilute sol is formed above a concentrated gel. The phase separa- 
tion is completely reversible. In order to obtain the full phase diagram, 
PMA solutions of known concentration were sealed into ampoules and 
kept in an oven at the desired temperature (__+1°). The two layers were 
separated by decantation and the concentration of each was determined 
by titration of the polyacid. In order to obtain reproducible results the 
solutions had to be kept in the oven for three weeks. The phase diagram 
obtained for DP 6 900 is given in Figure 6. I t  displays the asymmetry 
typical of polymer solutions r. In the diagram we have also marked the 
concentrations at which the rigidity is 500 dyne/cm. (The choice is arbitrary 
- - a n y  other rigidity means a slight shift of that line.) We see that within 
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Figure 6--Phase diagram of PMA 60 
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experimental error the critical concentration for phase separation is iden- 
tical with the critical concentration range of gelation. (The phase diagram 
of DP 3 500 was also studied and found to have the same features.) The 
phase diagram therefore consists of three regions: a region S in which 
the solution is a sol, a region G in which it is a gel and an unstable region 
U in which the solution separates into two layers. (The phase separation 
of PMA solutions has been studied by means of nephelometry ~, but only 
part of the diagram was obtained by that method.) 

D I S C U S S I O N  
Since PMA is a weak acid it is only slightly ionized in concentrated solu- 
tions. (The pH of the solutions in the CCR was found to be about 3"6.) In 
discussing the gelation phenomena we shall treat the PMA molecule as 
essentially undissociated and neglect electrostatic effects. The viscometric 
and thermodynamic study of undissociated PMA 4 has indicated that the 
molecule is intramolecularly bonded in dilute solutions. Now intramolecular 
bonding in dilute solutions should correspond to agglomeration (e.g. gela- 
tion) in concentrated solutions s. Variations in intrinsic viscosity should 
correspond to variations in agglomeration. 

In discussing our results we shall accept the postulate that gel formation 
is due to a three-dimensional network of the solute I. In thermoreversible 
systems like the one investigated here the polymer molecules must be held 
together by secondary forces only. Hydrogen bridges between carboxyl 
groups are the most likely bonds so that we shall assume that these are 
responsible for forming the gel network. We shall also accept the postulate 
that gel elasticity is rubberlike elasticity. 

A probable explanation of the viscoelastic properties as well as phase 
separation is the following. In dilute solutions (well below the CCR) each 
PMA molecule exists in its isolated state and bonding tendency is satisfied 
intramolecnlarly. With increasing concentration the likelihood of two car- 
boxyl groups of different molecules meeting and forming intermolecular 
bonds becomes greater (while the possibility of intramolecular bonding 
remains unchanged). The CCR is the range in which, for purely geometrical 
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reasons, the likelihood of intermolecular bonding has become so great that 
a coherent network necessary for gelation is formed. 

This model enables us to find a connection between the CCR of PMA 
of a given degree of polymerization and its intrinsic viscosity. As a rough 
approximation let the CCR be that in which the space of the solution is 
filled with hydrodynamic equivalent spheres 8 each of volume v, so that 

v = (4=13) ( r ~ / 2 )  "/~ 

where (r~) '/~ is the root-mean-square (r.m.s.) end-to-end distance of the 
molecule. According to our assumption we have at the critical concentration 
1Iv molecules the weight of each being M/NA (M being the molecular 
weight of the PMA fraction and Na Avogadro's number). Using the connec- 
tion between (to) 1/~ and the intrinsic viscosity [~]8 we find the critical 
concentration c to be 

c = 1 / v = 6~ / (Na~[,fl) 

where • is Flory's constant. In Figure 7 we have plotted the calculated con- 
nection between the intrinsic viscosity and the CCR as well as c" the 
concentrations (of the four degrees of polymerization investigated) at which 
the solution was found to have a modulus of rigidity of 500 dyne/cm. We 
see that whereas the line c'/[~] is straight, as required by the theory, it 
does not pass through the origin. Moreover, c' is about four times larger 
than c, indicating that the hydrodynamic equivalent spheres must inter- 
penetrate to a marked degree to permit the intermolecular bonding necessary 
for gelation. The degree of interpenetration varies with the degree of 
polymerization. 

It follows from the kinetic theory of rubber elasticity that a solution 
having a modulus of rigidity of 500 dyne/cm at 30°C contains 1"97 x 10 -8 
moles of bonds per cm ~. In Table 3 we have computed from c':(a) the 
fraction of carboxyl groups (two for each bond) that are linked to the gel 
network and (b) the fraction of polymer chains linked to the network. We 
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Figure 7--Calculated and experimental depen- 
dence of the CCR on the intrinsic viscosity of 

the PMA fraction 
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Table 3. Concentration c' of the PMA solution whose rigidity at 30°C is 500 dyne/cm; 
(a) the fraction of'efficient' carboxyl groups, and (b) the fraction of'efficient' polymer chains 

in that solution 

DP c' (a) (b) 

2250 9-35 3"6×10 -5 0"041 
3 500 8- 26 4" 1 x 10 -5 0" 070 
6900 7"30 4"6×10 -5 0.160 

10 300 6" 34 5" 3 x 10 -5 0' 225 

see that in the CCR only a minute fraction of the carboxyl groups takes 
part in the gel network while the majority of the carboxyl groups must  
satisfy its bonding tendency either by intermolecular bonding or by forming 
'wasted' intermolecular bonds. We also see that the fraction of efficient 
bonds increases with molecular weight and so does the fraction of the 
efficient polymer chains. This is quite reasonable since ceteris paribus the 
likelihood of two efficient bonds occurring on one polymer chain is 
increased with the number of carboxyl groups present on that chain. 

The kinetic theory of rubber elasticity predicts an increase in gel rigidity 
with temperature. However, the increase found in PMA gels is about ten 
times that accounted for by the kinetic theory. To be consistent we have 
to infer that the number of effective network bonds increases with 
temperature. 

The decrease of intrinsic viscosity of PMA with temperature 4 indicates 
increased carboxyl-carboxyl bonding (at the expense of carboxyl-water 
bonding) which in dilute solutions must be satisfied intramolecularly, while 
in concentrated solutions it may cause enhanced agglomeration with 
temperature 8. In the CCR, part of the intermolecular bonds formed by 
increase in temperature will be 'effective' in contributing to the network 
rigidity. 

It was pointed out by Lodge 1° that the viscosity of a polymer solution 
may be due not only to hydrodynamic resistance but also to a temporary 
network structure. In PMA solutions at concentrations below the CCR the 
hydrodynamic resistance is apparently the main cause of viscosity. The 
enhanced  coiling is the reason for diminished viscosity with increasing 
temperature. With the formation of the gel network another energy dis- 
sipation factor becomes dominant. If a network bond is broken while the 
gel is under deformation, the deformation energy cannot be recovered but 
is dissipated. We assume that the lifetime of a carboxyl-carboxyl bond is 
of the order of magnitude of the time of deformation. This explains the 
non-Newtonian behaviour even at the low rates of shear used by us. The 
probability of a bond breakage occurring also increases with the total 
number of network bonds and therefore with concentration and temperature. 
The increase of viscosity with concentration within the CCR and the close 
similarity of temperature dependence of rigidity and viscosity is readily 
understood. 

The fact that PMA solutions separate into two layers with rising tempera- 
ture is in agreement with the negative entropy of dilution and negative heat 
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of dilution derived from light scattering data 4. We still have to explain the 
coincidence of the critical concentration for phase separation with that for 
gelation. To  do this we wish to point out that in a gel the free energy of 
dilution consists of two parts, a contribution due to changes in elasticity 
of the network, and the ordinary term due to mixing ~1. In PMA solutions 
below the CCR the chemical potential of the polymer is given by the well 
known expression 

# . - # . ° = R T  (v . /v l ) / ( ln  v 2 ) / x -  (1 - l / x )  (1 - v~) + X~(1 -v~)  2 

But in the CCR we have to add another term to account for the changes 
in elastic free energy with concentration. We do not have at present either 
the theoretical or the experimental knowledge for a quantitative formulation 
of that term in PMA solutions where dilution involves breaking of bonds. 
The kinetic theory of rubber elasticity states that the elastic free energy 
is proportional to the number of network bonds and hence to the modulus 
of rigidity 1~. It  is therefore most likely that the contribution of elasticity 
to the chemical potential contains the expression dG/dc  (the increase in 
rigidity with concentration). We have already given our reasons for assum- 
ing that dG/dc  is largest in the CCR from which it follows that the elastic 
contribution to the chemical potential should be a maximum in the CCR. 
The osmotic term and the elastic term of the chemical potential combine 
in such a way that at sufficiently high temperatures the chemical potential 
curve becomes binodal in the CCR and phase separation occurs. 

Weizmann Institute of Science, 
Rehovot,  Israel 

(Received February 1962) 
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Dilute Solution Properties of Tactic Poly- 
methyl Methacrylates I-Intrinsic 
Viscosities of Isotactic Fractions" 

S O N J A  K R A U S E  a n d  E L I Z A B E T H  C O H N - G I N S B E R G  

Intrinsic viscosities in acetone and in benzene solution were obtained on 
fractions of isotactic polymethyl methacrylate having M w / M n ~ l ' 4 .  The 
intrinsic viscosities in both solvents were higher than those of fractions of 
conventional free-radically initiated polymethyl methacrylate having compar- 
able molecular weight. These data indicate that the isotactic molecules are 
more extended in solution than molecules of conventional polymethyl meth- 
acrylate. This conclusion is confirmed by data on the r.m.s, end-to-end distance 
of two of the fractions in acetone as determined from light scattering 

measurements. 

THERE have not been many published investigations of the dilute solution 
properties of stereospecifically polymerized polymer fractions. In those 
cases which have been investigated, isotactic polypropylene 1-~, isotactic 
polystyrene ~-9, and isotactic and syndiotactic polymethyl methacrylate 1°, 
only very small differences were found between the dilute solution properties 
of the tactic and conventionally polymerized polymer fractions. Specifically, 
no differences at all were found in the intrinsic viscosity/molecular weight 
relationships in thermodynamically good solvents ~, 2, 5, 7_~o Small changes, 
however, have been found in the second virial coefficient of isotactic poly- 
styrene in toluene solution 7. 8 at 30 °, and an 8 ° difference was found between 
the theta temperature of isotactic and that of conventional polypropylene 
in diphenyl ether 3. Although Krigbaum et al? found that the molecular 
dimensions of isotactic polystyrene were the same as those of atactic poly- 
styrene in p-chlorotoluene solution, they used other data to calculate that in 
a theta solvent these dimensions would be about 30 per cent greater for the 
isotactic polymer. 

The work of Tsvetkov and co-workers ~° on isotactic and syndiotactic 
polymethyl methacrylate fractions was done in benzene, a very good solvent 
for the polymer. Although they reported no differences between the intrinsic 
viscosity/molecular weight relationship of the two polymer configurations, 
their data do indicate small but significant differences. On a log/log plot 
of intrinsic viscosity versus molecular weight in their paper, all the points 
for the isotactic fractions lie above those for the syndiotactic fractions, and, 
furthermore, all the points for the isotactic fractions lie above the straight 
line which represents the intrinsic viscosity/molecular weight relationship for 
fractions of conventionally polymerized, free-radically initiated polymethyl 
methacrylatelL Such a difference, greater than that found for either poly- 

*Presented at the meeting of the American Physical Society at Monterey, California, 21 to 23 March 1961. 
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propylene or polystyrene is to be expected for polymethyl methacrylate, since 
this polymer is already unusual in exhibiting a very large difference in glass 
temperature between the isotactic polymerlL T, =45 °, and the conventional 
polymer, Tg = 104 °. No perceptible difference in glass temperature has been 
found between isotactic and conventional samples either for polypropylene x~ 
or for polystyrene 5. 

If the very slight differences in the intrinsic viscosity/molecular weight 
relationships for isotactic and conventional polymethyl methacrylate which 
can be discerned in Tsvetkov's data are assumed to be real, then much 
greater differences should be observed in solvents which are thermo- 
dynamically poorer than benzene for the conventional polymer. The 
present work shows such differences, well outside of experimental error, for 
fractions of isotactic polymethyl methacrylate in acetone solution. 

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

The sample of isotactic polymethyl methacrylate that was used for this 
work was made by R. P. Fellmann of our laboratories from 125 ml' freshly 
distilled, uninhibited Rohm and Haas monomer in toluene solution 
(1380 ml) at - 7 0  ° using 0"025 mole of freshly prepared 9-fluorenyllithium is 
as initiator. The mixture, which had become quite viscous by the time the 
last of the methyl methacrylate had been added, was held at - 7 0  ° over- 
night, 5 ml of methanol was added, and the mixture was warmed to room 
temperature. The polymer was isolated by precipitation into ten volumes 
of petroleum ether at room temperature, and was then dried overnight under 
vacuum. A quantitative yield of polymer was obtained. The finely divided 
polymer was washed by stirring in a 90-10 water-methanol mixture con- 
taining 5 per cent hydrochloric acid, was then stirred in a similar mixture 
without the acid, and was finally washed with deionized water. The polymer 
was characterized as isotactic from its infra-red spectrum 17, ~s, having a 1 
value t '  of 33. Samples of isotactic polymethyl methacrylate generally have 
J values ~" between 25 and 35, the most isotactic samples having the lowest 
J values. The number average molecular weight of the sample, as determined 
from the intensity of the absorption at 304 m~t of the fluorenyl end-group on 
each polymer chainlL was 2-92 x 10 ~. The intrinsic viscosity in acetone at 30 ° 
was 0-505+0-005 dl/g, which would correspond to a viscosity average 
molecular weight of 3"09 x 105, assuming the intrinsic viscosity/molecular 
weight relationship obtained for fractions of conventional polymethyl 
methacrylate in this solvent 2° 

[7]=7.7 x 10 -~ M °'° (I) 

where [7] is the intrinsic viscosity in decilitres per gramme. 
There were two fractionations of this sample, both at 40"0 °, using reagent 

grade benzene as the solvent and n-hexane (Skellysolve B) as the nonsolvent. 
The first fractionation was meant to be a trial fractionation, to find out  
whether isotactic polymethyl methacrylate could be fractionated so far below 
its melting point ~', 160 °. An attempt was first made to remove the lowest 
molecular weight molecules by precipitating 33 g of sample from benzene 
solution using a large excess of methanol, in which low molecular weight 
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conventional polymethyl methacrylate is soluble. A part of the 22"5 g of 

recovered precipitate, Mn=4"53x 104 by osmometry, Mw=4"4x 10 ~, was 
then fractionated from 0"5 per cent solution in benzene into 15 fractions. 
The success of this fractionation led directly to the second fractionation. 
This time, without first removing low molecular weight material, 56 g of 
sample was fractionated from 0"5 per cent solution in benzene. The 
highest molecular weight fractions were obtained after a great deal of sub- 
fractionation from 0"1 per cent solution in benzene and recombination of 
sub-fractions. It appears pointless to give here our complete flow diagram 
for the fractionation, since our only object was to obtain a few good 
fractions. Subfractionations were performed on the basis of number 
average molecular weights and single point intrinsic viscosities of the 
fractions. 

Reagent grade acetone and benzene were used for the viscosity and 
osmotic pressure measurements without further purification. For  light 
scattering, reagent grade acetone was distilled through a packed column 
and a centre cut of constant boiling point was collected in each distillation. 
The n~, ~ of the cuts used in the light scattering was 1'35583 +0"00005; the 
limits of error refer to variations between batches. 

Intrinsic viscosities were obtained at 30 ° using Cannon-Ubbelohde semi- 
micro viscometers with solvent flow times above 100 sec so that no kinetic 
energy corrections were necessary. No shear corrections were necessary 
because of the low values of all the intrinsic viscosities obtained. At least 
three concentrations were run for each intrinsic viscosity determination. 

The osmotic pressure measurements were obtained in the modified 
Schulz-Wagner osmometer, and analysed by the method discussed by 
Fox et al. 21. 

The refractive index increments of the unfractionated polymer and of 
one large fraction in acetone solution were measured at 436 m/~ and at 
546 m t~ using a Brice-Phoenix differential refractometer. At room 
temperature (near 25 ° ) values of 0'136 and 0.134 were found at these two 
wavelengths, respectively, in perfect agreement with the values previously 
reported for conventional polymethyl methacrylate from this laboratory ~°. 

Light scattering data were obtained at 436 m~ and 546 m~ on a Brice- 
Phoenix light scattering photometer at scattering angles from 30 ° to 135 ° . 
All solvents and polymer stock solutions were clarified by pressure filtration 
through sintered glass ultrafine filters. Runs were always made by adding 
polymer stock solution to solvent in the light scattering cell; five concen- 
trations were run for each sample. The instrument calibration factor, k, 
for acetone was obtained as follows: first the instrument calibration 
factor for butanone and toluene was found from the 90 ° scattering of a 
0.5 per cent solution of the Cornell polystyrene light scattering standard ~ 
using the values for the turbidity, ~-, at 437 m/~ and at 546 m/~ given by 
Doty and Steiner 22 

k=~/(167:/3)(I9o) (2) 

where 19o is the intensity of the light scattered by the 0'5 per cent solution of 
the standard over and above that scattered by the solvent. Values of k 
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were found for both wavelengths in each solvent. The two values of k 
found for each wavelength were then plotted against the refractive index 
of solvent at that wavelength, and the values of k for acetone were read 
off the graph. The refractive indices of the solvents at 436 m/z and 546 m/~ 

25 and the known dispersion of were calculated from the measured n,  
each solvent. 

For determination of weight average molecular weight, the light 
:scattering data were first extrapolated to zero angle and then to infinite 
dilution, making the usual corrections for polarization and scattering 
volume for each intensity first. 

For determination of the radius of gyration, (s~) ~, or the mean square 
end-to-end distance, (r~) *, of the polymer coil, where 

r 2 = 6 s  ~ (3) 

for Gaussian coils, the light scattering data were first extrapolated to infinite 
dilution at each scattering angle, and then to zero scattering angle, again 
making the usual corrections for polarization and scattering volume first. 
The mean square radius of gyration of the sample was determined in the 
usual manner f rom the initial slope and the intercept of the curve in 
which the infinite dilution data are extrapolated to zero scattering angle 2s. 

R E S U L T S  

Table 1 shows the dilute solution data for the fractions from both of the 
fractionations of the sample of isotactic polymethyl methacrylate that were 
used for this work. 

Table 1. Data on fractions of isotactic polymethyl methacrylate 

M~ × 10 -s Acetonet Benzene,: 

Mn × 10-5'* 436 m,a 546 m,a M w / M  n [,71 (dl/g) My × 10-' [~1 (dl/g) "My × 10-5 

2"70 6"34 7"06 2-5 1"05 8-72 1-535 7"6 
1-42 2'00 1"92 1"4 0'482 2"88 0"626 2'35 
0'864 1'34 1"16 1'4 0"293 1"42 0"42 1"38 
0'688 1"02 0"96 1"4 0'290 1'41 - -  - -  
7'45 12"8 11-3 1"6 1"45 13"7 2"53 14"7 
3-89 5"36 5-34 1"4 0"875 6'7 1"31 6"1 
f,'445 0'541 0"538 1"2 0"203 0"57 - -  - -  

*Determined by end-group analysis. 

I"M v calculated from equation (1). 

~Mv calculated from equation (5). 

In Table 1 the intrinsic viscosities of the isotactic fractions are higher than 
those expected for fractions of conventional polymethyl methacrylate 
having the same molecular weights. In other words, as shown in Table 1, 
the weight average molecular weights of these fractions are less than their 
viscosity average molecular weights, if :these are calculated from the 
intrinsic viscosity/molecular weight relationships previously obtained for 
conventional polymethyl methacrylate fractions. This is also indicated in 
Figures 1 and 2, which include the data used to obtain the [~]/M relation- 
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.~40 
o lsotactic fractions / 
+ Conventional fractions ++ 

(Cohn-Ginsberg et ol.) + 2S 
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0.1 
2x10 4 10 5 10 6 /,xl0 6 

Figure l--Log/log plot of intrinsic viscosity versus weight average 
molecular weight of fractions of polymethyl methacrylate in acetone 

at 30 ° 

ships for conventional polymethyl methacrylate. These data are shown in 
order to indicate the experimental error to be expected for such fractions. 
In Figure 1, one of the points for the isotactic polyrnethyl methacrylate 
fractions falls very close to the conventional [,~]/M relationship. We suspect 
that the intrinsic viscosity for this fraction is in error, since we had to work 
with samples that had been used and then recovered from solution several 
times. I t  is possible that some polymer was lost or permanently altered or 

6"0 

o Isotactic fractions 
- (present work) / 

Isotachc fract,ons . /  
(Tsvetkov et oL) / -  

o 
+ Conventional fractions / +  

~0 (Cohn - Ginsberg et oL) J 

i 

0 . 2  [ 
4x10 4 10 s 10 s 4 x 1 0  s 

Figure 2--Log/log plot of intrinsic viscosity versus weight average 
molecular weight of fractions of polymethyl methacrylate in benzene 
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that an impurity was collected somewhere in these processes. The other six 
fractions appear to lie on a straight line which can be represented by 
the formula 

[7]=2.30 x 10-" M °'s (4) 

In Figure 2, data for our fractions of isotactic polymethyl methacrylate 
are shown together with the data for Tsvetkov's fractions 1°. The data for 
all the isotactic fractions are consistent; all these points fall above the line 
representing the intrinsic viscosity/molecular weight relationship for 
conventional polymethyl methacrylate fractions in benzene solution ~° 
at 30 ° 

[,/]=5"2 x 10 -s M °''s (5) 

Since the data for the isotactic fractions in benzene solution are very close 
to those of the conventional fractions, no new intrinsic viscosity/molecular 
weight relationship was derived for the isotactic fractions in benzene. 

D I S C U S S I O N  

The data for isotactic polymethyl methacrylate fractions in acetone and in 
benzene solution indicate that the molecules of isotactic polymethyl meth- 
acrylate ,are more expanded in solution than are those of conventional 
polymethyl methacrylate. This is shown more explicitly by the (r2) ½ deter- 
mined by light scattering for two of the fractions as shown in Table 2. 

Table 2 

X/w la~er~el (r2~ oxpt~ 
of fraction 436 rng 546 m~ (r2)½ c~1o. 
12"0 x l0 s 1060 1150 890 
5"35 x 108 700 820 550 

These two values of (r2) t are compared with values calculated from the 
equation 

(r2) t = 0-20 M °'6° (6) 

which was calculated from data of Cohn-Ginsberg et al. 2° on fractions of 
conventional polymethyl methacrylate in the molecular weight range from 
8"7 x l0 s to 2"5 x 10 e, that is, more or less in the range of our isotactic 
fractions. These calculated values are much smaller than those found 
experimentally for the fractions. This discrepancy cannot have anything to 
do with molecular weight distribution, since the fractions on which equation 
(6) is based had M ~ / M ,  equal to 1-2 to 1"4, not very different from our 
isotactic fractions. 

The difference in dilute solution properties of isotactic and conventional 
polymethyl methacrylate could be associated either with an effect of con- 
figuration upon the unperturbed end-to-end distance or with a difference in 
their interaction with solvent, or with both of these effects. An unequivocal 
angwer will not be available until measurements in a theta solvent at the 
theta temperature have been completed for both configurations. However, 
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enough data are already available from the measurements reported in this 
paper to allow us to make some good guesses with very few additional 
assumptions. 

If, following Flory and Fox ~', a plot is made of [~I]}/M ~ versus M~ [,/], the 
intercept at vanishing M/['7] should be equal to K}, where K is defined by 

K = ep(r~o/M) ~/2 = [7] / M~ ~3 (7) 

where ¢ is a universal constant, ~0 is the unperturbed end-to-end distance of 
the polymer fraction of molecular weight M, and a is the expansion factor 
for this fraction in the solvent in which the intrinsic viscosity is measured. 

Figure 3--['7]t /~J~ versus 

Mw/[,/] for fractions of 
polymethyl methacrylate in 

acetone at 30 ° 

1"2 

/ 

/o// 
; , /  / 

/ /+ 
o /  

s / 
x 1"0 / 
~ 0 - / o  

o / 

 o.8: o Isotactic fractions 
+ Conventional fractions 

(Cohn- Ginsberg et al.) 
K 213, conventional 
polymethyl rnethacrytate 
(Fox) 

I I 
5 10 

Figure 3 shows the data for the isotactic fractions (except for the most 
polydisperse fraction) in acetone solution plotted in this way~ Also in 
Figure 3 are the data of Cohn-Ginsberg et al? ° for fractions of conven- 
tional polymethyl methacrylate in acetone. The solid line in Figure 3 is 
drawn through the points for conventional polymethyl methacrylate 
fractions in such a way that its intercept at M/I,7]=0 corresponds to the 
value of K=4"8 x 10 -4 found for such fractions by Fox 25. All the data 
for the isotactic polymethyl methacrylate fractions in acetone lie above 
those for conventional polymethyl methacrylate. It is certainly presump- 
tuous to draw a straight line through the points for the isotactic fractions, 
either the dashed line that has been drawn on Figure 3, or any other. 
However, it should be safe to say that if a straight line can be drawn at 
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all, that is, if the molecules of isotactic polymethyl methacrylate obey-the 
general dilute solution statistics of polymers, then this straight line will 
intersect the ordinate of Figure 3 above the intersection point for the line 
drawn for the conventional fractions. The dashed line has been drawn 
1o represent the data reasonably well and to give an order of magnitude 
for K for the isotactic fractions, namely, K =  7 x 10 -4. Using equation (7) 
with a value of 2-1x I021 for 9, this gives ( r 2 / M ) i = 7 x l O  -9, a value 
somewhat lower than that for polystyrene2L 7.4x 10 -9, and higher than 
that fo r  conventional polymethyl methacrylate 25, 6"1 × 10 -9. 

It is possible to get another order of magnitude approximation for 
(~--/M)t for the isotactic polymer by using the estimated value of K from 
Figure 3 in equation (7) in a somewhat different manner. The far right 
hand side of equation (7) contains the expansion factor for the molecules, 
~; therefore, equation (7) can be used to calculate this expansion factor 
for these fractions for which [,j] in acetone was measured. And then, 
since 

2 r =r  o ~ (8) 

knowledge of 2 allows calculation of ~ for the two fractions for which 
was measured. (~/M)~ for these two fractions is then 8"1 x 10 -g and 
8-7 x 10 -9. These values are slightly higher than the value calculated from 
K alone, probably because the measured values of 77are somewhat higher 
averages than the weight average, which is the average that should be used 
in this calculation. In spite of the fact that we know the M~/M~ of our 
fractions, we did not attempt to correct our values of the mean square 
end-to-end distance for polydispersity. 

Our thanks to Mr  R.  P. Fellmann who synthesized our polymer sample, 
to Mrs Eleanor Cherry who did both of the fractionations of the sample 
and also determined all of the number average molecular weights by end- 
group analysis, and to Mr  John Begley who obtained most of the intrinsic 
viscosities. 

(Received February 1962) 

Rohm and Haas Co., 
Research Laboratories, 

Bristol, Pa, U.S.A. 
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The Effect of Temperature, Conversion 
and Solvent on the Stereospecificity of 
the Free Radical Polymerization of 

Methyl Methacrylate 
T. G Fox and H. W. SCHNECI(O* 

High resolution n.m.r, spectra are readily obtained at room temperature on 
ten per cent solutions of polymethyl methacrylate in chloroform. For polymers 
prepared by free radical polymerization, the tacticity parameter [3 (the prob- 
ability that neighbouring asymmetric carbon atoms in the chain are in 
syndiotactic placement) computed accurately (+2 per cent) from the relative 
areas of the ~-methyl magnetic resonance peaks, is observed to obey Bernoulli 
trial statistics (as reported by others), to increase from 0"64 to 0"86 as the 
temperature chosen for polymerization ranges from 250 ° to - 4 0  ° , and to be 
unaffected by other polymerization variables such as the initiator, the conver- 
sion, the molecular weight of the product, and the presence of any of a variety 
of solvents. Accordingly, the reaction producing an isotactic placement occurs 
with an Arrhenius factor 1"65-[oid greater, and an activation energy 1"07 kcal 
larger, than the corresponding variables for the competing syndiotactic 
addition, a result somewhat different from that found in Bovey's pioneering 
investigation. Speculations on correlations between sequence length distribu- 
tions and the diffraction pattern and solubility of partially crystalline polymers 

are included. 

HIGH resolution nuclear magnetic resonance (n.m.r.) spectra of polymer 
solutions have been used 1-~ to determine the stereochemical structure of 
certain vinyl polymers. Employing this technique to determine the depen- 
denoe of the structure of polymethyl methacrylate (PMMA) on the tempera- 
ture of polymerization, and considering the polymerization to consist of two 
independent competing reactions producing, respectively, isotactic and 
syndiotactic stereochemical placements of nearest neighbours in the 
chain 6-1°, Bovey found ~ the syndiotactic addition favoured by an activation 
energy lower by 775 cal than isotaetic addition, with no difference in the 
frequency factors. In his work two factors require further clarification: 
(a) his low temperature polymerization (-78°C) was achieved in solution 
whereas the other samples were prepared in bulk; (b) his polymerizations 
at different temperatures differ greatly in the conversion (1.7 to 100 per 
cen0. The probabilityt ~ of an isotactic placement or of a syndiotactic 
placement / 3=1 -~  in these polymers may 2,s'1~ or may noP be affected 
by the variation in the reaction medium with conversion or with solvent. 
Finally it is of interest to demonstrate the utility of the Varian A--60 n.m.r. 
spectrometer for such measurements, and to establish the precision with 
which this structural parameter can be measured. 

*Present address: Universitiit Mainz, Mainz, Gexmany.  
t W e  use the  symbol  = originally p r o v o s e d  by  C o l e m a n  ~. which  is identical  with  o- employed later by  
B o v e y  s . 
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In order to study these points, free radical polymers of methyl meth- 
acrylate were prepared in bulk to low conversion (less than ten per cent) at 
temperatures ranging from - 4 0  ° to 250 °. Moreover polymerizations were 
carried out with two different initiators, to conversions at 60 ° ranging from 
1 to 84 per cent, to different molecular weights (from 10 "~ to 10~), and in ten 
different solvents. The n.m.r, spectra were used to characterize the 
stereostructure, and the applicability of infra-red (i.r.) spectra for this 
purpose 4. 8,11,1~ was explored. 

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

Bulk polymerizations 
Methyl methacrylate (MMA) from the Monomer Polymer Laboratories, 

Borden Chemical Company, was destabilized (washed with ten per cent 
sodium monohydrogen sulphite, 1N caustic soda, water), dried, distilled, 
degassed and sealed in ampoules under vacuum, and polymerized in constant 
temperature baths. Afterwards, the polymer was precipitated in methanol 
and reprecipitated from benzene solution. The polymerizations carried out 
from - 4 0  ° to 0 ° were initiated with benzoin photosensitized by ultra-violet 
(u.v.) light. The initiators were recrystallized before use. Azoisobutyronitrile 
(AIBN) was used as the initiator between 30 ° and 150°; irt most of these 
experiments 0-5 per cent dodecyl mercaptan was added. In order to detect 
any effect of the initiator on the structure of the polymers, one polymeri- 
zation at 100 ° (M 127) with benzoin activated by u.v. light was carried out. 
In a thermal polymerization at 250 ° some polymer ( <  10 per cent of the 
yield) was formed on heating before the desired polymerization temperature 
was reached, consequently the observed ~ value (0-36) may be slightly low. 
Attempts to eliminate the prepolymerization by addition of diphenylpicryl- 
hydrazine (1.4 x 10 -3 per cen0 in the presence of AIBN were successful, 
but in this ease ~ was even lower (0"33). 

Solution polymerization 
Polymerizations of solutions of the monomer 20 per cent by volume in 

each of nine freshly distilled solvents were made at 60 ° with AIBN as 
initiator, to conversions not in excess of 20 per cent. A similar polymeri- 
zation in nitromethane was made at 100 °, and another at - 4 0  ° in ethyl 
acetate solution with benzoin at a monomer concentration of 50 per cent, 

The n.m.r, spectra 
The spectra were taken with the Varian A-60 spectrometer at room 

temperature (30 °) with polymer (10g/100cm0 dissolved in ethanol-free 
chloroform. The solutions were introduced into precision tubes, degassed 
and sealed on a vacuum line. One per cent tetramethylsilane was used as 
an internal reference standard. For evaluation of the areas the heterotactic 
h(9"Or), and syndiotactic s(9"14r) ~-CH3 triad peaks 2 were used; in 
addition to these the isotactic, i-pcak (8 '80 was utilized only with the 
samples polymerized at high temperature. Spectra of two polymers made 
at - 4 0  ° were also taken with a sweep width of 250 c/s,  instead of the 
usual 500 c/s;  in this case the tubes were heated to 120 ° before inserting 
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into the probe. In  order to obta in  high accuracy (ca. 2 to 5 per cent in  the 
areas, cf. Tables  1 and 2) the method of Brace 13, i.e. approximat ion by  
triangles, was applied and the areas measured with a planimeter.  The  ratio 
of the peak heights was found to be related to the ratio of the 

Table 1. Values of ct determined for polymethyl methacrylate prepared to various 
conversions in bulk polymerizations at 60°C with AIBN* 

Sample Dodecyl Conver- 
designation mercap- sion (%) Mw x 10 -5 Ph/ P8 ct J value 11 

tan (%) 

M 128 0"5 1 1"45 0"620 0'24 93 
M 153 5 10"6 0"663 0"25 
M 134 0"5 5 1"59 0"690 0"26 94 
M 133 0"5 10 1'40 0"625 0'24 88 
M 102 12 9"35 0"710 0"26 84 
M 136 0"5 20 1"59 0"620 0"24 89 
M 138 0'5 39 1'45 0"574 0"22 90 
M 139 0'5 56 1'41 0"649 0"24 81 
M 137 0'5 84 1'51 0"622 0"24 90 

"0"243 + 0"01 

* F r o m  2 x  10 - s  to  2 x  10- '  per cent.  

Table 2. Stereoregularity of PMMA prepared to low conversion (< 20 per cent) in 
20 per cent (V/V) solutions with (2 to 6 × 10 -2 per cent) AIBN 

Sample Polym. 
designa- temp. Solvent Calc. 

tion (°C) Ph/ Ps Obsd by eq. (3) 

M 214 I00 Nitromethane 0"738 0"27 0"27 
M 215 60 Nitromethane 0-618 0"24 0'25 

M 212 60 Ethanol 0"666 0"25 0"25 
M 209 60 Acetonitrile 0"665 0'25 0'25 
M 207 60 Acetone 0"660 0"25 0"25 
M 205 60 Chloroform 0"629 0'24 0-25 
M 215 60 Nitromethane 0"618 0-24 0"25 
M 211 60 Toluene 0"603 0-23 0"25 
M 204 60 Benzene 0"591 0"23 0'25 
M 210 60 2-Octanone 0"591 0-23 0"25 
M 206 60 2-Butanone 0"583 0-23 0"25 

M 216" - 4 0  Ethyl acetate 0"318 0"14 0-14 
*In 50 (v/v) per cent solution with 2 per cent benzoin. 

corresponding areas; thus, if fast evaluat ion of ~ is desired, it is no t  
necessary to measure areas once the relat ionship is established 1~. 

T h e  i.r. spectra 
The  i.r. spectra were scanned from cast films in a Perkin  Elmer  21 

ins t rument  according to the method of Spell given by Goode  et al. 11. The 
characteristic ' J  value '  as defined by these workers was calculated from the 
intensity ratios of the 9'3-10" 1/~ and 6-75-7-20~ bands.  
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Molecular weights 
Values  of  M~, were calculated f rom the measured  values of  the intr insic 

viscosities (d l /g)  in benzene at 30 °, employing  the re la t ion 15 

--5 0'76. [7] = 5 - 1 2 x 1 0  Mw , M w ~ > 3 5 0 0 0  (1) 

R E S U L T S  

The n.m.r, spectra 
Some character is t ic  n.m.r,  spectra  of  P M M A  taken with the  Var ian  

A - 6 0  spect rometer  are  shown in Figure 1. In  addi t ion  to  the spectra  of  the 
least [Figure l (a) ]  and most  [Figure l (b ) ]  syndiotact ic  po lymers  obta ined 

M 14& ~0) 

! 5cm 

I 

f 
~c) 

I I 
9 p.p.m. I0 

/ 
I 

p'.p.m. 8 

M 125 

(b) 

i 

I 

I 
8 pp.rn. 

a 
10 

(d) 

L i 
6 p.p.m. 8 10 

6 j~p.m. 8 10 

Figure / - -The  n.m.r, spectra of 10 per cent chloroform solutions at room 
temperature of polymer prepared in free radical polymerizations (a) at 
250 ° (Sample M 144, ~=0"36) and (b and c) at - 4 0  ° (Sample M 125, 
~=0"14). Spectra (d) of an isotactic polymer (ct,~,l) and (e) of a stereoblock 
copolymer (~,~,0"62, estimated from methylene peaks) prepared in anionic 
polymerization are included for comparison. Spectra obtained with the 
Varian A-60 spectrometer having a frequency response of 0"4 c/s, r.f. field 
0"15 Mc/s, sweep width 500 e/s (calibrated x6 in r), spectrum amplitude 
2'5, 25, 2"5. Sample (e) same as (b) but preheated and observed with a sweep 

time of 100 sec, sweep width 250 c/s, spectrum amplitude 1"6 
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by free radical polymerization, spectra of a highly isotactic [Figure l(d)]* 
and of a stereoblock PMMA i[Figure l(e)]* are included for comparison 
purposes. Although the older instrument, the Varian 4300, at peak perform- 
ance is capable of even higher resolution, the improved stability and ease 
of operation of the present apparatus so markedly reduces the effort needed 
to obtain good data that the precision achieved is often actually better. 

Thus, for the present measurements at room temperature on ten per 
cent solutions the resolution is excellent and reproducible; all spectra of 
Table 2 were scanned twice with indistinguishable results. Even higher 
resolution can be obtained by preheating the sample tubes and immediately 
afterwards scanning with an expanded scale; a spectrum obtained in this 
way is shown in Figure l(c). " 

In order to evaluate the amount of stereoregularity from the ~-methyl 
peaks it is not necessary--and usually not possible--to estimate with the 
desired precision all three areas Pi, Ph, P~ as described in the literature s' 3. 
From the ratio of the larger areas Ph/P8 for the polymer of interest here 
is easily calculated by the relation 

=/(1 - =) =0"5Ph/e8 (2) 

For the polymers prepared at high temperatures, values of ~ determined 
from the equation ~/ (1-  =)=[Pi/Ps] 1/~ were in agreement with the corres- 
ponding values of ~ obtained with equation (2), thus demonstrating the 
applicability here of Bernoulli trial statistics ~, 7. 

It is obvious from Figure 1 that under the conditions we employed the 
different methylene peaks (8"20 are generally not suitable for evaluation 
of the microstructure of the present samples of PMMA, in contrast to 
n.m.r, results foe other polymers 17. The detection of isotactic portions in 
the more syndiotactic polymers by means of the methylene peak is com- 
plicated by three factors: (a) the general broadening of proton resonance 
signals in the polymer chain where motions are evidently much more 
restricted than in side groups (hence, the peak is broad and low in the 
case of the high molecular weight polymers, but becomes higher and 
sharper with decreasing molecular weight); (b) the presence of only two 
protons in the methylene group in contrast to the three protons of the 
~-methyl group; (c) the splitting of the signal in the isotactic form into four 
peaks. Thus for PMMA with ~ < 0'35, such as studied here, it is impossible 
to measure these areas. Only in one case, that of the stereoblock copolymer 
[Figure l(e)], was it possible to make an estimation of = from such data. 

The dependence of ~ on polymerization variables 
The data in Table 1 indicate that for polymers prepared at 60 ° there is, 

within the error of the measurements (+ 0"01 in ~), no influence on ~ by the 

*We are indebted to Dr  W. E. Goode of the Rohm and Haas Company who kindly supplied these 
samples. The isotactie and stereoblock polymers, respectively, were prepared with phenyl magnesium 
bromide at  0* and with butyl magnesium chloride at  - 6 0 " ,  by procedures described xx for the prepara- 
tion of TYPe I I  and Type I I I  polymethyl methacrylate, except for the use of 'Esso o c t a n e ' ~ a  mixture 
of  aliphatic and (20 per cent) aromatic hydrocarbons--as the polymerization medium, from which the 
polymer precipitated as formed. Dr Goode revolts that the samples exhibited respectively, i.r. 1 
values of 34 and 64, glass temperatures of 48* and 82*, melting points of 140" to 150" and of 
130" to 140 °, essentially identical mamber average molecular weights of 44 000, and ratios o f  viscosity 
average to  number average chain lengths of 2 '9 and 12'6. 
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degree of conversion, by the initiator, by the presence of mercaptan, or 
by the chain length. 

The results in Table 2 indicate that the stereochemical structure of the 
polymers prepared in solution polymerizations is, within the precision of 
the present data, independent of the solvent used and not measurably 
different from that of the polymers obtained in bulk polymerizations at the 
same temperature. 

Data on bulk polymerizations of MMA between 250 ° and - 4 0  ° at 
low conversions are shown in Table 3. From the Arrhenius plot of 

Table 3. Values of ~ determined on polymethyl methacrylate prepared in bulk 
polymerization at various temperatures 

Initiator 
Samle Polym. cone. (%) Polym. Conver- 
deslg, temp. A = A I B N  time sion Ph/Ps a J value M w × l O - ~  
nation (* C) B =Benzoin (h) % ( -b 2 % ) 

M 144 250 - -  0"2 6 1.100 0 .36  78 
M 131" 150 2.3 x 10 -~ A 0.25 15 0 ' 990  0-33 78 1"05 
M 130 150 2"3 × 10 "-~ A 0.75 30 0-990 C'33 79 11.0 
M 127" 100 4"4 X 10 -a B 0"25 7 0"742 0"27 
M 129" 95 2"3 x 10 -~ A 2 18 0"728 0"27 84 1"45 
M 128" 69 2"3 X 10 -~' A 2"5 1 0 '620  0"24 93 
M 133" 60 7"0 × 10 "~ A 4 10 0 '625  £-24 88 1.40 
M 132" 30  7 " 0 × 1 0  -~ A 4 1 0 ' 560  0 '22  
M 118 0 0 '1  B 1 10 0 ' 486  0-20 104 
M 120 - 2 0  0.1 B 2 5 0 '420  0-17 109 
M 122 - 20 0"4 B 3 19 0 '455  0.18 92 
M 123 - 2 0  0 ' 4  B 6 34 0"443 C'18 100 
M 126 - 4 0  0"4 B 3 4 0"312 0"14 9,4. 1 '02 
M 125 - 4 0  0"4 B 8 25 0"326 0"14 102 

* M a d e  in presence of  0.5 p e r  cent  d o d eey l  m e r c a p t a n .  

In {~/(1-=)} versus 1/T, where In {~/(1-=)} is readily derived from 
equation (2), we find the difference in activation enthalpies between the 
syndiotactic and isotactic propagation step 

A (AHD = (1 "07 + 0-05) kcal 

a value about 50 per cent larger than Bovey's. For the entropy difference 
we have 

A (ASrt) =(0.99 + 0.10) e.u. 

contrary to Bovey's value of nil. Alternatively, the modified Arrhenius 
equation can thus be written 

~/(1 - ~) =ki/k,= 1"65 exp ( -  1070/RT) (3) 

where kt and k, are the rate constants for the addition of monomer to 
form in the chain isotactic and syndiotactic placements, respectively. It can 
be seen from Figure 2(b) that Bovey's data, except for the point obtained 
on his polymer prepared at - 7 0  ° in ethyl acetate, show little deviation 
from the present results. We found no difference (Table 2) in the stereo- 
structure obtained at - 40 ° in bulk or in ethyl acetate. 

Infra-red absorption 
A correlation (Figure 3) observed between the i.r. absorption and Uae 

stereostructure of these polymers may be expressed by the approximate 
empirical relation ~ ,=1-1 /120  applicable at least in this range of 

(0"1 to 0"4). Thus in principle it would be possible, as suggested earlier s 
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Temperature °C 
250 60 - 4 0  

1 I I ~' 

i 
{--~ -31 "-"  I I 0 2 4 6 

e-  

l 

i I o I 
0 2 z, 6 

lIT x 10 3 

Figure 2--1n[~/(1--~)]  versus 
1/T for polymethyl methacry- 
late prepared in free radical 
polymerization at temperature 
T, with ~ determined from the 
proton magnetic resonance 
peaks of the a-methyl groups: 
(a) present data on bulk poly- 
merization carried to low con- 
version, and (b) comparison of 
present results (straight line) 
with earlier data 2 on polymers 
prepared to various conversions 
in bulk, o, or in ethyl acetate, • 

and illustrated recently ",'2, to employ i.r. data to determine the stereo- 
regularity. Unfortunately, as illustrated by the scatter of the data in Figure 3, 
the determination is not as reproducible as desired. An attempt to increase 
the accuracy by the use of other bands'. 1~ gave no significant improvement, 
and it is believed that development of improved methods for the prepara- 
tion of films more uniform in thickness would be essential for this method. 

DISCUSSION 
General implications 

The applicability of equation (3) in the free radical polymerization of a 
typical olefin, methyl methacrylate, indicates that the stereospecificity in 
such polymerizations is consistent with a difference in the free energy of 
fp~armation ~-I° of an intermediate complex formed between the initially 

nat free radical and the approaching monomer, depending on which 
configuration relative to the penultimate unit the radical assumes in the 
process. The evidence (Tables 1 and 2) indicates that the free energy 
difference is insensitive to other parameters describing the reaction medium, 
such as the dielectric constant, viscosity, and the thermodynamic interaction 
between polymer and its surroundings. These findings (Table 2) weigh 
against the hypothesis 18 that the stereospecific sequences in the polymer 
are predetermined by the presence of regions of ordered arrangement tff 
monomer units relative to each other in the liquid. 
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These results demonstrate further the important finding, postulated 
earlier s-l°, that for polymers prepared by a free radical technique a ful[ 
description of the stereochemical arrangements of the units in the chain is 
given by Bernoulli trial statistics, requiring a single parameter ~, which 
for a given homopolymer is sensitive only to the polymerization temperature. 
For example, the fraction of units in isotactic sequence s of N units is 
¢F~=Nfl~ ~, while the similar result for syndiotactic sequences is 
F~=N~f l  "v. (In contrast, the chain length distribution for such polymers 
is given by a simple relation only for low conversions, since it depends on 
three ratios of rate constants and on the concentrations of initiator, mono- 
mer and additives, all of which may vary in complex fashion with extent o f  

120 

100 - 

8 0 -  

60 
0 

1 1 I 
10 20 30 

a~ x 10 z 

Figure 3--Infra-red ./values versus ~ determined for the present 
polymethyl methacrylate prepared in free radical polymerizations 

reaction and-with temperature.) It should be a general objective, there[ore, to 
devise and employ methods to measure ~ (including the use o[ high resolution 
n.m.r, when practicable) for such homopolymers, and subsequently to 
determine the relation between ~ and specific chemical and physical 
properties s. An example of the latter is provided by Coleman's treatment r 
of the dependence of the melting point on ~. As further examples, approxi- 
mate considerations of two problems of interest are given below. 

Before presenting these, we note t h a t  the small magnitude of the 
exponent in equation (3) would appear to render impracticable any attempt 
to determine ~ from exact kinetic measurement of the dependence of the 
propagation rate constant (kp = ki + k~) on temperature. This is possible, in 
principle, from measurements of the curvature in plots of In kp versus 1 / T, 
sincethe slope at a given temperature is proportional to Er  = ~ ( E l -  E~)+ E,, 
where Ei and E, are the activation energies for the isotactic and syndiotactic 
additions, respectively. Since Er  would decrease only ca. 140 calories 
between 100 ° and - 4 0  °, measurement at these extremes to ca. + 10 
calories (i.e. to ca. 1 per cent) would be required to yield a significant 
measure of ~. In view of the uncertain variations over this range in the 
effective initiation and termination rate constants, this is a virtual impossi- 
bility. 

Sequence distribution and crystallinity 
It has been observed that polymers of methyl methaerylate prepared by 
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free radical means at 0 ° or lower are crystallizable, while polymers prepared 
at higher temperatures are not g. The fraction fN of polymer present in 
syndiotactic blocks of length ~>N, calculated by the expression 
fN=B ~+1 (1 + aN) given earlier g, is plotted for various values of N versu,, 
the polymerization temperature in Figure 4. If it is assumed that ca. 5 per 
cent to 20 per cent of the sample must be in the crystalline phase before 
the diffraction pattern will be suffÉciently developed to constitute dear 
evidence of crystalline order, and that the crystallites contain all of the 
material in blocks longer than a certain threshold length, it follows from 
Figure 4 that the threshold length must lie between 10 and 20 monomer 
units. If one crystallite dimension was limited by this length i t  would be 
small indeed ( <  50A), and would be expected to yield relatively diffuse 
crystalline diffraction rings, such as are observed for crystalline samples of 
syndiotactic polymethyl methacrylate s, 11 

40 

8 0 -  

Temperature °C 
-40 0 95 250 

0 20 40 
arx 102 

Figure 4--fN versus N computed for various values of ~t (see 
text), where fN is the weight fraction of polymer in syndiotactic 

blocks of length ~ N 

For polymers whose placements obey Bernoulli trial statistics the presence 
of only a small fraction (e.g. 5 per cent) of syndiotactic blocks greater than 
the postulated threshold length may be sufficient to insolubilize the greater 
portion of the sample. Thus, if only those chains containing no syndiotactic 
sequences of length ~> N" are completely soluble when the polymer is 
crystallized from solution, then for a homogeneous polymer of degree of 
polymerization P the weight fraction of soluble polymer is 

Wso, = (1 - / 3 N ' )  ~P- '*+ ' )  

When B=0.8 and N '=20  this corresponds to 20 per cent, 10 per cent and 
0-3 per cent sol fractions for molecular weights of 10", 2 x 10 ~, and 5 x 10", 
respectively. The latter high molecular weight polymer on crystallization 
from solution would be essentially completely insolubilized, but highly 
swollen, since the major portion would still be amorphous. Such behaviour 
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has been noted  8, 11. 1~ Both  the  degree of crystal l ini ty and  the f rac t ion o f  
po lymer  insolubil ized a re  expected to  increase rap id ly  for  a given molecu la r  
weight as tile tactici ty pa rame te r  /3 increases f rom 0"8 toward  1"0. In  a 
heterogeneous po lymer  with /3 ~-, 0"8, it  should be possible  by  fract ional  
crystal l izat ion a n d / o r  extract ion to separa te  a por t ion  of soluble  low mole-  
cul~tr weight  polymer ,  in greater  amoun t  the  lower  the average degree o f  
po lymer iza t ion  of  the  sample.  

The  authors are indebted to Drs  A .  A .  Bothner-By  and B. Shapiro for  
help/ul  discussions and for  instructions and assistance in the use o f  the  
Varian A--60 spectrometer.  

Mel lon  Insti tute,  
Pittsburgh, Pa 

(Received  February 1962) 
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Tracer Studies of 2-Cyano-2-propylazo- 
formamide I Use of the Compound 
as a Sensitizer for the Polymerization 

of Styrene 
J. C. BEVINGTON and ABDUL WAHID 

2-Cyano-2-propylazoformamide, labelled in its methyl  groups with carbon-14, 
has been used to sensitize the polymerization of  styrene at 100°C. From the 
rates at which labelled initiator fragments become incorporated in polymer, it 
has been deduced that the velocity constant for dissociation o[ the azo com- 
pound into available radicals is 1"08 x 10 -~ sec-1 and that the trans[er constant 

for transfer to initiator is 0"17. 

THIS paper is the first of a series concerned with 2-cyano-2-propylazofor- 
mamide, (CHs)~C(CN). N : N .  CO. NH2. Unsymmetrical azo compounds, 
such as this, are likely to be of value in studies of geminate recombination 
of radicals and of the cage effect during dissociations in solution. The azo 
compound used here is of particular interest since it is a source of 
2-cyano-2-propyl radicals which can be generated in pairs by the dissocia- 
tion of azoisobutyronitrile. It can be used conveniently as an initiator for 
radical polymerizations at temperatures in the region of 100°C. 

The azo compound is easily prepared and labelled with carbon-14 in 
the methyl groups. The labelled material has been used for measurement 
of rates of initiation by 2-cyano-2-propyl radicals in the polymerization 
of styrene, and also for assessing the importance of transfer to initiator. 

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

The compound (CH3)2C(CN). NH.  NH.  CO. NH2 was prepared by the 
condensation of acetone, semicarbazide and hydrogen cyanide; it was 
oxidized to the azo compound using potassium permanganate. The product 
was extracted with ether and recrystallized from benzene to give yellow 
crystals (m. pt 81 ° to 82°C). A labelled specimen of the azo compound 
was prepared starting with 1,3-14C-acetone; the specific activity of the 
product, determined by gas counting, was 51"7 i~c/g. For presentation of 
results, specific activities are quoted in /~c/g of carbon in the material 
being assayed. 

Polymerizations were performed in sealed dilatometers at 100*C using 
mixtures of styrene and benzene and the initiator at concentrations up to 
0-7 g/1. Reaction mixtures were degassed before the dilatometers were 
sealed. For calculation of rates of polymerization, 18"67 per cent contraction 
of styrene at 100°C was taken as equivalent to 100 per cent polymerization, 
and the density of the monomer as 0"832 g/cm s. The reactions were allowed 
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to proceed to five per cent conversion. Polymers were recovered by precipita- 
tion in methanol from benzene solutions; tests showed that this procedure 
was adequate for removal of all traces of uncombined initiator from 
polymers. 

R E S U L T S  

In the polymerizations of styrene at 100°C using 2-cyano-2-propylazofor- 
mamide as thermal sensitizer, there were no inhibition periods; steady rates 
were rapidly reached and were maintained through the reactions. There were 
no systematic differences between the rates of polymerizations involving 
labelled and unlabelled samples of initiator. From the results in Table 1, 
it can be deduced that the order of the polymerization with respect to 
initiator is close to 0"5 and with respect to monomer a little over unity. 

If the azo compound is labelled in its methyl groups, the rate (R,) at 
which 2-cyano-2-propyl groups enter polymer can be calculated from the 
observed rate of polymerization and the specific activities of the initiatol 
and the polymer. The number (n) of styrene units in a polymer for each 
incorporated group is given by 

specific activity of polymer 4 
specific activity of labelled group 8n 

unless n is rather small. If the specific activity of the azo compound (labelled 
in its methyl groups only) is c #c/g of carbon, that of the 2-cyano-2-propyl 
group is 5c/4. The number n is equal also to (rate of polymerization)/R, 
and so 

R,=8 s R~/ 5c 

where s is the specific activity of the polymer, and Rv is the rate of poly- 
merization. Values of R, for reactions involving various concentrations of 
monomer and initiator are included in Table 1. 

Table 1. Experiments with labelled initiator 

[styrene] 10 a [initiator] 105R~ l0 s (spec. act. polymer) 108Re 
(mole~L) (mole~L) (mole 1-1 sec -1) (~c/g of  carbon) (mole 1-1 sec -1) 

1 1 "2 0 .7  10"08 0-97 
1 2 .2  1-0 17.94 2.34 
1 3-6 1.3 23.11 3.94 
1 4"6 1.6 26.44 5.60 
2 1-2 1-6 6.33 1-34 

2 2-2 2 .2  9.19 2-67 
2 3"6 2.5 11.19 3.71 
2 4-6 3-5 12"97 6.02 
3 1-2 3.0 3.67 1-45 
4 1-2 3-5 2-37 1.10 

4 2.2 4-9 3.66 2-38 
4 4-6 6-7 6-72 5.98 
8 1.2 8.8 1.20 1.40 
8 3.6 12.4 3-36 5.52 
8 4 .6  17.5 2.83 6.58 

Specific activity of initiator= 120'6 #c/g of carbon. 
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Polymerizations involving the labelled initiator at 1"2 x 10 -3 mole/1, and 
styrene at various concentrations were performed at 100°C using di-t-butyl 
peroxide as a second unlabelled initiator. The derived values of R,  are 
plotted against R~/[M] in Figure 1. 

D I S C U S S I O N  

The  kinetic characteristics of the polymerization of styrene sensitized by 
2-cyano-2-propylazoformamide are normal; the value of the order with 
respect to initiator indicates that there is mutual termination of reaction 
chains. 

Initiator fragments enter polymer by three processes, viz. : 

(a) initiation by attachment of primary radicals to molecules of monomer 
(rate, R,) 

(b) transfer to initiator 

(c) primary radical termination by combination of polymer and primary 
radicals. 

• v 3 
o 

0 

m @ ( 9 0  

I I I I I 
1 2 3 4 5 

10 s Rp/~M_7 sec "1 

Figure /--Rate of incorporation of 2-cyano-2-propyl 
groups plotted against Rp/[monomer] for polymeriza- 
tions involving a fixed concentration of azo initiator 
and various concentrations of di-t-butyl peroxide. Con- 

centrations (mole/L) of styrene : x 2"3; © 3"0; • 4"6 

Re, determined by the tracer technique in this work, is the sum of the 
rates of these processes for the 2-cyano-2-propyl group. It  is probable that 
primary radical termination can be neglected for the concentrations of 
monomer and initiator used here, especially as the reaction temperature is 
quite high so that the importance of this type of termination relative to 
initiation is decreased 1. The importance of transfer to initiator can be 
assessed from the results of experiments in which the concentration of the 
labelled initiator is fixed and that of a second unlabelled initiator is vadedL 
In a set of experiments of this type, the rate of initiation by the labelled 
initiator is fixed; the differences between the rates of the various polymeriza- 
tions are caused by differences between the stationary concentrations of 
growing radicals and these are responsible for differences between the 
frequencies of transfer to initiator. 
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For experiments with mixtures of initiators and in which the labelled 
initiator is unsymmetrical in structure and has only one part labelled 

R,=R~+ kx [labelled initiator] Rp/ k~ [monomer], 

where k= is the velocity constant for reaction of polymer radicals with the 
molecules of initiator; this velocity constant may be composite corresponding 
to the various possible types of transfer to initiator. From the slope of the 
line in Figure 1, it is deduced that k~/k~ is 0.17; from the intercept, the rate 
of initiation due to initiator at 1 "2 mole/1, is 1 "30 x 10 -~ mole 1-1 sec -1. The 
value of kx/kp has been used to calculate values of R~ from those for Re in 
Table 1. The values of (R,-R~) are significant; for the experiments with 
styrene at 1 mole/1., they range from 0.14 x 10 -8 mole 1-1 sec -x for the 
reaction involving the lowest concentration of initiator to 1"25 x 10 -s mole 
1-1 sec -1 for that with the highest concentration. 

1.4 
"T  (J 

1.2 

~-0.s 

=o 0.6 

% 
5 

® 4 

2 

0 

o 

0 
I I I I 

o 
-- 0 .~-o ~"-0 

,I I 
2 4 

fMJ 

O- 
o 

0 

I I 
6 8 

mote / [ .  

(a) 

(b) 

(c) 

(d) 

Figure 2--Plots  of rate of initiation (RO by 2-cyano-2- 
propyl radicals and Rj [ in i t i a tor ]  against concentration 
of monomer. Concentrations (mole/L) of initiator: 
a 4 ' 6 x 1 0 - 3 ;  b 3"6x10-a ;  c 2 ' 2 x 1 0 - a ;  d l ' 2 x 1 0  -a  

In Figure 2, R~ is plotted against concentration of monomer for the 
various concentrations of initiator; the dependence of Rd[initiator] upon 
the concentration of monomer also is shown. Evidently, the rate of initia- 
tion for a given value of [initiator] does not vary much over the range 
of monomer concentrations examined. It is concluded that in styrene at 
8 mole/1, almost all the available 2-cyano-2-propyl radicals are incorporated 
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in polymer, and that therefore the velocity constant for the dissociation 
of the azo compound to available radicals is 1"08 x 10 -~ see -1 at 100°C. 
I f  the other radicals produced by dissociation of the azo compound initiate 
with an efficiency equal to that for tho 2-cyano-2-propyl radicals, then the 
total rate of initiation, R~,tot~, is given by 

Ri, tot~l =2"16 x 10 -5 [initiator] mole 1-1 see -1 for monomer at 8 mole/1. 

For a polymerization involving mutual termination of growing centres 

Ri = 2 kt R~ ~ / kp 2 [monomer] 2 

In the relationships R~,tot~ = K [initiator] and R~ 2 = K '  [initiator], the average 
values of K are 1"72 x 10 -~, 1-92 x 10 -~, 1"77 x 10 -~ and 2"21 × 10 -~ see -1 
for monomer concentrations of 1, 2, 4 and 8 mole/1, respectively, and the cor- 
responding values of K '  are 0-5 x 10 -7, 2 x 10 -7, 10x 10 -7 and 57 x 10 -7 
mole 1-1 sec -~. The derived values for kt/k~ ~ are 172, 192, 142 and 124 
mole 1 -~ sec. In these calculations, the contributions of the direct initiation, 
which is responsible for the unsensitized polymerizations, are ignored since 
the rates of the unsensitized polymerizations were small compared with 
those recorded here. The derived values of k~/kp 2 are reasonable, however, 
indicating that there are no substantial errors in the derivation of the total 
rates of initiation in these systems. 

We thank Mr S. C. Goadby of Messrs Whiffen and Sons Ltd for 
information on the preparation of the azo compound. 
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Ceiling Temperature and Low 
Temperature Polymerization 

D. HEIKENS and H. GEELEN 

From the different temperature gradients of the Gibbs free energies Of liquid 
monomer, crystalline monomer and polymer, conclusions are drawn about the 
possibility of polymerization of monomer in the different physical states. The 
ceiling temperature, below which polymerization is feasible, depends on the 
physical state of the monomer. In general crystallization does not favour 
polymerization. The picture is not substantially changed by spontaneous mixing 
of monomer and polymer. The ceiling temperature is then replaced by tempera- 

tures of definite intermediate monomer/polymer composition. 

SOMETIMES the possibility of polymerization of liquid monomers at low 
temperatures is discussed in terms of the Gibbs free energy G = H - T S .  
As for certain cases the change in enthalpy upon polymerization is positive 
or zero, the change in entropy should be positive for spontaneous polymeri- 
zation to occur. The entropy of liquid monomer is generally larger than 
that of the polymer so polymerization seems impossible. Then it is proposed 
that the liquid monomers under consideration should be crystallized so as 
to lower the entropy and make polymerization possible 1. 

Further, a molecular picture is used: in a monomer crystal the molecules 
stay in an ordered array, ready to polymerize into a polymeric chainl'L 
However, as is well known from general principles, a reaction can occur 
spontaneously if the product (polymer) has a lower free energy than the 
initial system (monomer). Now at room temperature certain liquid mono- 
mers" may have lower free energies G than the corresponding polymers 
and thus they cannot polymerize at this temperature. As the free energy 
will not change by crystallization of the liquid monomer at the melting 
point, crystallization alone cannot make polymerization possible. Indeed, 
the lower entropy S resulting from crystallization is fully compensated for 
by the loss in enthalpy H. 

The problem can be solved by considering that 

( O G l a T ) , =  - S  (1) 

This relation shows that G will increase with decreasing temperature for 
both polymer and monomer. As the entropies of the liquid monomers being 
considered are assumed to be higher than those of their polymers, it may 
be possible to find low temperatures for which G . . . .  mot ~ Gpolr~er. The 
limiting temperature below which polymerization is possible is the well 
known ceiling temperature To, see Figure 1. Thus it is not crystallization 
but a sufficient decrease of temperature which makes polymerization 
possible. 

A complication may arise from the fact that upon cooling certain mono- 
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mers the freezing point 7"1 is reached which may be higher than the ceiling 
temperature, see Figure 2. When this happens the G/T line of the polymer 
will never cross the G/T line of the solid monomer (indicated by s in 
Figure 2) unless at a much lower temperature depending on the S values 
of polymer and solid monomer. 

~ Po tymer  

rc T-- -~  
Figure /--Dependence of Gibbs free energy G=H-TS 
on T for polymer and liquid monomer. Tc denotes 

ceiling temperature 

So, here, crystallization minimizes the possibility of polymerization. 
There remains, however, the possibility of polymerization in the under- 
cooled liquid or glassy state, with values of G indicated by the broken line 
(Figure 2) for temperatures T < To. In such cases, when heated slowly, 
a deeply cooled monomer in the glassy state will at a certain temperature 
crystallize with measurable velocity and reach G values represented by 

I 

re Tr T 

Figure 2--Dependence on temperature of Gibbs free 
energy of  monomer in the liquid (1), solid (s) or glassy 
(gl) state and of polymer. 7"I denotes fusion temperature 

of monomer. Tc denotes ceiling temperature 
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the full line of the solid monomer. If, however, sufficient initiator is 
embedded in the glass, the monomer will polymerize before it can crystallize. 
This case seems to be met by the polymerization of liquid acetone, which 
has been described as polymerizing precisely in the way indicated hereL 
Again not the crystalline but the (undercooled) liquid monomer with its 
high free energy G will polymerize. 

If in another case the G/T line of the polymer crosses the G/T line of 
the monomer at a temperature T, above the freezing point /'1, then both 
liquid and crystalline monomer can polymerize below the ceiling tempera- 
ture T,. Perhaps this case is met by acrylamide in the crystalline state after 
irradiation at low temperatures ~. 

One might expect that true polymerization in the crystallized state with 
its low enthalpy H should exhibit a high activation energy as compared 
with that for polymerization in the liquid state. Indeed it has been found 
that acrylamide polymerizes in the crystalline state with an activation energy 
of 25 kcal, which is high as compared with 7 to 10 kcal for normal vinyl 
polymerization in the liquid state ~ and with -2"47 kcal for isobutylene" 
between - 20 ° and 120°C. 

It should be remarked that the general ideas given will be somewhat 
changed by the possibility of spontaneous mixing of polymer and liquid 
monomer which results in a free energy of mixing. Such facts will blur 
the simple picture somewhat, replacing the ceiling temperature T~ by 
temperatures of definite intermediate monomer/polymer composition (see 
Figure 3). The shape of the composition/temperature curve will be such 
that a relatively narrow temperature range will remain, above which 
virtually no polymer will be present in equilibrium with the monome¢. 

C 
O 
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I 
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\ ,  

rc 
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Figure 3--Polymer/monomer composition as a function 
of temperat~are. Full line, polymer does not mix with 
monomer; broken line, polymer and monomer give 

solutions in the temperature range considered 
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A possible complication may also arise from partial demixing in different 
phases. 

However, all these possibilities do not facilitate general conclusions on 
trends. 

It should be added that it is dangerous to forecast much about differences 
in polymerization velocities between crystals and liquids. This will depend 
strongly on crystal and liquid structure and on the manner of the polymeri- 
zation ~. 
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Technical University of Eindhoven 
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Solution and Diffusion in Silicone Rubber 
I A Comparison with Natural Rubber 

R. M. BARRER, J. A. BARRIE and N. K. RAMAN 

The diffusion and solubility of n- and iso-butane and of n- and neo-pentane 
has been studied in the range 30 ~ to 70~C, in polydimethylsiloxane rubbers. 
The solubilities are very similar to those in natural rubbers and show compar- 
able agreement with the statistical theory of polymer penetrant mixtures. Diffu- 
sion coefficients are at least an order of magnitude greater in silicone than in 
natural rubbers. The very low energy o[ activation, Eo, of about 4 kcal/mole 
& almost invariant among the hydrocarbons studied and is the same as for 
sell-diffusion and viscous flow in this rubber. The low value of Eo means that 
permeabilities of the hydrocarbons increase as the temperature falls. Because 
diffusion in silicones is less dependent upon molecular size and shape of 
penetrant than in natural rubber, the silicones are less selective though much 

more permeable separation barriers. 

THE Si-O linkage of the backbone chain of polysiloxanes is the structural 
feature to which their ease of segmental rotation has been attributed 1, ~. The 
resultant chain flexibility should be reflected in the diffusion properties of 
penetrants in silicone rubber and, in fact, these rubbers are known to be 
very permeable ~. ". Solution and diffusion of the isomeric butanes and 
pentanes in natural rubber was studied earlier ~, and it was of interest to 
compare the transport properties of the same hydrocarbons in these two 
elastomers, in order to measure and interpret the role of chain flexibility. 
The results are discussed in the present paper. 

E X P E R I M E N T A L  
R u b b e r  and gas s a m p l e s  

Polydimethylsiloxane rubber was supplied in sheets approximately 15 cm 
x 15 cm× 0"2 cm by Imperial Chemical Industries Ltd. The samples 

contained either 0"1 mole per cent or 1 mole per cent of vinyl groups 
respectively and were crosslinked with 2,4-dichlorobenzoyl peroxide 
followed by an oven cure of one hour at 150°C. Prior to use the rubber 
samples were extracted with boiling acetone for three hours, dried in an 
oven at 50°C and finally outgassed thoroughly under high vacuum. The 
densities of the samples were determined by the water displacement method. 

The hydrocarbons, n- and iso-butane and n- and neo-pentane, were 
Research Grade products supplied by the National Chemical Laboratories, 
Teddington. They required no further purification. 

A p p a r a t u s  

The solubilities of the hydrocarbons in the rubber were measured in a 
volumetric sorption system identical with that of Barrer, Barrie and Slater ~. 
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The diffusion cell used in the measurement of steady state permeation and 
time-lag data was also similar but for the modification adopted by Barrie 
and Platt r. In this the membrane was first clamped between a pair of 
circular stainless steel discs joined together by a set of screws. When the 
membrane was introduced directly between the faces of the diffusion cell 
then on tightening the latter pronounced bulging of the membrane resulted. 
A second set of screws was therefore threaded through the top plate only, 
until they came in contact with the bottom plate. These served to maintain 
the distance of separation between the two plates once the unit as a whole 
was inserted between the faces of the diffusion cell. 

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

Solubility 
Three sheets of unfilled rubber designated A, B and C were used. 

Samples A and B were prepared from the same stock and contained 
respectively 0"1 and 1 mole per cent of vinyl groups. Rubber C was 
prepared from a separate stock used in the fabrication of the failed Sheets 
and contained 0" 1 mole per cent of vinyl groups. 

300C / 

//¢ 
500 Figure 

_ O°C law 

I I I 
o 4 ~ 12 

P5 cm Hg 

/--Typical Henry's 
isotherms, n-butane : 

rubber B 

Sorption isotherms were determined at temperatures of 30 °, 40 °, 50 °, 
60 ° and 70°C for all vapours and rubbers. Henry's law was obeyed in each 
case (Figure 1) and hysteresis effects were absent. From the slopes of the 
isotherms the solubility coefficients expressed as cm 3 s.t.p, per 1 em 8 of 
polymer per 1 cm of mercury were calculated and are recorded in Table 1. 
These values are similar to those* obtained by Aitken and Barter with 
natural rubbers 5. If anything the solubility is slightly greater in the 
silicones. 

*Aitken and Barrcr used the solubil i ty o-* re la ted to  ~0=7~-. 

596 



SOLUTION AND DIFFUSION IN SILICONE RUBBER--I 

Table 1. Solubility coefficient, o- (cm 3 s.t.p./cm3/cm Hg) 

Substance 30°C 40°C 50°C 60°C 70°C 

Rubber A 
h-C,H,0 
iso--C,H10 
n--C~Ha2 
neo-CsHa~ 

Rubber B 
n-C~H10 
iso-C,Hlo 
n--C~H12 
neo-CsHl~ 

Rubber C 
n--C4H10 
iso--C4H10 
n-CsH12 
neo-CsH12 

0"281 
0"186 
0'819 
0"322 

0'288 
O' 198 
0"839 
0-339 

0"295 
0"199 
0-836 
0"364 

0.21zt 
0"145 
0'589 
0"243 

0"218 
0"150 
0"597 
0"253 

0"227 
0"153 
0'585 
0"269 

0" 165 
0'109 
0"432 
0-187 

0'163 
0"115 
0"437 
0"194 

0'171 
0-119 
0-436 
0-209 

0"120 
0-087 
0"315 
0"144 

0"128 
0"092 
0"320 
0"147 

0"135 
0'093 
0"324 
0'158 

0"100 
0'069 
0'243 
0"113 

0'101 
0"074 
0'247 
0'116 

0"107 
0"770 
0"246 
0'129 

As with natural rubber the solubilities of the hydrocarbons decrease 
exponentially with increasing temperature. Standard partial molar free 
energies, heats and entropies of solution were calculated from the relations : 

AGO = - RTlno  -9 

AH°'= R T  ~ 01no -° / ~T 

and AS" = (AH ° - AG°) / T 

respectively and are shown in Table 2. These results resemble closely the 
corresponding data obtained with natural rubber and in both cases 
n-pentane exhibits the greatest value of A H  °. Presumably the linear addi- 
tion of a CH2 group to a hydrocarbon will increase A H  °- by a fixed amount 
whereas with non-linear addition the effective contribution to A H  ° will be 

less as a result of screening and steric effects. AS ° is also greatest for 
n-pentane so that the increase in solubility on the linear addition of a CH2 
group is a result of additional contributions to both A H  ° and AS °. 

In Table 3 are given free energies, heats and entropies of dilution, which 
refer to the transfer of liquid hydrocarbon to hydrocarbon-rubber mixture 
with a hydrocarbon weight fraction of 0"01. As for natural rubber 
A-S values are large and positive whilst AH values are small and positive 
except for n-butane. In Table 4 are values of AS calculated from Flory's 
equation s 

AS = - R [ln(1 - ~ )  + vr] 

where vr.is the volume fraction of rubber corresponding to a weight fraction 
of 0"01. The agreement between these and the experimental values is good 
except for n-butane which gives lower values than the other hydrocarbons 
in all three silicone rubbers. The values of AH in Table 4 were calculated 
from the Hildebrand-Scott equation 9 using a value of 53-3 for the cohesive 
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SOLUTION AND DIFFUSION IN SILICONE RUBBER--I 

energy density of silicone rubber ~°. Again reasonable agreement is obtained 
between theory and experiment with all the hydrocarbons except n-butane. 

Table 4. Theoretical heats and entropies of dilution and the interaction parameter 

Substance AS  A H  X 
cal m o l e -  1 deg -  1 cal m o l e -  1 

n-C~H1,~ 6'05 148 0'061 
iso-C4Hl0 5"96 310 0"220 
n-CsHl.o 6"24 57 0"298 
neo-Cr, Hl~ 6"12 148 0"176 

Values of the interaction parameter obtained from the Flory-Huggins 
equation 8 are small and as for natural rubber are less than 0.5 which would 
indicate that the hydrocarbons are solvents for uncrosslinked silicone rubber. 

Silicone rubbers thus differ but little from natural rubber in their solution 
behaviour towards the isomeric butanes and pentanes and for both rubbers 
thermodynamic functions calculated from concentrated polymer solution 
theory compare favourably with the experimental values. 

Permeation results 

The permeability P is defined as the amount of gas in cm 3 at s.t.p, passing 
per second in the steady state through 1 cm 2 of a membrane 1 cm thick and 
across which exists a pressure difference of 1 cm of mercury. P w as  measured 
as a function of ingoing pressure in the range 0 to 6 cm of mercury for all 
three rubbers at temperatures of 30 °, 40 °, 50 °, 60 ° and 70°C. Compared 
with the ingoing pressure, the outgoing pressure was always effectively zero. 

With all membranes P decreased slightly the higher the ingoing pressure, 
behaviour which may have been due to effective reduction of the diffusion 
area by contact with the supporting gauze of the diffusion cell especially at 
the higher ingoing pressures. To minimize this effect the ingoing pressure 
was kept as low as possible without decreasing the accuracy of the measure- 
ments. The values of P recorded in Table 5 are then effectively equal to 
permeabilities at zero concentration. 

As with the solubility the difference in degree of crosslinking between 
rubbers A and B has little significant effect on the permeability. However, 
there is a decided difference in permeability between these and rubber C 
which is not reflected to the same extent in the solubility data. This difference 
may be attributed to the fact that rubber C was prepared from a different 
stock which, if it were of a lower average molecular weight, would contain 
a proportionately larger number of end groups, the presence of which would 
facilitate the diffusion process. 

The permeabilities are about 25 to 40 times larger than the corresponding 
values for natural rubber._ (For comparison with P measured by Aitken and 
Barrer 5 the values of P_in Table 5 are to be multiplied by a factor of 10 since 
these workers referred P to 1 mm thickness of membrane.) 
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Table 5. Permeability coefficients "7× l0 s 

Substance 30°C 60°C 70°C 

Rubber A 
n-C4Hlo 
iso-C4Hlo 
n-CsH~ 
neo-CsH12 

Rubber B 
n--C,H10 
iso--CtH10 
n--CsHl2 
neo-C~Hl~ 

Rubber C 
n - C , H l o  

i s o - C 4 H 1 0  

n - C s H 1 2  

neo-CsH 12 

1"53 
0"896 
3'67 
0'910 

1"62 
0"856 

40°C 50°C 

I '46 1"40 
0"868 0'841 
3"33 2"99 
0"867 0'807 

1"52 1"38 
0"836 0"818 

1'35 
0'818 
2"67 
0"766 

1"26 
0'800 

3"95 3'51 
0'944 0"910 

2'05 I '96 
1"14 1'12 
5"41 4"73 
1'33 I'27 

3"12 2"80 
0'847 0'809 

I '87 1"79 
1"09 1"06 
4"17 3"70 
1"22 1"17 

1 "29 
0'795 
2"48 
0'723 

1 "53 
0"771 
2"5I 
0"773 

1"71 
1 "05 
3"29 
1"13 

Diffusion coe~cients 
Steady-state and transient-state diffusion coefficients were calculated 

respectively from the relationships: 

Ds =P/o" 
and 

DL = 12 / 6L 

where I is the thickness of the membrane and L the time lag 11. The values of 
Ds and DL for all three rubbers are given in Table 6. With natural rubber 
the order of decreasing Ds at any given temperature was 

n-butane > n-pentane > iso-butane > neo-pentane 

which is also observed with rubbers B and C. A significant feature is that 
the diffusion coefficients for the silicone rubber are greater by an order of 

Tab'le 6. Steady-state and transient-state diffusion coefficients × lO s (cm 2 sec -1) 

Substance 1 3 0 ° C  
D 8 D L 

.ubber A 

n - CtH1 o 
i s o -  CtH10 
n -CsH12  
neo-C~H1. 2 

ubber B 

n - C4H10 
iso - C~H1o 

n - C5H12 
neo-C5Hl2 

ubber C 

n - C4Hlo 

iso - t r i l l 0  
n-C~H12 

neo  - C5H12 

5"44 5"23 
4"81 3-83 
4"48 4"36 
2'83 2'49 

6"53 5"13 
4-32 3"77 
4"71 4"38 
2'78 2"62 

6"96 6'52 
5"71 5"11 
6"47 5"31 
3"66 2"79 

4 0 ° C  

D 8 D L 

6"83 6'51 
5"98 4"75 
5"65 5"58 
3'53 3'06 

8"09 5'89 
5"57 4'79 

5"87 5'58 
3'50 3"11 

8.62 7"94 
7.32 6'45 
8"09 6"71 
4"74 3'56 

5 0 ° C  

D S D L 

8"49 8'02 
7"71 5"78 
6"92 7'03 
4"32 3'72 

9"42 6"78 
7"11 6"03 
7"14 6"83 
4'36 3-77 

10"9 I~'2 
9'15 8"02 
9'56 8'35 
5.84 4"48 

6 0 ° C  

D S D L 

10"7 9"64 
9"40 6"97 
8"48 8'78 
5'32 4"43 

11'7 8"17 
8"71 7"44 
8'75 8'22 
5"50 4"64 

13"2 12'2 
11"4 9"82 
11"4 10"3 
7'4 5"58 

70°C  

D S D L 

12"9 11"89 
11"5 8-38 
10"2 10"9 
6'40 5'95 

14"2 9'68 
10'5 9"17 
10"2 9'98 
6"66 5"68 

16"0 15"3 
13"7 12'0 
13"4 12'6 
8'76 6'90 
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SOLUTION AND DIFFUSION IN SILICONE RUBBER--1 

magnitude or more. The relatively high permeabilities of silicone rubbers to 
gases and vapours are to be attributed to large diffusion coefficients since the 
solubilities of the hydrocarbons are similar in both rubbers. It  is also noted 
that the spread in the values of D for the four hydrocarbons is less with the 
silicone rubber indicating that the addition of a CH~ group to the penetrant 
does not have such a marked effect as with natural rubber. 

Agreement between steady-state and transient-state diffusion coefficients is 
not particularly good and in general Ds values tend to be greater than the 
corresponding DL values. This feature has also been observed with the hydro- 
carbons in natural rubber 5. x2 but in these studies the differences between DL 
and Ds were much less. On the other hand, larger differences between Ds 
and DL were observed for diffusion of benzene in filled natural rubber and in 
partly crystalline polythene ~s. 

Temperature dependence of D and P 

Plots of log Ds versus 1 / T  exhibited only very slight curvature so that 
both Eo and Do in the Arrhenius equation Ds=D0 exp ( - E D / R T ) ,  were 
regarded as temperature independent in the range investigated. Values of 
these parameters are given in Table 7. From self-diffusion studies with poly- 
dimethylsiloxanes containing from one to nine dimethylsiloxane groups tho 

Table 7. Values of ED (cal mole- 1) and Do (cm 2 sec- 1) 

Rubber A Rubber B Rubber C 
Substance ED Do ED Do ED Do 

n--C~H10 4 200 49 3 800 131 4 300 82 
iso-C4Hlo 4 000 17 4 500 131 4 400 89 
n-C~H~a 4 300 64 3 900 43 3 700 105 
neo~sH12 4 200 24 4 000 72 4 500 93 

apparent energy of activation for self-diffusion was obtained as a function 
of chain length x4. A limiting value of approximately 4 kcal was approached 
as the length of the chain was increased, in good agreement with the values 
of Table 7. Moreover, the same energy of activation (4 kcal) has recently 
been established for viscous flow of a dimethylsiloxane rubber xS. The identity 
of E among these several rate processes provides excellent support of the 
zone theory1 e of diffusion of the hydrocarbons in silicone rubber. According 
to this theory the energy of activation is distributed over a zone of rubber 
segments within which is contained the penetrant molecule. The activation 
energy is available through local thermal energy fluctuations, and unit acts 
of penetrant diffusion or of self-diffusion or viscous flow of polymer are then 
the similar results of the more vigorous Brownian motions of the polymer 
segments in the zones of activation. 

The  high permeabilities of these rubbers can now be traced to extremely 
low energies of activation for diffusion, a reflection of the comparative ease 
of segmental motions in these rubbers. The values of ED for natural rubber 
are from two to three times as large, indicating a much higher internal 
viscosity. 

In Figure 2 the results for both the natural 5 and silicone rubbers are 
plotted as log Do versus ED/T. The  points for silicone rubber lie above and 
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apart from the mean curve through the points for natural rubber and it is 
also seen that the spread in both Do and Eo is very much less than for the 
natural rubber. Thus penetrant size and shape are less important factors in 
determining Eo and Do for silicone than for natural rubber. According to 
the zone theory of diffusion the zone of activation is larger the larger Eo/T. 
On this basis diffusion in silicone rubber requires the cooperative movement 
of a smaller number of polymer segments than in natural rubber, presumably 
the outcome of the greater chain flexibility. 

OI 
o 

XXX~ 

K 

X 

0 15 30 45 60 
Edr 

Figure 2--Log Do versus EDIT. ~ - - n a t u r a l  rubber; x--silicone rubber 

The low energies of activation for diffusion lead to another interesting 
difference between the temperature coefficients of permeation for the two 
rubbers. For both systems plots of log ffversus l IT  are linear but whereas 
the permeability decreases with increasing temperature for silicone rubber, 
a corresponding increase is observed for natural rubber. This distinction 
arises because of the relative magnitudes of AH ° and Eo in the two systems, 
since if P=Po exp( -Ep/RT)  then Ep =Eo+AH°~ 

Gas separation factors 
In Table 8 are shown ratios of the steady-state permeabilities for  each 

pair of isomers in rubber C. Values for natural rubber are given in 
parentheses. The natural rubber shows higher fractionation factors, being 
more sensitive to penetrant shape and size. However, this advantage could 

Table 8. Separation factors for silicone and natural rubbers 

Temperature 30°C 40°C 50°C 60°C 
m 

P . - c  I H l o  

P i s o  -C4I~10 

P n  - c.3HI 2 

Pneo  - c 5 H  ] 2 

1'8 

(2-3) 

4'1 

(8-7) 

1"7 

(2"2) 

3"7 

(7"8) 

1.7 

(2"2) 

3"4 

(6"5) 

1"7 

(2.1) 

3.2 

(5-4) 
( )---values for natural rubber. 
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be more than offset by the much greater permeat ion  rate through the 
silicone barriers. The  difference between the separat ion factors becomes less 
the higher the temperature,  the na tura l  rubber  chains presumably  becoming 
proport ionately more flexible. 

CONCLUSION 
This comparison of the solution and diffusion data for the hydrocarbon 
vapours in silicone and natural rubber has indicated the following main 
features : 

(a) Both rubbers are similar as solvent media towards the paraffins 
studied. 

(b) The relative ease of segmental rotation about the Si-O linkage is 
reflected in low energies of activation for diffusion in silicone rubber. As a 
result diffusion coefficients and permeabilities of the hydrocarbons are an 
order of magnitude greater than in natural rubber. 

(c) The standard partial molar heat of solution AH ° is numerically 
larger than E~ for silicone rubber and smaller for natural rubber. As a result 
permeabilities decrease with increasing temperature for the former and 
increase for the latter. 

(d) Diffusion in silicone rubber  is less sensitive to size and  shape of the 
penet rant  molecule, and thus silicone rubber  is less selective than  na tura l  
rubber  as a separat ion medium. 

One of us (N.K.R.) i~ indebted to I.C.I. (Plastics) for a scholarship which 
enabled him to take part in the work described in this and in the following 
paper (Part 11). 
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Solution and Diffusion in Silicone Rubber 
H The Influence of Fillers 

R. M. BARRER, J. A. BARRIE and N. K. RAMAN 

An investigation has been made of the effect o] a high area silica filler upon 
the solubility and diffusion o] some C4 and C5 paraffins in silicone rubbers. The 
membranes studied contained by weight O, 10, 20, 30 and 40 parts of filler per 
100 parts of polymer. The solubilities have been discussed in terms of two 
re]erence models: the first in which silica and rubber phases act independently 
as sorbents; and the second in which the filler is regarded as completely wetted 
by polymer and is thus a non-sorbent. Diffusion and permeation have also 
been considered in terms of the models, assuming with the first model an im- 
mobile sorbed layer on the porous silica. It has been found that, although 
some aspects of the behaviour can be explained, the results are not fully in 
agreement with either model, and that the behaviour of the heterogeneous 

membrane is complex. 

THE interpretation of the physical properties of heterogeneous media (in 
which a phase A is dispersed in a continuum of phase B) in terms of the 
properties of pure A and B, is an outstanding problem of great import- 
ance in such related fields as mass flow, heat flow, electrical conduction, 
dielectric constant and magnetic permeability 1. Diffusion in filled rubbers or 
in semicrystalline polymers is clearly in this category, although relatively 
few extensive diffusion studies 2-'' ~ have so far been made in such media. 
Accordingly, in order to investigate more fully the role of filler in silicone 
rubbers of known ~ diffusion characteristics, a study was made of solubility 
and permeation of hydrocarbon penetrants in various silica-filled rubbers. 

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

The filled silicone rubbers used were of the same type as described in 
Part P, and contained respectively 10, 20, 30 and 40 parts by weight of 
Santocel CS, a relatively porous amorphous form of silica, to 100 parts 
of polymer. All the filled rubbers had 0'1 mole per cent of vinyl groups 
and were crosslinked using di-t-butyl peroxide. The hydrocarbons used as 
diffusants were n- and iso-butane and n- and neo-pentane of Research 
Grade, supplied by the National Chemical Laboratories. 

Apparatus 

The apparatus and diffusion cells have been briefly described in Part I. 

Volume fraction oJ filler 

For the silica filler a ET surface area of 114 m2/g was obtained with 
nitrogen at 90°K indicating an appreciable internal surface consistent with 
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a porous material. The high pressure region of an oxygen isotherm at 77°K 
is shown in Figure 1; hysteresis was not detected above p/po ~'~ 0"8. With a 
desorption loop of this nature it is not possible to separate with any degree 
of certainty inter-particle from intra-particle capillary sorption. For a 
rough estimate of the porosity it was assumed that intra-particle desorption 
commenced at 75 cm 3 s.t.pl per gramme which corresponds to 0-089 cm 3 
of liquid oxygen per gramme of powder. With a density of 2"22 for silica, 
an average density of 1'85 was obtained for the powder. 

Another procedure adopted was to pump rapidly from a known weight 
of the powder for a short time to remove all air without causing appreciable 
loss of water from the intra-particle capillaries. Water was then admitted 
to the evacuated bulb, the volume of which was known, and the volume of 
displaced water obtained. The average of three measurements, in one of 
which outgassing was carried out at 0°C, gave a density o,f '1-66+0.03 
g/cm a. Initially the capillaries are not likely to be completely filled with 
water and the above value may be somewhat high. As a check on the proce- 
dure, a sample was thoroughly outgassed at 100°C and a density of 2.22 was 
obtained in good agreement with literature values for non-porous silica. 

2001 

U 

"" 10(: 

I I I 
0 0.5 1.0 

p/p0 

Figure /--Oxygen isotherm at 
77°K for silica filler, o--sorption; 

e---desorption 

Assuming additivity of volumes of filler and rubber phases, and with 
densities of 1.66 and 0.974 for the filler and polymer respectively, values 
of h 1, the volume fraction of filler, were calculated as given in Table 1, 
Sheets D, E, F and G contained respectively 10, 20, 30 and 40 parts filler 

Table 1. Volume fraction of filler, X I 

C D E F G 

0 0"056 0"106 0"149 0"191 
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per 100 parts of rubber stock. For a comparison with unfilled rubber, 
sheet C was used (Part I), as this and all filled sheets were made from a 
common gum stock. 

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

Sorption of hydrocarbons by filler 
To further the analysis of the sorption and diffusion results the sorption 

of hydrocarbons on the bulk filler was measured at 30°C and 50°C. Some 
typical sorption isotherms are shown in Figure 2. The n-butane and neo- 

1 

50 ° C 

, i 

4 8 
p cmHg 

~2 
~E 

u 

Figure 2--Sorption isotherms for n-pentane on silica filler 

pentane isotherms exhibited some curvature at the higher pressures. 
Sorption coefficients o-1 (cm ~ s.t.p, per 1 cm ~ of filler per cm of mercury) 
were calculated from the initial linear regions of the isotherms. Values of 
% at 30°C and 50°C are given in Table 2 along with the standard partial 
molar heat of sorption AH~. The sorption coefficients and heats of sorption 
are comparable with the corresponding data for the unfilled rubber. 

Table 2. Sorption coefficient % and AHl° 

Substance 30°C 50°C AHt° 
cal / mole 

n-C,Hlo 0"216 0' 102 -- 7 300 
n--C, Hlo 0"535 0'242 - 7 700 
neo-CsHl~ 0'343 0' 165 --7 100 

Solution in filled rubber 
As with the unfilled rubber Henry's  law sorption isotherms were obtained 

with all rubbers at temperatures of 30 °, 40 °, 50 °, 60 ° and 70°C (Figure 3). 
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.i 

..~ / j  Figure 3--Henry's law isotherms for 
2 , ~ , , ~ o f  rubber F. o---n-pentane, o--n-butane, 

÷ , ~ / ~  x--neo-pentane, A--iso-butane 

0 4 8 
p cmHg 

T o  compare the results for the filled and unfilled rubber  a percentage 
difference in solubility was defined by 

Vo-=(1 . , r /o- , )  100 

where o- and o-r denote respectively the solubilities in filled and unfilled 
rubber.  The values of Vo- are given ~in Table 3 and are accurate to within 
+3 .  

Table 3. Percentage difference in solubility, V o- 

Substance 30°C 40°C 50°C 60°C 70°C 

Rubber D (h =0"056) 

n--C4H10 6" 1 
iso--C4H10 6"0 
n-CsHI~ 3"2 
neo--CsHn 12"3 
Rubber E (;~ =0"106) 

n-CtHlo 9'8 
iso-C4H~o 8"6 
n--CsHa2 10"2 
neo-CsH12 14"3 
Rubber F 0t t = 0" 149) 

n--C4Hlo 16"3 
iso--C4H1o 15"6 
n--CsHu 13"6 
neo-CsHl~ 20"3 
Rubber G (XI=0"191) 

n--C4Hlo 17"6 
iso-C4Hao 14"4 
n--C~Ha2 14"4 
neo-CsHu 21-8 

8"8 
7"8 
1"5 

13'0 

10"6 
8"5 
8"9 

13"8 

7'0 
8"4 
4"4 

13"4 

8'8 
8'5 
9"0 

16"7 

7"4 
9"0 
5"6 

10"8 

9"7 
6"5 
9'9 

13"3 

19"4 
17'0 
13"0 
20'5 

16"3 
13"7 
13"7 
21"2 

17"6 
16"8 
14'3 
23"0 

19'3 
16"5 
16"5 
24"0 

18"6 
16"1 
16"1 
22"2 

19"3 
16"4 
16"4 
20"3 

9'4 

6"9 
14"0 

10"3 
10'4 
9"4 

17"1 

18'7 
18"2 
15'0 
24"9 

20.0 
18-3 
18.3 
23.3 
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Before discussing these results it is of interest to consider the possible 
role of filler particles in the solution process. As one reference model the 
filler and rubber phases may be regarded as independent so that for the 
solubility of the filled rubber one can write 

o- = X,o-, + ,\p-, (1) 

where o-, and o- s denote respectively the solubility and sorption coefficient 
of unfilled rubber and of bulk filler. The volume fractions of the respective 
phases are )~, and ;~s- If  the polymer completely wets the filler surface to 
the exclusion of hydrocarbon then equation (1) can be reduced to a second 
reference model 

o- = X,o-, (2) 

Plots of the solubility o- versus Xs are shown in Figure 4 for several of the 
hydrocarbons and on the whole the results are seen to be best  fitted by 

0 . 8 5 ~  -.,. A 

i " 

k I "-.,% 
1 

0 

0"30 

0.25' 

0-37 _ . . . .  8. 
- (o )  

0"32 - o x ~ .  

I 
0'2 0 0"1 0"2 

Ar 

~ C 

I 
0-1 0 0'1 0"2 

At 2t 
Figure 4--Solubility versus volume fraction of filler at 300C. A--n-pentane, B-- 

neo-pentane, C--n-butane, (a)--equation (1), (b)---equation (2) 

equation (2). An examination of the data of Table 3 leads to the same 
conclusion. 

Ttlus using equations (1) and (2) the following expressions are obtained 
respectively for Vo-: 

Vo- = (1 - A , )  (1 - o - , 1 o - ~ )  100 (3) 
and 

Vo-=(1-)c,.)  100 (4) 

Reasonable numerical agreement is obtained with equation (4). There are, 
however, two other features worthy of examination. First, there is a 
tendency for Vo- to increase with temperature which is consistent with the 
model on which equation (3) is based but not with that leading to equation 
(4). In  Table 4 are given values of Vo- at 30°C and 50°C calculated using 

Table 4.  V cr f r o m  e q u a t i o n  (3 )  

Substance 
Rubber D Rubber E Rubber F Rubber G 

30°C 

*-CtHt0 1"5 
*-CsHm 2"0 
leo-CsH12 0"32 

5~C 30°C 5&C ~ 5 ~ C  ~ ° C  50°C 

2-3 2"8 4-3 4"0 6-0 5-1 7"7 
2"5 3"8 4"7 5"4 6"7 6"9 8"5 
1"2 0"6 2"2 0-9 3"1 1-1 4"0 
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equation (3). These values show the observed increase in Vo- with tem- 
perature but the numerical agreement with experimental values of Vo- is 
now very poor. However, this is not surprising as o-i for the bulk filler is 
in all probability much higher than the sorption coefficient of the filler 
in the rubber since the filler must be at least partly wetted by the polymer. 

Secondly, values of Vo- for neo-pentane are in general somewhat larger 
than those for the other hydrocarbons and indeed are even slightly greater 
than values calculated from equation (4). However, this may be due to 
uncertainty in the density of the silica filler, taken as 1.66. 

Permeation and diffusion in filled rubber 
For steady-state and transient-state diffusion coefficients the order of the 

series, n-butane > n-pentane > iso-butane > neo-pentane was unaffected 
by the presence of filler. Plots of log Ds versus 1 /T  were linear and values 
of the activation energy for diffusion are given in Table 5. Within experi- 
mental error the filler does not appear to have any marked effect on E~, 
(cf. Part I, Table 7). Since the standard partial molar heat of solution was 
not significantly .altered by the presence of filler the temperature coefficient 
of permeation was also unchanged and negative, so that permeability 
decreased with increasing temperature as for the unfilled rubber. 

To  facilitate a comparison of the results with those for unfilled rubber, 
percentage differences were defined for the permeability, steady- and 
transient-state diffusion coefficients in the same way as for the solubility. 
For example, the percentage difference in the permeability is given by 

VP=(1- -P /PA)  100 

where the subscript A denotes unfilled rubber, in this case rubber C. 

Table 5. Activation energies for diffusion, Ez~ cal/mole 

Substance Rubber D Rubber E Rubber F Rubber G 

n-C~H10 4 000 3 700 3 400 3 700 
iso-C~Hlo 4 100 4 300 3 900 - -  
n-CsH12 3 900 3 700 3 900 3 500 
neo-CsHa~ 4 700 4 200 4 600 3 700 

Values of the percentage differences V/~ VDs and VDL are g]ven in 
Table 6. The permeability differences are accurate to within + 5 and the 
diffusion coefficient differences to within + 8. Inspection of the data reveals 
the following trends: 
(a) Values of VP are larger than those for the corresponding VD.s 
(b) VDL is usually larger than the corresponding VDs 
(c) VP and VDs increase slightly with temperature 
(d) At a given temperature VP, and to a lesser extent VDs and VDL, 

increase with size of penetrant. 

Role of filler in permeation 
A dispersion of filler in a rubber matrix represents a complex hetero- 

geneous medium for which an exact solution of the diffusion equation has 
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Table 6. Percentage differences in permeabilities and diffusion coefficients 

T°C 

Rubber D 

30 
40 
50 
60 
70 

Rubber E 

30 
4O 
50 
60 
70 

Rubber F 

30 
40 
50 
60 
70 

Rubber G 

30 
40 
50 
60 
70 

n-C4H10 iso-C~Hlo n-C~H12 neo-CsH12 

V f f  "¢'D~ YYDt, V-P v D  s vDI,  V-rV D s vDL VPV' DSV D L 

12 6'0 20 
14 8"0 26 
16 34 
18 4~0 38 
20 7"0 37 

29 22 
32 24 
34 28 
37 30 
38 31 

35 23 
40 25 
41 28 
43 31 
47 35 

40 26 
43 32 
46 30 
46 33 
47 34 

15"0 7"0 28 
16"0 9"0 36 
16"0 9"0 42 
22"0 15"0 36 
25"0 13"0 35 

19 16 16 
21 20 18 
22 19 20 
22 18 22 
25 19 23 

31 21 13 
30 20 19 
30 19 24 
29 20 30 
29 17 32 

23 35 
- -  37 
- -  37 

- -  37 

- -  39 

32 36 
33 39 
37 41 
41 43 
47 39 

32 
34 
45 
44 
52 

29 
31 
31 
33 
32 

24 
26 
29 
32 
33 

31 37 
- -  38 
~ 37 

37 
41 37 

47 40 
43 40 
43 42 
47 44 
52 45 

- -  41 
- -  41 
- -  43 
- -  44 
- -  46 

30 
34 

30 36 
30 41 

30 43 
30 38 
33 39 
34 48 
36 48 

31 40 
32 48 
31 53 
33 60 
33 61 

42 32 
42 33 
42 31 
42 34 
47 36 m 

46 33 33 
47 33 40 
46 31 45 
47 32 51 
48 31 53 

46 31 40 
49 35 39 
50 35 46 
53 41 -- 
55 41 -- 

not been given. Instead, it is usual to modify the corresponding equations 
for flow through homogeneous media by the introduction of suitable 
structure factors. This approach has had a reasonable degree of success in 
interpreting flove in semicrystalline polymers ~,3,4. 

Far  the filled rubber one may write for the flux J per unit area of the 
geometrical cross section 

1 = - DaA~KOC, /Ox  (5) 

where DA is the diffusion coefficient in the rubber phase and is assumed 
equal to. that for the unfilled rubber. The concentration of penetrant in 
the rubber phase is C,, and X,, the volume fraction of rubber, is a measure 
of the geometrical cross section occupied by the rubber phase. It is assumed 
that surface or gas phase fluxes on or in the filler particles are absent. 
The structure factor x allows for the fact that the average diffusion 
path length is increased by the presence of filler particles and the 
localized direction of flow is in general not normal to the geometrical cross 
section of the membrane. The experimentally measured steady-state flux 
per unit area is - D s ~ C / O x  where C the concentration of penetrant is 
referred to unit volume of the filled rubber and can be expressed as 

C = x , c ,  + x:7,. (6) 

Ct is the concentralSon of penetrant referred to unit volume of filler. Since 
CI = %p and Cr = o-~p it follows that 

C =  (x,+ x,o-,l ~,) C, (7) 
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Equating the experimental flux with that of equation (5) one has 

A, 
Ds = KDa Ar + Xto-t/o-r (8) 

which for zero sorption by filler can be reduced to 

Ds = KDa (9) 

Equations (8) and (9) also hold for transient state flow, although in general 
the structure factor ~ will be different because the possibility exists of part 
of the rubber phase not contributing to the steady state of flow. However, 
this fraction which may be termed 'dead volume' will contribute to the 
establishment of the steady state, in that equilibrium must be set up 
between it and the main flow space. The quantity -DaOCr/Ox represents 
the flux per unit area of unfilled rubber, and hence it follows that 

F= , ,~Pa  (10) 

irrespective of whether the gas is sorbed by the filler, provided that if 
sorption does occur the molecules are immobile on the filler surface. 

Expressions for the percentage differences in permeabilities and diffusion 
coefficients follow and are respectively: 

and 
V/T= (1 - ~r)  100 (11) 

(At + A,o-t/o-r) J 100 (12) 

for immobile sorption by filler, and 

VDs = ( 1 -  r) 100 (13) 
for zero sorption by filler. 

The percentage dgferences in permeabilities and diffusion coefficients 
It is clear from equations (11), (12) and (13) that as ~ and ~r are both 

less than unity VP will in general be greater than V Ds, but as the ratio 
O-l/O-r approaches unity XYDs will equal VP  and for higher ratios will 
ultimately become larger than VP. However, even assuming independent 
sorption by filler and rubber phases the ratio O=l/O=,. is less than unity for 
all hydrocarbons and rubbers investigated so that it is to be expected that 
Vffwill be greater than ~TDs. 

The model does not allow for any differences between ~TDs and ~7DL. 
The fact that VDz is in general larger than V Ds must be attributed to 
slightly different structure factors for the transient- and steady-state flows. 

To consider the model on a more quantitative basis it is necessary to 
obtain an estimate of the structure factor K. Several relationships have 
been presented relating the conductivity of heterogeneous conductors, con- 
sisting of dispersions of small particles in a medium of different conductivity, 
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to the conductivity of the homogeneous continuous phasC. These expres- 
sions are applicable to the corresponding diffusion problem. For the range 
of filler content covered by the silicone rubbers Rayleigh's expression 8 for 
a dispersion of non-conducting spheres in a continuum may be regarded 
as sufficiently accurate. For the steady state of flow this can be expressed 
in the form 

1 [2:-2~t-O'394)tt 19/3] K= ~ [ ~ ' ~ _ ~  j (14) 

Values of K calculated from equation (14) at volume fractions corresponding 
to those of the rubber phase in the different rubbers are given in Table 7. 
The corresponding values of (1 -  K) 100 and (1-KX,) 100 are also included 

Table 7. The  structure factor from Rayleigh's equation 

Factor Rubber  D Rubber E Rubber F Rubber  G 

)tr 0"944 0"894 0"857 0-809 
r 0"972 0'949 0"931 0"913 
(1-K)  100 2"8 5"1 6"9 8"7 
(1 - r ) L )  100 8"2 15.2 20.8 26.1 

and may be compared with the data of Table 6. The ~f i  values are 
definitely larger than the corresponding (1-KX,) 100. Similarly VDs is 
larger than (1- K) 100 and more nearly equal to (1-  KX,) 100. According 
to the model VDs can in fact equal the latter factor ~f o-1=o-r. However, 
the solubility data are certainly not consistent with completely independent 
sorption by filler and rubber. Further, sorption by the filler cannot account 
for ~TP values larger than (1-K) 100 since ~TP is not affected by immobile 
sorption on the filler. For non-spherical particles lower structure factors 
are o.btained, in fact for lamellar particles the structure factor K may be 
reduced considerably 9. Melikhova, Reitlinger and Kuzina 1° found that 
mica or aluminium powder fillers were relatively more effective in reducing 
the flow of nitrogen through rubber vulcanizates. A lower structure factor 
for the silicone rubbers would in fact account for the differences between 
observed and calculated values of VDs and ~TP. 

If the trends in VP and ~7Ds with temperature and size of penetrant are 
to be regarded as significant then the simple model must be modified. It is 
perhaps significant that exactly the same trends are present in the solubility 
data but to a less marked extent. This would suggest that the 'blind pore" 
volume associated with the filler is to a limited extent a function of the size 
of the penetrant molecule. 

C O N C L U S I O N  

To a first approximation the results for filled rubber are consistent with 
little or no sorption of hydrocarbon by the filler particles. The influence 
of the filler in reducing the permeabilities and diffusion coefficients is 
greater than would be expected for a regular dispersion of non-conducting 
spheres, suggesting that a filled rubber is a considerably more complex 
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medium.  Trends  in the solubil i ty and permeat ion  results a lso  indicate  tha t  
the models  discussed are over-simplif ied and that  the existence of complex  
surface and gas phase  flows within the filler part icles  cannot  be ruled out .  

Physical Chemistry Laboratories, 
Chemistry Department, 

Imperial College, London, S .W.7 
(Received March 1962) 
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Viscosity of Branched Styrene- 
Maleic Anhydride Copolymers 

C. E. H. BAWN and M. B. HUGLIN 

A 1:1 copolymer o] styrene and maleic anhydride has been esterified to different 
extents with primary alcohols R.OH and the viscosity of the esters measured 
in benzene and dioxan at 25°C. The intrinsic viscosity decreases and the 
Huggins parameter k" increases respectively with the length of R for fully 
esterified copolymers and k" increases with the extent of esterification. The roles 
of benzene and dioxan as good solvents for the branches and the backbone 

respectively are discussed. 

THE solution viscosity of a high polymer is a measure of the size of the 
dissolved molecule, and is thus directly related to the molecular weight 
and the chain structure. The latter is determined partly by the degree of 
branching and under appropriato conditions viscosity measurements may 
be used to estimate the degree of branching of the polymer. Thus Zimm and 
Stockmayer 1 expressed the diminution in size of the branched chain of 
the same molecular weight as the unbranched polymer by the factor g 
where 

g ~--- S:> (branelled)/~2 (linear) 
o r  

g ~  = [']],br~noh~0~ / [q] ~,i . . . .  

where $2 is the mean square radius of gyration. In later developments 2, g~ 
was replaced by R ~ and the function R gave numbers of branches several 
times higher than g. Another function which has been used extensively as 
a qualitative measure of branching is the Huggins factor k" in the 
relationship 

~sp./c= [7] + k' [~]~c 

Much of the evidence supporting this viewpoint was derived from the 
observed dependence of k" on the experimental condition of polymerization 3 
and on graft copolymers 4. Although no quantitative theory has been given 
for the variation of k" with degree of branching, a study has been made 
in the present work of the dependence of k" and other viscosity parameters 
on branching in a series of well-defined branched copolymers. 

Branched polymers were synthesized by attaching side chains to a 
polymer backbone in a controlled manner such that both the number and 
nature of the branches are accurately predetermined. The alternating 1:1 
copolymer of styrene and maleic anhydride proved an admirable starting 
system because the anhydride portion could be esterified readily with 
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primary alcohols to yield branches of the type --COO(CH2),CH3, in which 
n depended on the alcohol used and the degree of branching, D.B., on the 
extent of esterification. 

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

Materials 
Commercial maleic anhydride, refluxed with chloroform and filtered free 

from maleic acid, was crystallized three times from chloroform to yield 
white needles of m.pt 53.0°C and molecular weight 97"7. 99"5 per cent 
pure styrene was freed from inhibitor, purified in the usual manner and 
stored under vacuum at --78°C. Azo-bis-isobutyronitrile (AZDN), was 
crystallized three times from ethanol to give white needles of m.pt 102'5 ° 
to 103-2°C (decomp.). Acetone and petroleum ether were rigorously dried 
and distilled. Diazomethane was prepared as a solution in toluene by 
dissolving 0"5 g clean sodium in 30 ml ethylene glycol and adding 3 ml 
nitrosomethylurethane to the solution dropwise. The diazomethane evolved 
was swept by gaseous nitrogen into 80 ml toluene at -95°C. 

Normal propyl, butyl, amyl, octyl and undecyl alcohols and the branched 
ones 2-methyl propanol, 2-methyl butanol and 3-methyl, 5-dimethyl hexanol 
were dried over magnesium sulphate and distilled. Cetyl alcohol was 
crystallized from aqueous ethanol and octadecyl alcohol of high purity 
was kindly donated by Dr H. W. Douglas. 

Copolymerization 
10 ml of 0"042 per cent w/v AZDN in acetone, 0-0524 mole styrene and 

0"0738 mole maleic anhydride made up to 30 ml with acetone were out- 
gassed and the flask sealed off. After 4~ h at 50°C the reaction was 
quenched by chilling. The homogeneous solution was diluted to 100 ml 
with acetone and poured into 1 1. ice-cold petroleum ether when the co- 
polymer settled as a fine white precipitate, which was redissolved, precipi- 
tated and dried to constant weight in a vacuum oven at 45°C. This reaction 
was performed in triplicate and the products were identical with respect 
to yield, composition and intrinsic viscosity. The molar ratio styrene/maleic 
anhydride in this copolymer (designated as MS in Table 1) was 1"073 and 
it thus approximates to a 1 : 1 copolymer. All subsequent esterifications were 
performed on this compound. 

Esterification 
(a) Fully esterified di-esters--To produce copolymers bearing the alter- 

nating unit I from polymer MS, direct esterification with a large excess of pri- 

.... C H2--- CH --C H --ell .... 

0 0 
I t 
0 0 

I N R 

mary alcohol and pure sulphuric acid as catalyst was employed: ca. 0-5 g 
1 : 1 copolymer, 40 ml alcohol and 0"2 ml concentrated sulphuric acid were 
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heated for 72 h under air-refluxing. With cetyl and octadecyl alcohols, these 
solids were melted first in the flask to which MS and the catalyst were 
then added. After dissolving the reaction mixture in benzene and cooling, 
the di-esters were precipitated in a tenfold excess of methanol, washed free 
from alcohol R.OH and catalyst, redissolved, precipitated and dried at 
45°C in a vacuum oven. With cetyl and octadecyl di-esters, unreacted 
alcohols were coprecipitated with the esters on pouring into methanol. 
They were removed by repeatedly boiling the precipitates with methanol 
and discarding the washings until they gave no trace of turbidity with 
water. These di-esters are referred to as compounds DE 1 to DE 18 in 
Table 1. 

(b) Partially esterified octadecyl acid-esters--As the esterification of an 
anhydride to a di-ester proceeds via the formation of a half-ester, incom- 
plete reaction of MS with octaxlecyl alcohol yields polymers bearing 
simultaneously both acid-ester and di-ester segments and D.B. may be 
formulated as 

D.B. = No. of octadecyl groups/(No, of octadecyl groups + No. of 
carboxyl groups) 

Using copolymer MS, octadecyl alcohol and sulphuric acid as in section 
(a) above and reaction times varying from 30 min to 50 h, a series of 
branched species of varying D.B. values was obtained. D.B. was evaluated 
by: 
(/) Titration to. give no. of ---COOH groups/g 
(ii) Analysis of percentage of oxygen to, give no. of pairs of oxygen 

atoms/g, i.e. total number of --~OOC~8H3, +----COOH groups/g. 
Subtraction (i) from (it3 yields the number of ester branches. 

Benzene was used to extract the partially esterified product, which dis- 
solved rapidly if D.B. was high but incompletely or with difficulty for 
polymers of low D.B. The extracts were treated subsequently as in section 
(a) to yield dry rubbery products. Dioxan would have extracted the product 
more completely but would have dissolved simultaneously any unreacted 
MS conceivably present after short reaction times. Furthermore, as the 
fully esterified di-octadecyl ester is insoluble in dioxan, only benzene was 
available as solvent for the complete range of these esters, which are 
designated as OD 1 t o D E  18 in Table 1. 

Because of this mode of extraction a partial fractionation was effected 
and no attempt was made to correlate D.B. with intrinsic viscosity ['1]. 

(c) Octylmethyl estersmWith the intention of comparing k' with D.B. 
two unsatisfactory features of system (b) above become apparent, viz: 
(1) The base or unbranched polymer of this series is the di-acid, which is 

insoluble in benzene, thus rendering a comparison down to D.B.=O 
impossible. 

(2) The base polymer for these partial esters should more appositely be 
the fully esterified dimethyl ester, which is soluble in dioxan. 

As the di-Cs ester (unlike the di-Cls one) is soluble in dioxan, a favour- 
able system was devised in which octyl acid-esters were methylated. In 
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the resultant copolymers if the octyl groups be considered as the branches 
then 

D.B. = No. of octyl groups/(No, of octyl groups + No. of methyl groups) 

Partially octylated esters were prepared similarly to the octadecyl com- 
pounds [section (b)] and then analysed to find the residual number of 
COOH groups/g. Solutions in benzene were methylated with an excess of 
diazomethane solution. Unreacted diazomethane was dispelled with acetic 
acid and the octylmethyl esters precipitated with methanol. The percentage 
of oxygen in these esters gave the total number of all ester groups/g. The 
number of carboxyl groups (subsequently methylated) being known, sub- 
traction yielded the number of octyl groups/g and hence D.B. Octylmethyl 
esters are designated as DE 1 to OM 5 in Table 1. 

Analysis 
As maleic anhydride reacts as a monobasic acid its determination in a 

polymer is accomplished by adopting the method of Fritz and LisickP for 
estimating acids and anhydrides in non-aqueous media. Bamford and Barb s 
have applied this method to styrene-maleic anhydride copolymers and their 
procedure was used here both for determining the composition of MS and 
for estimating the concentration of carboxyl groups in the partially esterified 
copolymers. 

Viscosity 
Solution viscosities for each polymer within the concentration range 

0-2 to 0.9 g/dl were measured at 25 ° +0"02°C in an Ostwald viscometer, 
successive dilutions being made in situ. The long flow times (520 see and 
877 sec for benzene and dioxan respectively) and small intrinsic viscosities 
(generally between 1 and 2 dl/g) did not warrant kinetic energy or shear 
corrections, nor did calculation reveal them to be significant. 

k" and ['7] were evaluated in the usual manner from 

~, , /c= [~],+ k'[~]2c 

The precision of the k' values is no better than +0-01 unit and they are 
accordingly reported to two significant figures only. 

R E S U L T S  

Analysis of the di-esters DE 1 to DE 18 to test completeness of esterification 
revealed that the dimethyl ester, prepared by reaction of the di-acid with 
diazomethane, was completely neutral. For the amyl, n-octyl and octadecyl 
di-esters reaction was 99"6, 98-9 and 98"9 per cent complete respectively 
and of similar magnitude for the others. Figure 2 curve B demonstrates that 
for DE 18, where the effect would be greatest, these small differences are 
reflected in k' by a maximum of 0'01 unit. 

Figure 1 shows the general increase in k' with increasing size of side 
chain when D.B. = 1. The values are uniformly higher in the poorer solvent, 
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Figure /--Variation of k' with length 
of side chain for fully esterified co- 
polymers in dioxan [D] and benzene 

[B] 

dioxan, than in the good one, benzene. The accompanying decrease in 
intrinsic viscosity with branch size (Figure 3) is more pronounced in the 
poorer solyent than in benzene and in both cases becomes less rapid after 
a branch size of about six carbon atoms is attained. 

Although no experimental determinations of molecular weight or size 
have been made, a comparative estimate of the effect of increasing size of 
branch on the root-mean-square (r.m.s.) end-to-end dimensions (r~)~ for 
polymers of D.B. = 1 may be made as follows. 

0.6 

0'5 

-~ 0.4 + / -  / 
/ 

0.3 / 8,' 
0"2 , l+ , I 

0 0!2 0'4 0"6 0!8 1"0 
Degree of branching 

Figure 2--Variation of k" with degree of branching for 
octylmethyl esters in dioxan [D] and octadeeyl half-esters 

in benzene [B] 
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• Normal ester groups 

o Branched ester groups 

21 ~ ~ . . ~  B 
~ D  

0,, 

I I I 
0 5 10 15 

Number of carbon atoms in branch 

O !  

2O 

Figure 3--Dependence of intrinsic viscosity on length of side 
chain for fully esterified copolymers in dioxan [D] and benzene [B] 

Consider the unbranched copolymer as the dimethyl ester (subscript 1) 
and the branched species (subscript n) as 

. . . .  CH~-- ,CH--CH CH .. . .  
CO CO 

I 
0 

CH 3 CH 3 

Representing intrinsic viscosity, molecular weight and r.m.s, end-to-end 
length by [7] cm ~/g, M and (r~)½ cm respectively, then as [styrene]/[maleic 
anhydride] in copolymer MS is 1 "073 

M,=M1 [1 + 28 ( n -  1)/255"6] 

If the radius of an 'equivalent hydrodynamic sphere' is proportional to 
(r2)~ then 

- -  8 

where • is a constant of accepted value 2"2 x 10 ~s. Hence 

(q?/M1) t (~)~ = [1 + 28 ( n -  1)/255.6]~ [~],~ (1) 

Taking (q?/M1)~ as a constant, the values of const. (~)~ may be computed 
from n and the measured [n]~. It is seen from Figure 4 that in dioxan 
(r~)~ decreases with n in a similar way to the fall in [~], but that in the 
good solvent the mean size actually increases. 

For the octylmethyl esters a linear relation exists between k" and D.B. 
in the range D.B. =0"68 to 0"99 (Figure 2, curve D). The fac t tha t  the line 
passes through the point corresponding to the dimethyl ester affords good 
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confirmation for regarding this as the unbranched compound. For a similar 
range in D.B. there is also a smooth increase in k" with D.B. for octadecyl 
acid-esters in benzene. However, when D.B.=0"540, k" is also low. This 
must be attributed to the low branching rather than poor solubility which 
would have increased k'. 

D I S C U S S I O N  
Whilst dioxan is a good solvent for the unbranched copolymer DE I 
(k'=0"35, [~]=3"05 dl/g), it is a poor one for the hydrocarbon side chains, 
e.g. for a dinonyl ester DEB 9 k'=0.505, [,7]=0.75 dl/g and the most 
highly branched species DE 18 is insoluble in this solvent. Conversely, 
benzene is a poor solvent for the backbone and a good one for the side 
chains. Hence both the favourability of the solvent to the branches and 
their size n must be invoked in explaining the variaions of [~] and 
k" with n. 

In dioxan, polymer-polymer (to the exclusion of polymer-solvent) and 
segment-segment interactions are enhanced as the side chains increase in 
length. The resulting coiling-up is reflected in the observed fall in [,/] and 
(~)/M1) ] (r~)½ with n and in the rise of k', which is a qualitative measure 
of such interactions. In benzene, larger side chains might be anticipated 
to produce enhanced polymer-good solvent contacts and hence small k' 
values. However, this tendency is offset to some extent by the inter-segment 
interactions of the branches themselves, with the net result that k' increases 
with n. The magnitude of this counterbalancing is rather small as k' is 
uniformly less in benzene than in dioxan for any particular value of n, 
and also the fall in [~] is less pronounced. Referring to equation (1) it is 
clear that in benzene the fall in [~]~ with rise in (n-1)t  is too slightto 
yield a resultant increase in the overall mean dimensions and (~)~ 
effectively increases with molecular weight. 

Figure 2, curve D demonstrates that for the series of octylmethyl esters 

71\ o J  

-~" ] ~ o- branched ester groups 
.~¢ / • 1 • e-normaL ester groups 

~ s 

5 I t  I i ,  
0 5 10 1.5 

n 

Figure 4--Effect of length of side chain on r.m.s, end-to-end 
distance of fully esterified copolymers in dioxan [D] at~d 

benzene [B] 
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k '  increases  by 0" 11 unit  for 100 per  cent branching.  Hence  an exper imenta l ly  
significant change,  i.e. 0-01 unit,  reflects a 9 pe r  cent  increase in D.B. and k '  
is a definite bu t  insufl iciently sensit ive ind ica tor  of  the  presence of  branching.  

Department of Inorganic, Physical and Industrial Chemistry, 
The University of Liverpool 
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Effect of Heterogeneity & Molecular 
Weight on the Second Virial Coefficient 

of Polymers in Good SolventF 
EDWARD F. CASASSA 

Recent theoretical treatments of the second virial coefficient A2 for chain 
polymers in good solvents lead to rather complicated results, which because 
of mathematical difficulties have not so far been extended to the general case 
of solutes heterogeneous in molecular weight. Expressions in simple analytical 
]orm can be obtained, however, if three simple assumptions are made: for 
homogeneous polymers, A2 varies as a power of molecular weight; interactions 
between two unlike solute species are given by the relation for rigid spheres 
of the equivalent radii determined by As in the homogeneous cases; in hetero- 
geneous polymers the dispersion of molecular weight is described by a Schulz 
distribution function or a sum of several such functions. For one special case, 
a solution of two polymer fractions differing only in molecular weight, results 
are in qualitative accord with both prior theory and experiment in indicating 
the existence of conditions under which A2 passes through a maximum as a 
function of the relative proportions of the two components in the solute. It is 
also predicted that As is increased by heterogeneity in comparison with the 
value for a sharp fraction of molecular weight corresponding to the appropriate 

average weight of the heterogeneous polymer. 

SINCE synthetic high polymers are ordinarily heterogeneous in chain length 
to some degree, even after the most exacting ffactionation procedures, 
interpretation of measurements of thermodynamic and hydrodynamic 
properties that depend on molecular weight is hampered by the difficulty 
that the effects of heterogeneity are not well understood even though, as is 
far from always the case, the nature of the weight distribution may be 
known precisely. 

Because an exact treatment of the statistical thermodynamics of polymers 
in good solvents appears almost hopelessly difficult, various theories based 
on approximate molecular models have been developed 1-11 for the mole- 
cular weight dependence of the second virial coefficient. For none of these 
treatments, however, has it so far proved feasible to carry the generalization 
for a distribution of molecular weights to the point of numerical computa- 
tions: at most, in some cases, results for a mixture of two solute species 
are obtained without great difficulty 3. Hence, experimental tests of the 
theories are somewhat ambiguous ~n that the ,idealized homogeneous 
systems dealt with theoretically may not be well enough approximated in 
practice. The problem of heterogeneity also arises directly in comparisons 
of virial coefficients obtained by the two most important experimental 
techniques, osmometry and light scattering; for the two measurements are 
not exactly equivalent, yielding, as they do, different averages over any 
distribution of species present lx-~. 

*This work was supported in part by theJ WriRht Air Development  Division, Air Research and Develop- 
merit Command. United States Air Force, under Contract No. AF 33(616)-6968. 
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In view of these questions, we have investigated the effect of poly- 
dispersity on the virial coefficient by utilizing very simple assumptions 
that make it possible to obtain results in analytical form. We can make 
no claim for the adequacy of the most important of our simplifications 
(except a perhaps naive one of some physical plausibility) and neither do 
we pretend to have alleviated the need for realizing developments based 
on the more sophisticated models. 

Conveniently, the problem may be described under two heads. First, 
we require a means of expressing the thermodynamic interaction of two 
molecules unlike in chain length, though otherwise identical. A complete 
theory of the second virial coefficient would of course provide this as a 
general regult; but for the immediate purpose, we pursue the more limited 
aim of expressing this interaction as a function of parameters, which may 
be purely empirical, determined by the interaction in the common solvent, 
between pairs of like molecules of the two species. In other words, we 
seek a basis for some way of relating given virial coefficients for homo- 
geneous systems to obtain coefficients for interaction of unlike species. 
At this stage results can be applied to the idealized case of two perfectly 
sharp polymer fractions. Finally, if it is possible to sum (or integrate) 
over a molecular weight distribution, virial coefficients can be computed 
for polydisperse systems. Although molecular weight distributions 
produced in polymerization reactions or by fractionation procedures 
sometimes assume fairly uncomplicated forms, or can be expressed in 
approximate ways, the double integrations of expressions for bimolecular 
interactions over the distribution appear quite impossible analytically for 
any of the earlier statistical thermodynamic theories cited above except in 
poor solvents as the virial coefficient approaches zero. But in this limit, 
rigorous theory can be applied 15 just as easily. 

I N T E R A C T I O N  O F  P O L Y M E R  C H A I N S  O F  

D I F F E R E N T  L E N G T H  

We assume'at the outset that the second virial coefficient A2 in a solution 
of a homogeneous polymer of degree of polymerization n is given by 

A2 =Bon -a (1) 

where Bo and a are constants characteristic of the polymer-solvent pair 
at a particular temperature, but independent of the molecular weight of 
the polymer. This expression has little theoretical basis for molecular 
weights of ordinary magnitude* but does in fact conform, well within the 
limits of experimental error, to virtually all reliable light scattering and 
osmotic pressure data for polymer fractions in good solvents over wide 
ranges of molecular weight. Theoretical expressions of unrelated functional 
form might of course fit the experimental results equally well. Thus we can 
best regard equation (1) merely as a representation of experimental fact 
without seeking any other justification. The relation is useful because it 

*Some of the theoretical models indicate that at high molecular weights, A 2 may become asymptotically 
proportional to =3/nlJL = being the factor by which the chafln molecule is expanded beyond random 
flight din~ensions by the intramolecular volume exclusion effect in good solvents. If. in this the 
limit. ~ depends on a power of n. the form of equation (1) is obtained 7 ~' ~7. 
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contributes to making the ensuing mathematical operations extremely 
simple; and while the analytical forms that result may be of slight interest, 
the validity of conclusions, in quantitative numerical terms, will be no less, 
for this assumption at least, than if we were to make a purely numerical 
analysis based on experimental results directly, so long as we can avoid 
difficulties with mathematical convergence. 

In order to proceed toward the treatment of a molecular weight 
distribution by expressing the virial coefficient for interaction of unlike 
polymer molecules in terms of B0 and a, we make the speculative 
assumption that the form of averaging appropriate for hard spheres of 
different sizes is applicable. An elementary statistical mechanical cal- 
culation ~s shows that for hard spheres of radii ri and r~ and respective 
molar masses M~ and Ms, the interaction coefficient is given by 

B~j = 2xNo(r~ + rj) 3 / 3MiM~ (2) 

where No is Avogadro's number. Thus, B, is the virial coefficient for a 
system of homogeneous spheres of radius ri expressed in the units of 
volume/(mass) 2 customarily used in studies of macromolecular substances. 
It follows that 

(B,~M,M~) 1/3 = ½ [(B,M]) 1/3 + (BjjM~.) 1/3] (3) 

Applying this relation to polymers by equating B, to Bon, .... and noting that 
Mi is proportional to n~, we obtain the equation 

(Bijn,nj)i/3 = ½BXo/3 [ni(2 ,,i/~ + nj(2 - a)/:, ] (4) 

which can then be substituted in the general expressions for the virial 
coefficients for heterogeneous systems: for the osmotic pressure 12 

A(2 m =  E E B,~wiwj (5) 
i j 

and for Rayleigh scattering 12. ~ 

A~R)=E E B~M~wiMjwj / (E M,w,)"- 

= E ~ B#niw,niw t / <n> 2 (6) 

where w,, w~ are weight fractions of species in the solute (hence E w~ = 1) and 
(n> is E niw~, the weight average degree of polymerization. 

M I X T U R E S  O F  T W O  P O L Y M E R  S P E C I E S  

Before undertaking the summations in equations (5) and (6) we can use 
the results so far advanced to discuss the behaviour of a ternary solution 
containing two homogeneous fractions of the same polymer. From 
equation (5) it is evident that A~.~ ) for such a system, as a function of either 
of the weight fractions w determining the composition, is described by a 
parabola. Similarly A~ R) is a more complicated quotient of quadratic 
expressions in w; and thus A~ ~) and A~ m are alike only for w equal to zero 
and to unity (and at one other point for some values of the three Bi~). 

627 



E. F. CASASSA 

As one result of the statistical theory of Flory and Krigbaum 2.' in which 
the interaction of two chains of different length is considered explicitly, it is 
predicted that under certain conditions---certain magnitudes of the thermo- 
dynamic parameters characterizing interactions between two chain 
segments, and of the molecular weights of the two species--the values of 
both A~ m and A~ R~ pass through a maximum with variation of w. It is very 
easy to show from the general equations (5) and (6) that the necessary and 
sufficient condition for the appearance of a maximum is simply that the 
cross-coefficient B~j with i # - ]  be the largest of the three parameters 14. If 
we designate the higher molecular weight component as 4 and the lower as 
2, we thus require that B24 > B2~ since all theories and experiments agree 
in having B22 > B,c The appearance of a minimum A2 requires that 
B~ < B,,, but neither theory nor experiment so far indicates this as a 
possibility. 

In the scheme developed here, equation (4) gives 

B24 / B22 : (1 / 8")/)[1 + ,y(2 - a)/3]3 (7) 

where 7 is the molecular weight ratio n,/n2. For 0 < a <  1, B~,/B22 
initially decreases from unity as 7 increases and then increases, approach- 
ing "/~-a/8 asymptotically. When a is zero the ratio is never less than 
unity; and for a=  1, it decreases monotonically to approach the limit 1/8. 
As a becomes smaller the critical 7 for B24 > B~ decreases. These points 
are illustrated in Figure 1. Empirically, 1/4 is a typical value of a for 

a=0 

,2 

01 L 
I 5 10 15 20 

Y 

Figure l--D~/D2~ from equation (7) as a function of ~, 
at constant a 

systems in very good solvents. Roughly, the magnitude of a seems to 
parallel the solvent power and is seldom found to be much larger than 
this x9-21. 

From equation (4) we also get 

B2,/B,, = (1 / 871-")[1 + -r (2-'l/~]a (8) 
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As this ratio is always greater than unity over the meaningful range of a, 
no minimum in A2 is allowed. 

Experimentally, the maximum in A~ has been found as expected in some 
systems and not in others; but the possible comparisons with equation (7) 
are at the moment very limited, only few sufficiently reliable results having 
been published. The best work is probably that of Krigbaum and Flory a~ 
whose experimental results for two systems (polyisobutene-cyclohexane 
and polystyrene-toluene) are given in Table 1. In the last column, values 
of B~4/Bo,: as required by the Flory-Krigbaum 2 theory are also listed. 
These were calculated entirely from the theory* and the thermodynamic 
constants obtained independently of the A2 measurements by interpreta- 
tion of intrinsic viscosity data according to the method of Flory and Fox ~. 
Another procedure of forcing B~2 and B4~ to fit the experimental data and 
retaining the theory only in combining these coefficients to obtain B2, 
sometimes leads to physically meaningless results unless a constant 
appearing in the theory is altered. These modifications are discussed 
elsewhere 14,23, but here only the original treatment as described by Krig- 
baum and Flory 19 is considered. For the first two systems in Table 1, the 
Flory-Krigbaum theory correctly predicts a maximum A~, but it gives 
values of B2,/B:~ apparently somewhat too low while the present treat- 
ment seems to exaggerate the magnitude of the ratio. Studies of systems of 
mixed fractions of polymethyl methacrylate in good solvents have given 
contradictory results, as indicated in the tabulation. In one study of a 
polymethyl methacrylate--butanone system, the experimental data indica- 
ted the occurrence of a maximum in A~ to be impossible 17 but in another 
similar investigation 24 a maximum was found, although there may be 
some question as to the magnitude of experimental error. Finally, 
measurements on ternary solutions of polymethyl methacrylate in acetone 
have given equivocal results 14,~. In all these last three cases both the 
Flory-Krigbaum theory and our treatment demand that B,_,4 > B_~2, our 
theory always giving by far the larger B~4/B~2 ratio. 

We digress briefly at this point from the main course of the argument to 
observe that equation (1) can be regarded as a generalization of the hard 
sphere relation. For matter of uniform density the radius is proportional 
to the cube root of the mass so that B, is proportional to M-1. Thus a is 
unity and, according to equations (7) and (8), B_o, for hard spheres is 
always intermediate between B~ and B44. If a polymer molecule is regarded 
as an impenetrable sphere of size determined by a random-flight dimension 
(e.g. the radius of gyration) proportional to n ~/2, the virial coefficient varies 
with n -1/2 and, depending on y, B24 may be either larger than B~2 or inter- 
mediate between B_~, and B,,. For a real polymer chain, the excluded volume 
effect causes the radius of gyration to increase more rapidly than n 1/~ and a 
should be less than 0-5, as it is actually found to be. Equation (1) and the 
more specific hard sphere relation agree in giving a virial coefficient that 
becomes infinite as n approaches zero. On the other hand, all the statistical 
theories, both approximate 1-1° and rigorous 16,~6, assume the form of a 

*Equations (24) to (26) below were used in the calculations together with an approximate closed form 
given by Orofino and Flory ~ for the function F(X) in equation (24). 
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THE SECOND VIRIAL COEFFICIENT OF POLYMERS IN GOOD SOLVENTS 

constant multiplied by a series 1 +O(n ~/'~) in integral powers of n ~/2. This 
discrepancy is trivial, however, in regard to molecular weight inasmuch as 
we can require n >~ 1 to be a condition for physical significance*. 

This assumption appears to be implicit in all the statistical derivations. 

T H E  V I R I A L  C O E F F I C I E N T  F O R  H E T E R O G E N E O U S  

P O L Y M E R S  

In calculating the virial coefficient for systems with a distribution of 
molecular weights we adopt the familiar distribution function first applied 
to polymers by Schulz~: 

f(n) = yZ+~nZe- ~" / I?(Z + 1) (9) 

y = ( Z +  1)/4,n> 

where f(n)dn is the weight fraction of the solute with n within the 
differential increment dn, and P(x) denotes the gamma function. The 
value of Z increases with decreasing heterogeneity: the limit of infinite 
sharpness is characterized by Z =  c~ while Z =  1 corresponds to the 'most 
probable' distribution obtained in the polyester type of condensation and 
also in free-radical polymerizations carried to low degrees of conversion 
in the presence of a chain transfer agent ~s. 

We substitute equation (9) into the integral expressions corresponding 
to the sums of equations (5) and (6) 

f ~  f~o B(m, n) f (m)f (n)dm dn (10) A~m= 

A~ r~) = <n> -2 B(m, n) mf(m), nf(n) dm dn (11) 
o o 

and let B(m, n) be given by 

B(m, n)mn = (Bo / 8)[m~L- ")/:' + n c2 - °)::~]~ (12) 

in accordance with equation (4). The definite integrals resulting reduce to 
various combinations of the single standard form 

f ?  u t-1 e -ku du=U(t) /k  t 

For the osmotic pressure we obtain finally 

B "~z+a' ff A cm _ oY 2 4[p(Z~ ~)]~ × [mZ+l-an z-1 + 3m ~3z+1-2"l/3n~3Z-1-"l/:~]e-~Cm+"'dm dn 

= Boy"9 ~> / 4[P(Z + 1)]~ (13) 

where 

~<ii> = I~(Z + 2 - a)P(Z) + 3I~[(3Z + 4 - 2a) / 3]r[(3Z + 2 - a) / 3] (14) 

*The double integrals following [e.g. equations (10), (11)] with equation (1) and the form of molecular 
weight distribution we adopt, remain convergent even though we integrate over the entire r a n g e  
0 ` (  n ` (  oc. The fractional contribution to the integrals from the range 0 ` (  n , ( n  O is of the order 

of (no/. ( n ~ )  2-a+Swhere  ~ ~ 0. 
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Since the number average degree of polymerization nN is given by 

n7¢1= f {f(n)/n} d n = y / Z  

the ratio of A~ m to the virial coefficient BNN of the homogeneous polymer 
with degree of polymerization nN is 

A~r~)/BNr~ =Za~ ~m/4[F(Z + 1)] 2 (15) 

For light scattering, the analogous relations are: 

A(2 n) = Boy"9 (n~ /4[P(Z + 2)] 2 

9(R)= F (Z+  3 - a)P(Z + 1)+ 31~[(3Z + 7-~2a)/3]P[(3Z+ 5 -  a)/3] (16) 

and 
A<~n) / Bww = ( Z + 1)ag ~R) / 4[ Y( Z + 2)]2 (17) 

where Bwr refers to a homogeneous polymer with n = <n>. The ratio of the 
two virial coefficients for one polymer is obviously 

A(2rl) / A ~ = (Z + 1)2~ (n)/~n) (18) 

Finally the ratio of equation (15) to equation (17) 

A~rt)~ / o  a IRI=[Z/ (Z+ l~laAOzl/a~R) (19) 2 ~I '#WW]X'PNN ~L 2 &/.I " & 2  I ~ 2  

is of interest since it represents the comparison obtained by superimposing 
osmotic and scattering data plotted against nn and <n> respectively. 

The expressions just derived for heterogeneous polymers have the 
property that for any given distribution, characterized by Z, the form of the 
relation between the virial coefficient and average molecular weight is still 
that of equation (1) for a single species: thus double logarithmic plots of 
A(2 m versus n for a sharp fraction and of A~ rll and A(2 R) versus nN or (n> 
are all predicted to be straight lines of the same slope, - a .  The ratios 
defined by equations (15) and (17) to (19) for a= 1/4 are shown as functions 

I 
1.4- 

1'2 

• IV  ___~  

10  L I 
0 05 10 15 2.0 

1/z 
Figure 2--Effect of polymer heterogeneity on the second virial 
coefficient. The ordinate represents the ratios given by equations 
(15) and (17) to (19) with a=l /4 :  A2ff~I/A2(R) for curve I, 
A~cn)/BNs for curve II, A2(R)/Bww for curve III, 

A~(rOBww/A2~R)BNN for curve IV 
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of Z in Figure 2. All are seen to increase from unity with increasing 
heterogeneity. As Z approaches zero, ¢tn) becomes infinite--because of the 
divergence of the integral l~(0)--and all the ratios become infinite except 
A~n)/Bww which attains its maximum value of 1"13. The most pronounced 

,4~mt,,ttn) for the same polymer; in comparison, divergences effect is on ._~ ~,.~ 
between virial coefficients for heterogeneous samples and for sharp fractions 
of molecular weight corresponding to the appropriate average are less 
marked. Numerical values of the ratios for Z = 1 and a = 1/4 are listed in 
the second column of Table 2. These values indicate that comparison of 
virial coefficients from osmotic pressure and light scattering measurements 

Table 2. Calculated effect of polymer heterogeneity on virial coefficients for the 
most probable distribution (Z= 1) 

Bij from Bit from Bil from 
Ratio equation (4) equations (1), (28) equations (I), (29) 

a= l /4  a= l /3  a= l /4  a= l /4  a= l /4  
~=0 v=l  

A2~n)/A2( nl 1'255 1' 190 1"138 1.143 1"455 
A~CII)/BNN 1"127 0'885 0"909 0'919 1'608 
A~m)/B~,w 1"068 0"937 0"950 0"956 1"315 
A2fI~)Bww/A~In~BN~. 1 '055 0"945 0"957 0"961 1"223 

on the same normally heterogeneous polymer sample may reveal a signifi- 
cant effect due to polydispersity; but since the experimental error in 
determination of AT ) is perhaps five per cent at best, one could scarcely 
expect on the basis of this theory to discover an experimentally significant 
difference in comparing A~) as a function of nN with A~ n) as a function of 
(n> obtained by independent measurements on different series of polymers. 
In view of these results it appears that by reasonably good fractionation one 
can hope to eliminate the effects of heterogeneity for all practical purposes to 
the 6xtent that a solution of a single polymer fraction can be considered as a 
binary system. 

M I X T U R E S  OF H E T E R O G E N E O U S  P O L Y M E R S  

The unexplained disagreements between experiment and theory for mixtures 
of two fractions of the same polymer prompt a question as to whether the 
expected maximum in A 2 could have been vitiated if the individual fractions 
were in fact rather heterogeneous. For polymethyl methacrylate in particular 
it has been recognized that good fractionation is difficult to attain ~1,29-3x. To 
investigate this problem we again use the Schulz distribution assuming that 
polymers 2 and 4 each exhibit a distribution in molecular weight character- 
ized by Z2 and Z4 in the distribution functions f2(n), f4(n) given by equation 
(9). Thus we describe the composite distribution by 

• (n)---- f2(n)w2 + f4(n)w, 

where, as above, w2+ w , =  1 and 

f ff~(n) dn 1 

as is required. 
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The virial coefficient for the osmotic pressure is thus 

A~T"= f f B(m, n)~(m)'I'(n) dm dn 

- - ( R ( I 1 ) ~  W ~ +  2 <B Imp, w z w 4  + d l ~ n ) 3  2 
-- ~ 22 f 24 f '~-- 4.4 ¢ W4 

where 

(20)  

f f 
JJB(m,  n)f,(m)f~(n) dm dn 

As before, we assume equation (12) for B(m, n). The coefficients B~  I and 
B ~  ) are then given directly by equations (I0) and (13). The remaining one 
BCm is readily derived ]in similar fashion; but the general result for 24 
Z2 7 ~= Z,  and Y2 7 ~ Y, is more cumbersome 

<B~24)>= B0<n2) -~ (Z2+ 1)(Z,+ 1) IF(Z2+2--a)r(Z,) 
8~ F(Z2+ D r ( Z , +  1) / (Z~+ 1) '-~ 

3F[(3Z2 + 4 - 2a)/3]P[(3Z4 + 2 -a)/3]~t2-°~/:~ + 
[(Z2 + 1) 2/3 (Z, + 1 ) l / a ]  2 - a  

+ 3I~[3Z2 + 2 - a)/3]F[3Z, + 4 - 2a) / 3]~ ~t2- °)/~ Y(Z2)P(Z, + 2 - a)~ 2- ~/ 
[(Z2 + 1) '/3 (Z4 + 1)2/a] 2-~ + ~ ~ -  J 

where e~=<n4>/<n..,>, the ratio of the weight average molecular weights 
<n2>, <n,), replaces 3' used above in discussion of a binary solute. In the 
simpler case in which Z 2 = Z , = Z ,  this expression is reduced to 

II) (If) (II) -i <B~4)/<B22 )=(2~9 ) {(1 + ~2-'~)P(Z)~(Z+ 2 - a )  

+ 3(~ 2-a)/a + ~2(2-a)/~)l~[(3Z+ 2-a)/3]Y'[(3Z+ 4-2a) /3]}  (21) 

where 9 (n) is defined by equation (14). 
For light scattering, the virial coefficient for the mixture of two polymers 

is given by 

A2 n w - <B~2)(n2> w2 + 2(B 24 >(n2)w2(n,)w, + <B~))<n,)2w~ 

Equation (I 1) gives (B~)> and <B~>. and the other coefficient is 

<n,>) 'f fB(m, ,,) m f2(rn) n f,(n) dm dn <B~n4'> : (<n2~  

B/8~<n2)" IF(Z2 + 3 - a)F(Z4 + I) 
= r(Z2 + 1)I'(Z, + 1) | ( Z ~  i ~  -" 

+ 3 P [ 3 Z .  + 7 - 2a)/31r[(3Z, + 5 - a)/31~ (2-°)/~ 
[(Z2 + 1)2/2(Z, + 1)'/~12-~ 

3 P [ ( 3 Z 2  + 5 - a)/3]~P[(3Z, + 7 - 2 a ) / 3 1 ~  ~<2-°)/~ + - -  
[(Z2-4- 1) 1/3 (Z,-}- 1)2/a] 2-" 

+ F(Z2 + 1)F(Z,~ i Y  =~-+ 3 - a)~ 2 -al, (22) 
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When Z~ = Z , ,  this becomes 

<B<2n2> / <B~>> = (2~  <R)) -~ { ( 1 + ~2 - 91~(Z + 3 - a)I~(Z + 1 ) 

+ 3(~2-,~/s + ~2~2-~)/~)F[(3Z + 5 - a) / 3]F[(3Z + 7 - 2a) / 3]} (23) 

with ~ptR) given by equation (16). 
II) (II) It is apparent from equations (21) and (23) that the ratios <B~4 >/<B22 > 

and <B~2R4)>/<BC2R2~> both increase as Z decreases, with the effect somewhat 
more marked for osmotic pressure. When Z is unity and a one fourth, 
the apparent B24/B22 for the osmotic pressure is increased by factors of 
1"02, 1"07, 1'16 and 1"20 respectively for ~ equal to 2, 5, 10 and 20: the 
corresponding values for light scattering are 1 "01, 1"03, 1 "09 and 1' 11. It is 
predicted then that the effect that leads to a maximum in A~ as a function 
of composition for a binary solute is enhanced rather than suppressed by 
an equal degree of heterogeneity in the two components. As heterogeneity 
increases in this way, the critical molecular weight ratio ~ for appearance 
of the maximum decreases; thus at fixed <n2> and <n,> a heterogeneous 
system may give a maximum A., for particular values of <n.,> and <n,> 
for which a strictly two-component solution would not. 

The situation is different if we consider the possibility that Z2 is not the 
same as Z,. An increase in the heterogeneity of polymer 4 relative to that 
of polymer 2 increases the ratio <B~24)>I<B~n2~ > at a fixed value of the 
number average molecular weight ratio 

+ ~[z,(z_o + 1) /z .~(z ,  + 1)] 

while a decrease has the opposite effect. In particular, therefore, 
H) (II) <Bt~,>/<B~2 > is greater when Z,  < Z 2  than the value given by equation 

(21) for the same ~ and Z=Z2, and does not decrease to unity when ~ is 
unity. Conversely, when Z,  is infinite, <B~..)~/~'B(T~)~ at finite Z2 is smaller 2 4 f i n  2 2 f  

than the B24/B~2 ratio for homogeneous polymers and again does not 
become unity for E = 1. [When one Z is infinite, B~, is easily got from the 
integrals given above, in equations (20) and (22), by using a delta function 
to describe the distribution of the homogeneous component.] The same 
qualitative relations hold with regard to ~RI ~n) <B~,>/<B~>, the comparisons 
being made at a given value of ~. Consequently a maximum As predicted 
for a mixture of two homogeneous fractions at a particular value of y 
would not appear in a real system if in fact fractionation were inadequate 
and Z2 happened to be sufficiently less than Z,. Calculations for the case 
Z2=l, Z4=c¢, a = l / 4 ,  ~=10 (i.e. ~=5), give n) Ir[I <B~4 >/<925 >=1'22 and 
B(R~/mR~--I'04 as compared with B°,/B2o equal to 1"13 and 1"41 for 2 4 / u 2 2  - -  

mixed homogeneous fractions with - /of 5 and 10 respectively. 
The generalization of this development for a mixture of two hetero- 

geneous polymers to more complex molecular weight distributions is at 
once obvious. The assumption of the Schulz distribution is therefore 
scarcely restrictive since almost any distribution could be described 
reasonably well as a combination of several heterogeneous polymers each 
characterized by an appropriate value of Z and <n>. 
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O T H E R  F O R M S  F O R  B 0 

In choosing the rigid sphere relation for combining second virial coefficients 
of homogeneous systems to obtain the interaction coefficient B,~ for unlike 
components, we have made perhaps the simplest possible assumption 
suggested by a physical model. Aside from this tenuous justification, the 
treatment is arbitrary and acceptable only to the degree in which it may be 
found to agree with experiments or with developments of greater rigour. 
Unfortunately the exact statistical treatment of polymer solutions has been 
worked out only for systems near the theta point, the limit of vanishing 
As, where equation (1) is not valid*. 

Among the approximate theories, that of Flory and Krigbaum 3 (see 
also re[. 4) includes the calculation of B~ for molecules of dissimilar size. 
In their model the polymer molecule is represented as a spherically 
symmetrical cloud of chain segments with a gaussian density distribution 
normalized so that the radius of gyration agrees with that of the real 
polymer chain. The interaction (interpenetration) of two such spheres is 
then treated according to standard statistical mechanical technique to 
obtain B,j. The result may be written in the form: 

N ofininj . . . .  

2(X , /n , )  (Xj~/n,) ( X , , ]  " . 2,. 2 2 .  
\n,n~] = (X,/n~)=/. + (Xj~/n~)2/. (25) 

X ,  = (Bn]/~ / =]) (9 / 2~b2o) 3/2 (26) 

where n~ is now the number of segments or steps of r.m.s, length bo in the 
equivalent unperturbed chain representing a polymer molecule of weight 
M, and =~ is the linear factor by which the radius of the chain in a good 
solvent is expanded by intramolecular interactions characterized by the 
volume of mutual exclusion /3 for a pair of segments. The [unction F(X) 
expressing the molecular weight dependence of A~ cannot be written exactly 
in closed form; however, it is unity for X = 0  and decreases monotonically 
to approach zero as X becomes infinite. In terms of parameters of the 
assumed chain model, the molecular radius of gyration is given by 

Putting this into equation (26) and thence into equation (25) we obtain an 
effective radius for interaction of two unlike molecules defined by 

[n,nj] "" 3fl 2/" 

which may be compared with the simple mean 

r,j=(r,+ rj)[2 

of the radii r,, r~, of hard spheres implied by equation (2). 

*The exact and the approximate statistical theories agree in form in having 0 log A~[ ,0 log n proportional 
to n ~ t# in the neigh~oourhood of the theta point. 
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As a consequence of the form of the Flory-Krigbaum result, it is not 
possible to express B~j directly as a function of B,. Bj~. and molecular 
weights, as in equation (3). except in the limit as fin ~/~ becomes very 
large ~,r and even then only in approximation. The limiting relation is 

F(X) ~-~ 4(In X) 3/2 / 3~1/2X 

but over a finite range of X for sufficiently large X this is equivalent to 
F(X) proportional to 1/X. Then we can write 

(Bijn,n~) 2/3 = ½ [(Biin~) 2/3 + (Bjjn~) ~/~] (27) 

which is analogous to equation (3) for hard spheres except for the 
exponents 2/3 in place of 1/3. If the definition of X (equation 26) is 
accepted literally though, the limiting form of F(X) is not realized in a 
physically attainable range of the variable, at least not for uncharged 
macromolecules. Since the Flory-Krigbaum theory and our theory are in 
accord qualitatively to the extent of predicting B~4 > B~2 for two fractions 
under some conditions, it would be of interest to make a quantitative 
comparison of results for more complicated molecular weight distributions. 
Unfortunately, however, it does not seem possible to carry out analytically 
the integrations required after combining the Schulz distribution function 
with even the fairly simple form for B~ given by equations (1) and (27). 

In addition to the schemes already discussed one might choose to obtain 
B~j in various arbitrary ways from values of B, and Bjj. Use of the 
geometric mean 

B~j = (B,B#) 1 / 2 (28) 

for example, has been proposed ~2. Another completely arbitrary but 
tractable form is given by 

v - -  2 v  2 v  B~j(n~n~) -½ (B,n~ + Bjjnj ) (29) 

which for v = 0 reduces to the ordinary arithmetic mean. With B, and B~ 
positive, B~ is always intermediate in value for both the geometric and 
arithmetic averages, the latter being the greater of the two. These rules, 
therefore, would never allow the appearance of a maximum in the 
composition dependence of A~ for mixtures of two polymers; hence they 
are untenable in view of experience. When v is not zero, equation (29) 
does, under some conditions, yield a maximum. 

In combination with the B, of equation (1) and the Schulz distribution, 
equations (28) and (29) both lead to simple expressions for A~) and A~ '~ 
in terms of gamma functions. For comparison with the theory based on 
hard sphere interactions, some numerical values calculated in this way are 
listed in Table 2 for Z unity. For both light scattering and osmotic 
pressure, the effect of heterogeneity as determined by the last relation 
vanishes for ~ approximately 0'5, in the sense that then A~rt>/Buu and 
A ~ / B w w  become unity. 

We are indebted to Mr R. E. Kerwin for the numerical computations 
required in this work. 

Mellon Institute, 
Pittsburgh, Pa, U.S.A. (Received March 1962) 
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Heterogeneous Radical Polymerization 
of Ethylene 

B. L. ERUSSALIMSKY, S. G. LYUBETZKY, W. W. MAZUREK, S. YA. FRENKEL 

and L. G. SHALTYKO 

In the course of investigating the polymerization o] ethylene initiated by 
azoisobutyronitrile in the presence of small amounts of benzene at 100 to 600 
atm and at 70°C several unusual features were ]ound, connected with an unusual 
polymerization mechanism. The polymerization was carried at a temperature 
below the melting point of polymer. For this reason the polymer precipitated 
during the process as a crystalline solid phase containing 'living" chains, the 
presence o[ which was proved experimentally. A kinetic scheme and equations 
are given [or the dependence o[ degree and rate of polymerization on the 
time; they agree with experimental results. A statistical treatment of the mole- 
cular weight distribution of the polyethylene obtained under such conditions 

confirms the kinetic scheme given. 

HETEROGENEOUS radical polymerization accompanied by transition of 
growing macroradicals from the liquid or gaseous phase into the solid 
phase has long attracted the attention of various investigators 1-a and has 
been most thoroughly studied by Bamford et al. for acrylonitrile and other 
monomers "-7. The radical polymerization of ethylene below the melting 
point of the polymer with the formation of a solid phase--one of the most 
interesting examples of such processes--has not hitherto been studied in 
detail. In this field only the investigations of Laird et al? and of Kodama 
et al. ~ are known, and these are not concerned with the problem of the phase 
state. Here we report the results of the polymerization of ethylene initiated 
by azoisobutyronitrile (AIBN) at 70°C and at 100 to 600 atm in the presence 
or absence of benzene. Unusual kinetic results obtained in the course of our 
investigation are connected not only with the heterogeneity of the process in 
the sense mentioned above, but also with the homogeneity of the monomer- 
solvent-initiator system under the conditions of the experiments. 

As we have shown, the initial stage of the polymerization is characterized 
by the usual laws of homogeneous radical processes. But even at relatively 
low conversions substantial deviations appear in the dependence of poly- 
merization rate and number average degree of polymerization on the 
monomer and solvent concentrations. These apparent anomalies result from 
the essential role in the polymerization of 'living' chains, transferred to the 
solid phase at the very beginning of the process. Chain propagation to the 
living macroradicals and the absence of termination by radicals in the solid 
phase lead to a continuous increase of the molecular weight of polymer 
with conversion*. 

*The prot~erties of the polymer obtained under such conditions are similar to those of Ziegler-poly- 
ethylene (density 0'95 to ~'96, m.pt 130"C, tool. wt up to 2× 100 '°. 
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E X P E R I M E N T A L  

The ethylene contained 99'3 per cent of ethylene, 0"5 per cent of ethane 
and up to 00002 per cent of oxygen. Benzene and AIBN were purified as 
usual and had properties corresponding to the published data. The poly- 
merization was carried out in an autoclave equipped with stirrer and 
thermostat. The initiator solution was placed in the de-aerated autoclave 
and the necessary pressure was applied simultaneously with temperature 

1.6 

~1'2 

1'0 

Figure /--Influence of initiator 
concentration on initial rate of 
ethylene polymerization. Pressure 
500 arm; temperature 70°C; ben- 
zene concentration (mole 1-1): 1 
---0" 14, 2---0"07, 3--0-28, 4--no 
benzene. Duration of polymeriza- 

tion-1 h 

0 . 8  i i i i i 

0 02 0'.4 016 0'8 16 
3 * tog [/3 

control. The temperature was held to within + 0"2°C. All experiments were 
carried out at an ethylene pressure constant to within + 2 to 5 atm. The 
molecular weights of polyethylene obtained were measured viscometrically 
(in decalin at 135 °) being calculated from the equation 11 

[7]=3.873 x 10 -4 M, °'738 

Fractionation of the polymers was carried out by precipitation with 
benzyl alcohol from tetralin solution in the temperature range 12 156 ° to 
20°C. 

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

The main results obtained for the initial stage of ethylene polymerization 
are given in Figures 1 and 21°. The diagrams show a linear logarithmic 
relation between polymerization rate and initiator concentration for 
[I]=0"001 to 0-01 and [benzene]=0 to 0'28 mole 1-1. This indicates homo- 
geneous distribution of the initiator in the monomer and in the 
homogeneous system solvent-monomer. As appears from these data, a 
definite optimum of the solvent concentration exists in relation both to the 
rate and to the degree of polymerization. This is due to the growth of living 
polymer chains in the solid phase. It seems probable that under such con- 
ditions a small quantity of the solvent influences only the diffusion rate of 
ethylene in the solid phase without giving rise to a marked increase of the 
mobility of the growing macroradicals. 

The above facts are very similar to the phenomena established by 
Bamford and Jenkins in their investigation of the influence of DMF 
concentration on the polymerization of acrylonitrile 5. 
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Figure 2- - Inf luence  of benzene concentration on poly- 
merization rate and molecular weight of polymer. Pres- 
sure 500 atm; temperature 70°C; initiator concentration 
2'75 x 10 -3  mole  1-1.  Duration of polymerization--1 h 

The dependence of the initial polymerization rate and the molecular 
weight of the polymer on the monomer concentration changes abruptly in 
character above 300 to 400 atm (Figures 3 and 4). At 100 to 300 atm the 
polymerization rate is first order in [M], and 1/P varies linearly with 1/[M]. 
Above 300 arm the relation of the above-mentioned quantities to the 
monomer concentration changes abruptly. Similar relations are valid for the 
fugacity of ethylene 13. 

The above results were obtained at relatively low conversions of 
monomer. At greater extents of heterogeneous polymerization the role of 
living macroradicals increases. For these conditions the following relations 

1"5 

:x ~ 1'0 

o 

0"5 

¢ 
.I  

i' 

j .  

Figure 3--Inf l t tence Of ethylene concen- 
tration on initial rate of polymerization 
at 70°C. Concentration (mole 1-1):  
benzene--0"14, initiator--2-75 x 10- 3. 

Duration of polymerization--1 h 

o o'-5 i'.o 115 
tog I~M3 

have been established. Continuation of the polymerization for a period 
exceeding the time necessary for practically complete decomposition of the 
initiator leads to a continuous increase of polymer molecular weight as well 
as a constant rate of polymerization (Figure 5). Apparently under such 
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conditions the termination of living polymer chains in the solid phase is 
possible only by free radicals from the gaseous phase. For this reason after 
the initiator is consumed the process becomes kinetically one in which there 
is no termination. A somewhat slow increase of molecular weight near the 
beginning of the process results from a continuous addition of a low 
molecular weight fraction to the polymer at this period. 

40 

30 
Figure 4--Influence of ethylene 
concentration on degree of poly- 
merization at 70°C. Concentra- ~ 20 
tion (mole 1-1):. benzene---0"14, "o 
initiator--2"75 x 10 -~. Duration 

of polymerization--1 h 10 
f 

! 

i i 11 . . . .  
' ' 18o /[ 16 20 

The presence of living polymer chains in the solid phase was confirmed by 
direct experiments. After 4 to 10 hours of polymerization at 70°C and 500 
atm the temperature was rapidly lowered to 20°; the decrease of the pressure 
was compensated by addition of fresh ethylene and the reaction mixture 
remained under these conditions for several hours. It was shown that during 
this additional time both yield and molecular weight of polymer increased 
markedly (Table 1). This phenomenon cannot be ascribed to the presence 

180 

140 6 
5 

"o 100 4~o Figure 5--Influence of duration of 
"~, 3~. reaction on degree of polymeriza- 

tion and on polymer yield. Con- 
o 6O ..,~..~'*°jx 2 centration (mole 1-1): initiator-- 

1"35 x 10 -3, benzene---O'14 
. ¢ "  1 

20 ,,'~ 
i t i i i i 

o ;2 20 
T i m e  h 

of the undecomposed initiator, because AIBN is quite stable at 20 °. 
The presence of an active solid phase also allows us to explain the change 

in character of the dependence of both degree and rate of polymerization on 
the monomer concentration. The break in the curve (Figure 4) corresponds to 
the monomer concentration at which the formation of macroradicals having 
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a relatively high degree of polymerization occurs even in the initial stages 
of the process. 

For  this reason the aggregation of the growing chains leading to the 
accumulation of living polymer, acquires a decisive importance even at the 

Table 1. Polymerization of ethylene by living macroradi¢als 
[CrHr] =0"14, [I]= 1'3 x 10 -a mole 1 -x 

Duration o/ 
polymerization (h) Polymer 

at Weight, g [~/] 
70 °, 500 atm 20 °, 500 arm 

4 0 125 1-10 
4 4 145 1"45 
4 7 156 1 "70 
7 0 246 1"60 
7 7 280 2"00 

10 0 335 2"05 
10 10 381 2'40 

very beginning of the polymerization. This can be expressed as a functional 
relation of the following general type 

ka=f(P)  = f(~b[M]) 

where I denotes initiator, R" is the radical of the gaseous phase, R'~ is a 
/~, is the number average degree of polymerization, and [MI is the 
monomer concentration. Hence the dependence of the rate of polymeriza- 
tion on the monomer concentration (or fugacity) may exceed first order. 

The above mechanism of heterogeneous polymerization of ethylene can 
be represented by the following scheme from which the characteristic 
kinetic features of the overall process may be deduced*. 

R . + M  

R . , + M  

k d  

I -~ 2R" (1) 
Decomposition of initiator 

k, 
~R. (2) 

Chain propagation in gaseous phase 
k~ [P]~ 

R" - -  > R.~ (3) 
Transition of radical into solid phase 
k~,a 

R'a (4) 
Chain propagation in solid phase 

kt  
P (5) 

Chain termination in gaseous phase 
kta 

R . + R .  

R' .  + R" -~ P (6) 

*This scheme differs from one considered earlier ~' in that it takes account of chain transfer in 
solid phase. This gives better asreement between calculated and experimental data. 
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Chain termination by interaction of radicals from different phases 
k! 

R ' + M  

R . , + M  
kla 

> P+  R- (7) 
Chain transfer in gaseous phase 

> P + R'~ (8) 

Chain transfer in solid phase 

where I denotes initiator, R. is the radical of the gaseous phase, R'a is a 
radical in the solid phase, M is monomer, P is dead polymer molecule, ks is 
the rate constant of initiator decomposition, kp is the rate constant of chain 
propagation in the gaseous phase, At is the rate constant of chain termination 
in the gaseous phase, kt~ is the rate constant of chain termination in the 
solid phase, /<1 is the rate constant of chain transfer to monomer in the 
gaseous phase, and k1~ is the rate constant of chain transfer to monomer 
in the solid phase. Let  us consider some specific features of this scheme. 

(a) The polymerization process begins as an ordinary homogeneous 
polymerization in the gaseous phase. Colliding polymer molecules and 
radicals aggregate into particles, which remain in a suspended state. 
Gradually the aggregation begins to play a minor part in the process of 
radical transition as compared with the trapping of radicals by the surface 
of the polymer particles. Thus the rate of transition of the radicals into the 
solid phase depends on their concentration in the gaseous phase as well as 
on the surface area of the solid phase. The latter is proportional to the 
polymer concentration to the two-thirds power. This holds if the average 
size of the polymer molecules does not change with time. Actually during 
the polymerization in which the living radicals participate the average size 
of the polymer molecules increases. As a first approximation we assume that 
the change of the surface due to the growth of the degree of polymerization 
can be included in ka as a constant factor. 

(b) Chain termination takes place both in the gaseous phase and by 
the interaction of a radical on the solid phase surface with a radical from 
the gaseous phase. Termination by interaction of two radicals of the solid 
phase does not take place. This is one of the most important features of 
heterogeneous polymerization with the precipitation of polymer as a solid 
phase, insoluble and not swelling in the reaction medium. 

Adopting the quasi-stationary conditions we can write on the basis of 
the equations (1) to (6): 

d[R.] / dt = 2ka[I] - kt[R.] ~ - k~[R.][P] ~/~ - k,~[R.a] [R.] = 0 (9) 

d[R.~] / dt = ka[R.][P] 2/s - kta[R'~][R.] = 0 (10) 

from which [R.~] = (k~ / kto) [p]2/3 (11) 

Substituting (11) into (9) we obtain 

[R.] = [ - k~[P] 2/~ + {k,2[P] "/3 + 2kdk,[I]} 1/~]/k, (12) 

Substituting (11) and (12) for [R'~] and [R.] into the rate equation 

- d[M] / dt = kn[M] [R -1 + k,o[MI[R.~] (13) 
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we obtain 

d[M]dt =[M] t[ k, - ka[P]2/3 + {ka2[P]4/3k, + 2kakt[I]} 1/2 + k"~k-a[P]2/31kta 

(14) 

[P] (the number of polymer molecules per unit volume) can be expressed 
in terms of the initiator concentration thus 

[P] =n{[I]0 -[I]} (15) 

where [I]o is initial concentration of initiator and [I] the concentration at 
the time considered; n is the coefficient of proportionality which takes into 
account the type of termination, chain transfer, and also the efficiency of 
initiation. Since the initiator decomposition takes place unimolecularly 

[I] = [I]0e-k,, t 
Then 

[P] = n[I] 0( 1 - e- ~''' ) (16) 

Substituting the above value for [P] in equation (14) and assuming that n 
can be included in ko we obtain the equation for the rate of polymeriza- 
tion in its most general form 

- d [M] /d t=  [M] [ ( k , , / k O ( -  ka[I]o2/2(1 - e- kà  )2/3 + {k][i]0,/3(1 _ e -kd')'/3 

+ 2kdk,[I]0e- ~at }1/5)~_ (k~ak,,/k,,3[I]o213(1 - e -  k~')2/3"1 (17) 

At the very beginning of the process, i.e. when t ~ 0, equation (17) may 
be transformed into 

- d[M] / dt = ~/2k, kd' I°" [M] [Ilol/2 / kill  ~ (18) 

which is the ordinary equation for the rate of a homogeneous poly- 
merization. For the power of [I]0 we have obtained values near 0"5 (for one 
hour of reaction time). 

When the process has progressed so far that the initiator concentration 
tends to zero, equation (17) is transformed into 

- d [ M ]  / dt  = (k..k. / kt . ) [M]  [I]0 ~/3 (19) 

This means that after the initiator is consumed the polymerization rate 
should remain constant, its value being proportional to the initial concentra- 
tion of initiator to the two-thirds power. Under such conditions the polym- 
erization reaction depends on the living chains, occurring as a process 
without chain termination. 

Equation (17) can be greatly simplified if we assume that the rate 
constants of propagation and termination change in an equal proportion 
after the radicals pass into the solid phase, i.e. 

kpa/ kp= k t , /  kt (20) 

This assumption, which seems doubtful at first sight, results from our idea 
that both chain propagation and chain termination in this system occur at the 
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interface. The adsorbed radical is equally accessible for both monomer 
molecules and radicals from the gaseous phase. We do not believe this 
assumption to be valid for all cases of the heterogeneous polymerization. It 
seems applicable only to those systems in which the precipitating polymer 
crystallizes. On the contrary, with swelling and mobile structures allowance 
should be made for coiling and occlusion of trapped radicals. This results in 
a sharp difference in the accessibility of the active end for the monomer 
molecule (growth) and for the polymer radical (termination)L 

Since from (20) (k~. /kta):  (k~/kt) equation (17) may be transformed into 

-d[M]/dt=(kp/kt)[M]{k~[I]4o/3(1 -e -%' ) ' /8  + 2kdk,[I]oe-%t} ~/2 (21) 

On the basis of the mechanism proposed the time dependence of the mean 
polymerization degree P can be deduced. It is assumed that the termination 
occurs by combination* : 

d[M] / dt kdR'][M] + k~[R-.][M] (22) 
P -  Vt + V t ½kt[R']2 + ½kt,[R'][R'a] + kl[R'][M] + kt~[R'.] [M] 

1 I kt[R'] + kto[R'a] [R'] kt JR'] + kt. [R'a] 
= 2- " k,[R'] + k,~[R..] " (M-] + kp[R.] + k~dR'a] 

1 
2 

(k, /kta)[R'l+[R' .]  [R'] k,a (kt /kta)[R']+[R' .]  k,. 
(kp/k~.)[R.] + [R-.] " ~ " ~ + (kp/kp.)[R'] + [R'.] "k-~,~ (23) 

It may be supposed that the above assumption (20) can also be extended 
to the chain transfer: 

kt / kta = k~ / kpu = kt / kta (24) 

when equation (23) becomes 
1 k , [R']  /,, 

+ -- (25) 
~- 2kdM] G 

Substituting for [R'] from (12) into equation (25) and taking into account 
(16) we obtain 

1 / i f=  (1 / 2k~[M])[ { k2[I]~/~(1 - e-  %')4/a + 2kakt[I]oe - ~a' } 11~ 
-- k~[IYo/3(1 - e-  kdt) ~/8] + k d  kp (26) 

Initially, i.e. as t ~ 0 
1 > J(k,k,[I]0) 1- k~} 

[ ~/2 k~[M] + ~ .  (26a) 

This equation corresponds to ordinary homogeneous polymerization. At 
high conversions the first term of equation (26) tends to zero and 

1/ff > kt/kp (26b) 

When the initiator is consumed ~he polymerization proceeds without 
termination and the degree of polymerization then depends only on chain 
transfer and tends to the limiting value kp/kt. 

* W e  s u p p o s e  t e r m i n a t i o n  to  occur  b y  c o m b i n a t i o n  o n  a c c o u n t  of  the  l ow  c o n t e n t  o f  t e r m i n a l  d o u b l e  
b o n d s  (0"01 per  1000 C a t o ms ) ,  as  is s h o w n  b y  the  i n f r a - r ed  s p e c t r # %  
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The general relations expressed by the above equations agree well with 
experimental observations on the heterogeneous polymerization of 
ethylene x3. The validity of the assumptions made can be proved by 
calculations on the basis of the experimental data. 

In equation (21) the values of kp, k~ and ka are unknown. The value of ka 
(the rate constant of the AIBN decomposition at 70°Cy is calculated from 
the data of Overberger et  al. 17. Using the experimental data for the initial 
reaction period (reaction time, 1 h) the value of k ~ / k t  may be obtained 
from equation (18) and is found to be 3 0  x 10 -4 mole -1 1. sec -1. Using 
the experimental value of the rate at three hours reaction time the value 
of k ~ / k t  may be calculated from equation (21) and proves to be 8'2 x 10 -4 
mole-1 1. sec- 1. From these values the dependence of the, rate of polymeriza- 
tion on time has been calculated (Figure  6, Tab le  2). As Figure  6 shows, 

Table 2. Dependence of rate and degree of polymerization on the reaction time. 
Conditions of polymerization : pressure 500 atm, temperature 70°C 

Duration 
of 

reaction 
(h) 

Polymerization rate 
104V mole l -  1 sec-  a Exptl Calcd 

data from (26) 
10'/~0 

Exptl Calcd 
data from 

(21) 

2 3 

O'90-O'95 0"88 
0"84-0'89 0'87 
0"78-0"85 0'87 
0"93-0"95 0"87 
0"85-0'89 0'88 
0"83-0"85 0"89 
0"83-0"85 0"90 

10"/V 

L Transfer 
] constant to 
J monomer 

104C~ 

1 4 5 6 

3"2 
2"5 
2"2 
1"6 
1"2 
0'6 
0"08 

5"6-6"6 
5"9-6'2 
5"3-5"8 
4"6--4"8 
3"5--4'0 
2"5-2"8 
1 "8-2"0 

2 
3 
4 
5 
7 

10 
20 

2"4-3 "4 
2"4-3"7 
3"1-3'6 
3"0--3"2 
2"3-2"8 
1-9-2'2 
1 "7-1 "9 

Mean 2"7 x 10 -4 

satisfactory agreement exists between the theoretical curve and the rate 
data obtained for the period 1 to 20 hours. For calculating the change of 
the degree of polymerization with time the values of k ~ / k t  and k~,/kt 

1.1 i. ~ 8"~ 3 
-~ 09 -g-o N- g 

- , , t"  
o 
x 0 " 7 1  , , , 
"~ 0 4 

Time 
12  ' 1'6 ' 2b 

h 

Figure 6--Influence of duration of 
reaction on rate of polymerization 
at 500 atm and 70°C. Initial con- 
centration of the initiator--l'35x 
10 -3, benzene concentration--O'14 
mole 1 -x. (o experimental points, 

theoretical curve, 
calculated from equation 21) 

calculated from equations (18) and (21) have been used. Equation (26) 
can be written in the form 

1/fi = 1 ]Po + C~ (27) 

The calculated values of 1/Po are given in Tab le  2 (column 5). The last 
column of the table presents the difference between the experimental 
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values of 1/P and the calculated ones of 1/P0. This difference is equal to 
the transfer constant to monomer Cu. The mean value of Cu,  2"7 x 10 -4, 
agrees satisfactorily with the value 5"0 x 10 -4 obtained from the investiga- 
tion of the homogeneous polymerization of ethylene in benzene solution 
at 70°C and at pressures up to 100 atmlL 

The value of l /P ,  calculated with C u = 2 " 7 x  10-" agrees satisfactorily 
with the experimental data (Figure 7). 

7 
6 
5 

4 10. 
3 

o 

2 

o o 

o ° o 

Figure 7--Influence of duration of 
reaction on degree of polymeriza- 
tion at 500 atm and 70°C. Initial 
concentration of initiator--l'35 X 10 -a, 
benzene concentration---0' 14 mole I-x. 
(o experimental points, 
theoretical curve, calculated from 

equation 26) 
' Z~ ' 8 ' 12 ' 1'6 ' 2'0 

Time h 

One of the consequences of the calculated dependence of the reaction 
rate on time is the conclusion that when the reaction time is great, the rate 
should be proportional to the initial concentration of the initiator to the two- 
thirds power (equation 19). The experimental results listed in Table  3 and 
Figure 8 give a direct confirmation of this conclusion. The mean value for 
the power of the initial concentration of the initiator is 0"65 + 0"03. 

Table 3. Dependence of rate of polymerization on initial concentTation of initiator 
(500 atm, 70°C, t= 10 h) 

Initial cone. ' 
o/ initiator ! 13'50 

Ill0 x zo mo'~e l - , j  
Rate o/ I 

polymerization I 
Vp x IO s mole l-  ~r 8.20 

s e c  - 1 I 

13"50 

8"30 

6"75 

5"45 

6"75 

5"33 

3"38 

3"36 

l 3"38 

3"44 

i 

S T A T I S T I C A L  A S P E C T S  

We shall now consider some statistical aspects of the problemlL Imagine 
an active surface F growing under some arbitrary law during polymerization. 
With every chain growing on this surface we can associate some effective 
surface element zXF such that any collision of a free radical from the gaseous 
phase with this element leads to chain termination. I t  follows immediately 
that a special steady-state condition for such a system will be 

~xF.[R~] =½F (28) 

where [R~] is the surface concentration of growing chains. I f  this condition 
is fulfilled, every pair of collisions with the active surface consists on an 
average of a termination followed by reactivation (trapping of a new free 
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radical) or vice versa. In other words such a sequence of events may be 
considered as a two-step transference reaction. 

After initial formation of the active surface and establishment of the steady- 
state condition (28), a continuous change in the relative concentrations 
of free (in colloidal sense) and trapped radicals ([R*] and R*  [ ~ ] respectively) 
begins. This change is due to reaction (3) and continuous growth of the 
active surface. If at low conversion the overall concentration of free radicals 
is constant (the case may be easily generalized to take into account a 
decrease in this concentration with time) because of this change in relative 
concentrations, the overall termination rate attains its maximum at 
[R~*]=[R*]  and then gradually falls. The fact that from this moment 
[R*] becomes less than [R~*] shows that some fraction of trapped chains 
will begin to grow without termination. On account of further changes in the 

1.0 

0.9 

~0 .8  
{71 _o 

07 

" 0 . 6  

× I  ~ X 

0.s 11o d.6 6.7 o'.B o'.9 
÷ tog [I] o 

Figure 8--Influence of initial concentration of initiator 
on polymerization rate. Pressure--500 atm, temperature 
--70°C, benzene concentration---0.14 mole 1-1, duration 

of polymerization--10 h 

relative concentrations of radicals and exhaustion of initiator this fraction 
will increase at high conversions until eventually the whole process becomes 
an uninterrupted growth of living chains. 

Sufficient evidence has already been presented to substantiate such a 
sequence of events. Here we shall investigate the form of the number 
distribution of molecular weights q,(M) in this kind of process. 

As may be shown by trivial calculations, in any n-phase system where 
initiation takes place in one phase only and the growth proceeds pro- 
gressively in all phases with the possibility of both intra- and inter-phase 
termination, the number of maxima in the distribution equals n in the case 
of disproportionation and ½n (n+ 1) for combination. It  follows that in the 
case under consideration the number of maxima will be at least two. One 
must add to these an additional maximum necessarily appearing in the later 
stages of polymerization when the growth of living chains begins. 
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Thus the resulting molecular weight distribution will consist of at least 
two equilibrium distributions of dead chains and one distribution of living 
chains, of which the latter may be arbitrarily wide due to the continuous 
creation of living chains in any stage of the process. The detailed calculation 
of the real shape and its changes with conversion would involve great 
labour, but we can predict qualitatively these changes with sufficient 
precision to check them experimentally. 

First we shall discuss the partial distribution arising in the pre-stationary 
period resulting from growth and mutual termination of chains exclusively 
in the gaseous phase. This distribution, which we shall denote S (M), must 
be of the usual form for homogeneous distributions, i.e. 

S (M) = ~e- ~u (29) 
for disproportionation, or 

S (M)= ~Me -~M (30) 

for combination. Here the statistical parameter for the gaseous phase is 

overall termination rate 
propagation rate x tool. wt of monomeric unit 

Now the essential point is that on formation of the active surface, the 
probability of mutual collisions between free (in the colloidal sense) radicals 
will become considerably smaller than the probability of their impact with 
the active surface. In a first approximation one may put it equal to zero*. 
Then the partial distribution S (M), once formed, will remain unaltered 
during the whole polymerization process. 

After the active surface is formed, the whole system changes in the 
following manner. The growing chains, still beginning their growth in the 
gaseous phase, are distributed before being trapped according to the law (29) 
(though with a new value of ~), but now one must include in the overall 
termination rate the rate of collisions with the surface or, alternatively, the 
rate of trapping, because every collision is effective. Moreover, on account 
of the above-mentioned assumption of the relative probabilities of mutual 
collisions and trapping, the overall termination rate for the gaseous phase 
becomes equal to the rate of trapping. The trapped chains continue to 
grow steadily on the active surface and in the steady state the molecular 
weight distribution of these 'appendix' chains will also be of the form 

f*(M) =fie -~u (31) 

where the star shows that the distribution describes the growing chains 
only and the new parameter/3 is given by 

termination rate on surface of solid phase 
B= 

propagation rate on surface × mol. wt of monomeric unit 

Now we can use the inversion principle of statistics and assume that 
the resulting molecular weight distribution of whole growing chains will 

*This may be proved easily by direct calculation using the laws of the kinetic theory of gases (or 
liquids). 
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be the same as if the 'appendix' chains had grown separately and then 
reacted with the chains formed in the gaseous phase. Using the theorem 
of the multiplication of probabilities we obtain the resulting distribution 

M 

f S*(0 f*(M - ~) d~ (32) P*(M)  
o 

Integration yields 

p*(M) = ~-fl~ {e-~'1 - e -~'~1 } (33) 

For termination by disprolx)rtionation the resulting distribution of dead 
chains P(M) will be identical with P*(M) given in (33), but for combination 
one must repeat the operation (32), i.e. put 

M 

t" P*(O S*(M - ~) d~ (34) P(M) 
o 

which gives after integration 

P(M)  = { ~ / (a - fl) } P* (M)  - { fi / (~ - fl) } S(M) (35) 

Thus the overall distribution at an arbitrary stage of polymerization must 
include: a distribution of the form (29) or (30); a distribution of the form 
(33) or (35), and a certain distribution of living chains. 

It should be mentioned that a fourth, additional, maximum could occur 
owing to the disproportionation of free radicals of the gaseous phase with 
radicals growing on the surface. In the present ease, however, when 
termination by combination predominates this maximum will not exist. 

We now consider the manner in which the distribution changes during 
polymerization. It is quite sufficient for this purpose to consider only the 
distribution of 'appendix' chains (31), and to assume that the only variable 
in the formula for fl is the concentration of free radicals formed in the 
gaseous phase [R*]. As already mentioned a special transition period is 
attained when [R*] = [R*]. If the steady state conditions are still fulfilled, 
i.e. [R*] + [R*] = constant, and if in the beginning of the transition period 
f l=flo while [R*]=[R*]0, then the distribution of hypothetical chains 
formed in a disproportionation process of 'appendix' chains only would be 

f(M) = f/30[R*]e -~°ta'~l~ d[R*] 
[l~kl, 

- floM21 {Bo[R*]0Me-O't~*'°M+(e-~'ta'k'°- 1)) (36) 

One should apply this operation to equation (33), but this would lead to un- 
necessary complexity as we are not trying to obtain strict numerical results. 

As follows immediately from (36) (and the same obviously will hold for 
strict computation), the maximum of the distribution will migrate during the 
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transition period towards zero. It may even be possible that the maximum 
will disappear according to the prediction of the classical paper by Herington 
and Robertson 2°. This migration may blur the maximum of the distributions 
(33) or (35). After the transition distribution (or its more precise analogue) is 
attained, there remains only the growth of living chains. Nothing can be said 
in advance about the shape of this last partial distribution, except that the 
distribution will grow and migrate towards still higher molecular weights. 
If the transfer reaction (8) is absent the width of the distribution must 
remain constant. 
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Figure 9---Change of molecular weight 
distribution with the duration of 

polymerization 

To check these considerations several fractionations were carded out on 
five samples differing only in conversion. The results of these are presented 
as intrinsic viscosity/frequency curves (weight distributions) in Figure 9*. 

For the sake of convenience in the examination of partial distribution 
changes with conversion, we normalized to unity the first curve correspond- 
ing to 2h of the process. The remaining curves were normalized to t/2, where 
t is time of polymerization (one must bear in mind that the conversion in 
our system is pro.portional to the time of polymerization, see Figure 5). 

We consider first the curves for two and four hours of polymerization. As 
can be seen, the initial maximum remains unchanged, though a second one, 
approximately of the same size, appears after four hours of the process. Two 
conclusions may be drawn from this. First, once formed in practice, the 
active surface adsorbs practically all chains beginning their growth in the 
gaseous phase and the area under the first maximum equals the weight of 
polymer entering into the formation of the initial solid phase. Secondly, the 
termination mechanism must be combination rather than disproportionation, 
because with the latter the low molecular weight maximum would grow, 
resulting from accumulation of chains formed in the gaseous phase only. 

*We preferred this way of representation because intrinsic viscosity data are obtained experimentally 
and not subjected to uncertainties arising from application of the Mark-Houwink formula to a n  
excessively wide range of molecular weights. 
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The frequency curve for seven hours when resolved reveals three maxima, 
the first one being unchanged, whereas the second above has split into two. 
One of these seems to be that associated with living chains and the other we 
ascribe to dead chains formed on the active surface. 

Probably some living chains were present at even earlier stages of the 
process, for in the diagram corresponding to seven hours the height of the 
curve at ['1] = 0"7 is somewhat lower than that for four hours (the precision of 
fractionation is sufficient to allow this conclusion). 

The overall shape of the distribution changes drastically when we turn 
to the diagram for ten hours reaction time. In accordance with the pre- 
dictions made above, the first maximum is blurred on account of the change 
in the second partial distribution accompanying the exhaustion of free 
radicals from the gaseous phase. A similar picture is obtained for twenty 
hours of polymerization. In this case a wide maximum due to living chains 
is quite distinct. The accumulation of relatively low molecular weight chains 
has become still greater; this may be due in part to the transfer reaction (8). 

The precision of reconstruction of the frequency curve at this late stage of 
the process is insufficient to warrant conclusions about the numerical value 
of the transfer constant. Nevertheless, the relative value of this constant 
presented earlier (2"7 × 10 -4) is sufficiently large to explain the additional 
accumulation of low molecular weight fractions. The mechanism involving 
migration of the second partial distribution may still take place even at 
this stage of process. 

To conclude, we point out that the distribution derived from purely 
statistical considerations checks well with fractionation and kinetic data. 

A P P E N D I X  

The purely statistical method of examining the polymerization process 
,used above may be of general value, 'and when applied to simpler 
systems leads to quantitative results. As an example we shall present the 
purely statistical derivation of Beasley's molecular weight distribution 2x 
for high pressure polyethylene. We begin with the general statement first 
formulated by Herington and Robertson ~° for the steady-state molecular 
weight distribution of growing chains 

q*(M)=~(M) exp [- f ~ cffM) dM] (37) 

where ~(M) is again the statistical parameter that depends in general on chain 
length. We use the inversion principle of statistics and denote by/3 the long 
branching parameter, in other words the probability of formation of a 
branch on a number average chain. From the statistical point of view there 
is no difference between a process in which the growing chains 'die' due to 
mutual termination and are then reactivated by transfer and a process in 
which branching and growth proceed simultaneously. We see in the 
latter case that the rate of propagation for one initial chain increases 
proportionately to the number of branches growing on this chain. Then 
the probability of formation of a new branch on a chain of molecular 
weight M is 

/3M / M,* = ~oflM 
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where M.*=l/~0 is the number average molecular weight of an initial 
unbranched chain, or of a branch, because both unbranched chains and 
separate branches are statistically equivalent. It follows from the inversion 
principle that the dependence of the statistical parameter on the molecular 
weight, resulting from the dependence of the effective rate of growth on the 
molecular weight, will be given by 

=(M)--~o/Cl+~oflM) (38) 

Substituting (38) in (37) and integrating we obtain immediately 

q.(M) = ~0/(1 + ~0/~M) <~+~/~) (39) 

which is Beasley's distribution. 
The same statistical treatment is applicable to any kind of polymeriza- 

tion process when its topology and other physical features are known. 

Institute of High Molecular Compounds, 
Leningrad, U.S.S.R. 

(Received March 1962) 
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Crystallization Kinetics Study of Nylon 6 

J. H. MAGILL 

Spherulite growth rates in undried nylon 6 have been measured over the crystal- 
lization range 90 ° to 185°C using a cine-camera technique. Crystallization rate 
constants determined by a depolarized light intensity method cover a much 
wider region (140 ° to 204°C) than previously presented in the literature. 
Measurements were made on both dried and undried polymer. A maximum in 
the rate of crystallization occurs about I40°C. Below 190"C, nucleation of 
spherulites is simultaneous in time, while above this temperature spherulites 
form sporadically. Molecular parameters governing the crystallization behaviour 
have been calculated using the plausible concept of two-dimensional surface 

nucleation on a primary three-dimensional nucleus. 

DESPITE the considerable effort devoted to the study of crystallization 
processes in high polymers of technological interest during the past decade, 
nylon 6 has received belated attention. Only recently has the effect of melt 
conditions on the spherulite crystallization behaviour of this polymer been 
examined in detail 1, 2 although the structural aspects of fibres and films 
have been studied closely a, 4. With the exception of a paper on the kinetics 
of spherulite growth using a cine-camera technique 5, other published work 
has been concerned with rate measurements in a very limited temperature 
range near the melting temperature. Dilatometric 2. s and density balance 
methods 7-9 have been used but these techniques are inadequate for follow- 
ing the fast crystallization rates usually encountered at large degrees of 
supercooling. 

A light depolarization method 1°, '~ developed recently by the author has 
proved more versatile than these conventional procedures. In the present 
study it has been applied to both dried and undried nylon 6. Spherulite 
growth rates obtained using cine-photography are also presented. Although 
spherulite growth and Spherulite nucleation can be studied separately by 
this method, no bulk nucleation rates were measured. 

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

The kinetics of crystallization of unstabilized nylon 6 were measured by:  
(1) Cine-camera technique for following spherulite growth rates. 
(2) Depolarized light intensity method for rate constant determinations. 
(1) Spherulite growth rates 

Microtomed 50/z sections of polymer (R.V. 73, M, 24 700) mounted in 
MS 550 silicone oil between ~ in. diameter, No. 1 glass cover slips, were 
melted for 30 minutes at 270 ° + 3°C on a Gallenkamp hot plate and then 
rapidly transferred to the K6fler hot stage mounted on the polarizing 
microscope and maintained within +0.5°C of the desired crystallization 
temperature. 
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Rapid equilibration of the molten sample to the crystallization tempera- 
ture was facilitated by a thin film of silicone oil intermediate between the 
sample and hot stage. The growth of spherulites was followed with a 
Paillard-Bolex H16 Reflex camera suitably mounted and connected to the 
ocular tube of the microscope. The camera was previously focused on a 
crystallized specimen representative of the thickness of the crystallizing 
samples. When necessary, minor adjustments were made with the micro- 
scope fine-focus as the spherulite crystallization was observed through the 
reflex viewfinder. 

Kodak Panatomic X film was used for all photomicrography. A 125 W 
mercury arc lamp was employed as a light source. All films were projected 
at x 1 230 total magnification. The system was calibrated by photographing 
and projecting large spherulites of known dimensions. At least three growth 
rate determinations we£e made for each crystallization temperature. Good 
agreement of results was found within and between different samples. 

(2) Measurements o] rate constants 
Sections 100/z of polymei:s (R.V. 70"8, M, 24 100 and R.V. 73, Mn 24 700) 

were mounted between cover slips, melted and crystallized as described 
previously. The cine-camera was replaced by a photomultiplier-millivolt 
recording system which measured the rate of depolarization of light by the 
sample crystallizing on the Kdfler hot stage. The mercury arc lamp was 
replaced by a 24 V stabilized tungsten light source. Details of this apparatus 
are given in earlier publications 1°, 11. Several measurements were made at 
each crystallization temperature. Rate determinations were also carried out 
after drying similar polymer sections for three hours at 10 -2 mm of 
mercury at 160°C. y 1. j 

13so/48 .2i 13 o 7 r 
7 

151 116 ° 15 

0 2 4 6 8 10 0 10 20 30 40 
Time 

Figure 1--Spherulit'e radius versus time for different isothermal 
crystallizations 

656 

I 
50 

sec 



CRYSTALLIZATION KINETICS STUDY OF NYLON 6 

R E S U L T S  
Rate of growth of spherulites 

Typical plots of the spherulite growth rate versus time, are shown in 
Figure 1. As spherulites approach each other, the growth rate along the 
impinging direction ceases to be linear with time (dashed line Figure 1). The 
rate of generation of spherulite nuclei was simultaneous in time over the 
crystallization range examined (90 ° to 185°C). Measurements were not 
possible below 90°C because polymer films were partially quenched on 
cooling from the melt temperature and the very small spherulites gave 
insufficient light for photographic purposes. 

.~ 160 

12(} (~ ,  

~ 8o 

40 

I I I i I 

80 120 160 200 
CrystaU ization temperature °C 

Figure 2--Spherulite growth rate, G, 
of nylon 6 versus crystallization 

temperature 

The radial growth rates, G (microns/minute), are plotted as a function of 
crystallization temperature in Figure 2. A maximum in the growth rate 
occurs at a crystallization temperature of about 138°C. Growth rate/ 
temperature variables are presented in Figure 3. 

Light depolarization rate constants and Avrami parameters 
For the primary crystallization process sigmoidal shaped depolarized 

light intensity versus time curves were obtained. Representative graphs of 
these isotherms were transformed to fit the Avrami equation 

0 = exp( - kt") 

by putting 0 = (Ic- I t ) / (L -  Io) where 8 is the fraction of unchanged material 
remaining after time t seconds, k is the rate constant and n is a parameter 
dependent on the form of the bulk nucleation. Io, It and L are the light 
intensities corresponding to the initial, intermediate and final stages of the 
crystallization process. Transformed isothermals versus time are plotted log- 
arithmically in Figure 4 for the undried polymer. Theoretical straight lines 
corresponding to nucleation which is simultaneous in time (slope n=3), 
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Figure 3--Plot of log (G/T)versus temperature variables for 
spherulite growth in nylon 6 
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and sporadic (slope n = 4 )  in time are fitted to these plots. Below 190°C 
approximately spherulite nuclei are generated simultaneously. Rate con- 
stants were calculated directly from the half-times of crystallization, t~, and 
the appropriate value of n using the Avrami equation. These results for the 
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Figure 4--Avrami crystallization isotherms for undried nylon 6 
polymer chip 

dried and undried nylon 6 are illustrated in Figure 5. Some t~ values are 
plotted in Figure 6 together with literature values at the higher crystallization 
temperatures 8. The rates approach a maximum about 140°C. 
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Figure 5--Rate constant versus crystallization 
temperature for (A) dried and (o) undried nylon 6 

(R.V. 70"8) 

Figure 6--Reciprocal of half-times of 
crystallization versus crystallization 
temperature: (o) this work, (A) data 

of ref. 7 
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DISCUSSION 

Spherulite model 
The growth of a nylon 6 spherulite has been assumed to occur by lateral 

accretion of molecular segments at the faces of the growing fibrils which 
radiate outwards from the initial three-dimensional Sheaf-like nucleus. 
Three-dimensional space in spherulites is filled by fibrillar branching which 
probably arises, and is perpetuated, through defects at the growing fibril 
faces. Only positively birefringent spherulites have been grown 1 in nylon 6, 
and in these spherulites the molecular chains are probably disposed at a 
large angle to the spherulite radius as in nylon 6.6 positively birefringent 
spherulites 21. This concept of spherulite growth requires the molecules in the 
melt to have or to adopt a well-defined conformation to gain admission to 
the fibril crystal face. Should the addition occur by a fold-mechanism then 
the fibril width would be a function of the crystallization temperature in 
accordance with the observation of the increase in fold height of single 
crystals 14 as the crystallization temperature is raised. Although microscope 
observations show that the fibrillar-like structures in nylon 6 spherulites are 
coarser the higher the crystallization temperature, these structures require 
further investigation. The ultimate fibrils should be resolved and measured 
by electron microscopy and the temperature dependence of their width 
established. 

Nucleation and growth of spherulites 
The simultaneous nucleation of spherulites observed from the cine- 

camera films concurs with that deduced by Avrami analysis of the rate 
measurements for crystallization temperatures below 190°C. Above this 
temperature spherulites are formed sporadically in time as instanced by 
Avrami n = 4. Rybnik~t~ found a similar nucleation parameter in his dilato- 
metric studies at temperatures 193 ° to 213°C. In both respects, results agree 
with earlier microscope observations 1 on the melting and crystallization 
behaviour of nylon 6. The melt conditions (270°C for half an hour) 
employed in the present work are the outcome of these earlier investigations 
and are preferable to the shorter melt conditions (300°C for 30 seconds) of 
Burnett and McDevit 5 since inadequate fusion causes a high incidence of 
heterogeneously nucleated spherulites x. The higher growth rates obtained by 
these authors can be accounted for because the isothermal rate of spherulite 
growth has been found to increase with lowering of the melt temperature 15 
and melt time. The observed differences in the rates do not merit considera- 
tion on a M~ basis because of the proximity of both polymers (Ms 27 400 
and 24 700) in this respect. 

Rate constants found for the dried polymer are less than the undried 
presumably because of the plasticizing action of the moisture: 

Molecular growth rate parameters 
In the crystallization region just below T,~, the rate of growth of 

spherulites from the melt is principally determined by T the crystallization 
temperature, o-~ the interracial free energy and T~ the thermodynamic 
melting point. The spherulite growth and crystallization rates for nylon 6 
have a dependence on the first power of the supercooling (Figures 3 and 7) 
implying that the growth occurs by a two-dimensional nucleation 

660 



CRYSTALLIZATION KINETICS STUDY OF NYLON 6 

mechanism involving surface nucleation 5, ~. Assuming that such a mech- 
anism is operative at a cylindrical fibril surface of the growing spherulite, 
E~, is the activation energy for transport of molecular segments across the 
melt /crystal  interface and o-, were calculated from the spherulite growth 
rate data. These molecular parameters were obtained from the spherulite 
growth rate equation5 : 

G A Tm (I) 
log -~ = log Go - -T - B irA-~ 

where A=ED/2"3k, B=~clo-,2/2"3kAh/z and AT=Tm-T. 

Values of A and B were computed from the G/T results of Figure 2 
which were 'least squared' to this equation using a melting temperature, 
Tin, of 227°C. This value which is 5°C lower than that used in previous 

r'~'-110-1 10 3 .c_ 

c 3 

0-2 - 10 2 "~ 

t ,  3 o o"1 

rill ~ Q- OC 
3 

. 1o 0 
0.01 0-03 0.07 

I 

0.05 
TmlTAT 

Figure 7---Growth parameters 1 / t t, 1 / r and G versus 
temperature variables for nylon 6 : (A, [3) this work, (o) data of ref. 1 

work, was deemed adequate because the log G/T versus TIn~TAT was 
linear (Figure 3) for the experimental data on the RHS of the maximum 
T~,,. Below this maximum, the log G/T versus lIT plot though not 
entirely linear but concave downwards as Tm,~. is approached, was 
acceptable. The density at Tm assumed unity (literature value 7 is 0"99 
approximately) gave a molar  volume of 226 cm 3 per mole of polymer 
repeat units. Ah~, the heat of fusion per unit volume of repeating units, was 
derived using Dole and Wunderlich's value 12 of 45 cal /g  for the heat of 
fusion for a drawn nylon 6 yarn. The interplanar of monolayer thickness 
of the surface nucleus iS, l, was taken to be 4.2A and k is Boltzmann's 
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constant. The parameters relating to the spherulite growth of nylon 6, cal- 
culated using these data, are presented in Table 1 with Burnett and 
McDevit's results 

Table 1 

AHg Ah~ 
Source Tm°C kcal / mole erg / cm 3 of 

repeat units repeat units 
This work 227 10"18 18"8~x l0 s 
Reference 5 232 4"3 8 x l0 s 

Eo % 
A kcal/mole B ~'o / AH~ 

repeat units erg/cm2 

3 931 18"0 165 27"4 0"35 
3 884 17"9 182 18'1 0"51 

The ratio o-~/AHI~ relates the surface area per mole of repeat units one 
molecule thick to the heat of fusion per mole of repeat units. 

The magnitudes of ED and o-,, although proportional to the slope of the 
log G / T  versus l I T  and log G / T  versus T , , / T A T  plots respectively, are 
not directly calculable from these gradients. Except at measurements 
near Tm and at very low degrees of supercooling the influences of these 
two temperature variables are inseparable. For this reason, calculations 
were made by the least squares method. However, the magnitude of o-, is 
higher than previously found because Ah~t was derived using Dole's 
value 12 of 45 cal/g for the heat of fusion. This was preferred to Allen's 
value le of 19 cal/g previously used ~ since the crystalline perfection within 
a spherulite is probably at least equal to that of a drawn fibre. A value for 
AH/~, 12"I kcal/mole, comparable with the heat of fusion in this paper is 
given by Hirai 18 in his theoretical treatment of Burnett and McDevit's 
spherulite growth results ~ on an absolute rate theory. 

The observed maximum in Figure 2 depends on Aht~, Ev and the 
nucleation parameters and is predicted by equation (1). The term 
T ~ / T A T  preponderates at the higher temperatures whilst the 1/T term 
becomes increasingly predominant as the crystallization temperature T is 
lowered. Near T,, and at Tg (the glass transition temperature) the growth 
rate becomes imperceptible. Assuming a symmetrical distribution about 
T~, .... the latter will be the mean of T,, and Tg. This empiricism is realized 
experimentally for several polymers, e.g. nylon 6, isotactic polypropylene, 
polyethylene terephthalate and polyethylene succinate. 

From the rate constant results a lower value of Eo (15-4 kcal/mole 
repeat units) was obtained using the equation 

Eo = 2 T . . . .  - T (Tin- T . . . .  )2 x 2"3kB x T,, (2) 

which was established by differentiating equation (1) with respect to T, 
equating to zero, and substituting the maximum growth rate temperature 
Tm~.=138°C, T, ,=227°C and B=165. Assuming that the depolarized 
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light intensity rates depended primarily on the overall growth rates of 
spherulites, the data were analysed as described by Rybn i l~  7. The 
log k versus T,~/TAT plot was made using T,~=230°C. From Dole's 
value 1~ for the heat of fusion and the gradient of this graph, o~8 was found 
to be 21"2 erg/cmL The activation energy, Eo, was calculated to he 12'8 
kcal/mole repeat units from equation (2). Bearing in mind this approxi- 
mate procedure which normally leads to low values, reasonable agreement 
has been obtained between these parameters and those calculated directly 
from the spherulite growth measurements and from crystallization rate 
determinations using density techniques. Rybnik~i~'s experiments 7 gave 
o-~= 16"7 erg/cm ~ and E,s  in the range 5 to 25 kcal/mole repeat units. 
The correspondence of some literature t~ values 8 in the crystallization 
range 193 ° to 213°C with those presented in this paper is also encouraging 
(Figure 6). 

Almost identical temperature dependence is found for the overall 
crystallization rate which is proportional to ( 1 / t ~ ) a n d  the spherulite 
growth rate (G) presented in this paper. The rate of nucleation 1, repre- 
sented by the reciprocal of the induction time ( l / r )  for the appearance of 
a birefringent sheaf, follows a similar pattern and is also illustrated in 
Figure 7. Similar unpublished relationships have been noted for isotactic 
polypropylene. From these results it would appear that for a particular 
polymer such rate processes are controlled by the same mechanism. 

Superficially, the appreciably higher rates of spherulite growth in nylon 
6.6 over nylon 6 at equal degrees of supercooling cannot readily be 
accounted for by the variables in the growth equation (1). The tentative 
proposaV ° that nylon 6 molecules pack in an antiparallel fashion to facilit- 
ate H-bonding could impose a restriction on the rate of growth when 
compared with nylon 6.6 where both parallel and antiparallel arrangements 
are equally possible from symmetry considerations. The extent of 'order in 
the melts' of both polymers also merits further investigation in this respectk 
More detailed examination of positively birefringent spherulites in both 
polymers with low angle X-ray and electron microscopy techniques should 
be informative concerning the mechanism and mode of spherulite growth. 
However, the value of o-~/AH~ of 0-35 obtained for nylon 6 in this work, 
suggests that the segmental crystallization of nylon 6 polymer appears 
analogous to the crystallization process occurring in low molecular weight 
materials ~ in agreement with the findings of other investigators ~. 

The author thanks Mr C. Mum[ord [or assistance with the experimental 
work. He also expresses indebtedness to Mr D. M. Ellis [or least squares 
computations and to Dr T. R. White [or help[ul discussion. 
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